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SUMMARY

Today nuclear materials in Sweden are transported mainly by boat and tuck. However, in the
future some nuclear materials may be transported oy air. Nuclear materials relevant for air
transportation are low enriched unirradiated uranium hexafluoride (UF4), uivnium dioxide (UO2)
powder, UOj-fuel and unirradiated MTR-fuel. The purpose of this study is to provide the
concerned authorities with the background information necessary to decide whether routine air
transport is acceptable or not from radiation protection point of view. The study was performed
by KEMAKTA Konsult under contract to the Swedish National Institute of Radiation Protection
(SSI) and the Swedish Nuclear Power Inspectorate (SKI). The project was divided into three
phases, and was supervised by a steering group with representatives from the contractors, SSI
and SKI, and from the Swedish Nuclear Fuel and Waste Management Co (SKB).

In order to quantify the possible radiological and chemical risk a number of scenarios have been
defined which may have severe consequences. A brief review of available accident statistics was
made to ensure that the chosen scenarios are conceivable, although with a very low probability
of occurring. Scenarios have been eliminated from the further analysis after it was shown that
they are not limiting. The review also provided some background infonnation on the mechanical
and thermal environments the transported package could be expected to experience in an
accident.

Ali the packages in question for air transportation are currently classified as Type A packages
according to the IAEA Transport Regulations. Although the requirements for the mechanical and
thermal resistance of these packages are small, a considerably higher resistance can be expected
in practice. One reason for this is the additional requirements put on packages transporting fissile
material. Such packages shall remain subcritical when damaged to a level as if they had been
subjected to basically the same tests as required for a Type B package. However, taking into
account the severe mechanical forces experienced in an airplane accident the transport packages
cannot be expected to retain the transported material.

Furthermore, chemical reactions occurring in connection with the accident may change the
dispersibility of the transported material. For example, UF, is at low temperature and atmos-
pheric pressure, a white solid that is slowly vaporized in dry air. At temperatures above 56"C
and at atmospheric pressure, UF, sublimes ,o a heavy gas. UF6 is highly reactive with hydrogen-
ous compounds such as water and hydrocarbons. In the reaction with water vapor an aerosol of
uranyl fluoride is formed together with hydrogen fluoride gas. Thus, the dispersion is greatly
affected by heat and the presence of water.

Solid uranium compounds, such as the uranium dioxide used in nuclear power reactor fuel, or
the uranium silicide used in MTR-fuel, will oxidize if heated in air. The oxidation product
consists of a fine grained powder of higher uranium oxides, mostly U3O,. This powder may be
dispersed and subsequently inhaled and thus constitute a health risk.

The information obtained on accident conditions and on the package and material behavior was
used as a basis for the definition of two accident scenarios, one representing a more severe
accident. Scenario 1, and one a less severe. Scenario 2. Each scenario is combined with three
different fire scenarios: no fire, 20 minute fire, and 60 minute fire. These accident scenarios
were defined with the intention of evaluating the consequences of severe accidents and not
because they arc more probable than other scenarios.

A shipment of UF, was assumed to consist of 10 packages, each containing 2.3 tonnes of UF,,
which corresponds to a total amount of 15.6 tonnes of uranium in the shipment. In case of
transport of UOj-powder 400 packages, *ach ontaining 50 kg UO]( were considered. This is
equal to an amount of 17.6 tonnes of uranium in the shipment. The total amount of uranium in
a shipment of UOrfuel was assumed to be 20 tonnes distributed on 55 packages. A transport of
MTR-fuel was assumed to contain 50 elements, which are the maximum number in a shipment
today. Thi? corresponds to a total amount of uranium of 101 kg.



In order to estimate a source term, the number of packages dam <ed and the type of damage
must be known. However, no specific information regarding iu? fc-havior of uranium transport
packages involved in airplane accidents have been found. Therefor», a number of damage classes
were defined for each material and the number of packages in each ''<unage class was postulated.
When defining these damage classes both the behavior of the transport package and the material
were considered.

The amount of material released and (he fraction aerosolized have, fo* each damage class, ueen
estimated from the physical and chemical behavior of the materials. Fc-r example, the release of
UF, is based, for the non fire cases, on the vaporization rate in an ai? stream and for the fire
cases on the amount of heat transferred to the package which may vaporize TJF^ For U' ,y
powder a bounding estimate of the initial aerosolization of powder is made with empirical
relationships. The aerosolization of powder spilled on the ground by wind entrainn>ent is based
on experimental values. The estimates have in all cases been made with the inteniio-i of being
conservative.

The material aerosolized in connection with an accident will be transported with the: wind and
may thus affect persons at locations far from the accident site. During transport downwind the
material will be dispersed and diluted by natural mixing processes. T!^ ma' riafs cc-nsideiW in
this study are assumed to be present in the form of a very fine powder that wil! he suspended
in the air for a long time. The dispersion has been evaluated by using a Gaussiac rti*pers:on
model. The model used takes into consideration effects such as invers; ;u layers, buoyant pl'irne
rise from hot effluents, dry and wet deposition of particles. A number of parameter? <te$ct*?jing
the current weather situation are used as input data to the .nodel. Sine* *i& weather >i live lime
of the accident cannot be known in advance a parameter variation has freea perfo•<)&.>.! »a order
to evaluate the importance of different input parameters. Different parameters w w iYtuH to be
of importance for doses at close range and at greater distances. The totoset will bf oi iaipor-
tance for the maximum dose to an individual while the latter wiil be of iffiportartce for the
collective dose. For the individual dose the effective release height will b« the dominating
parameter. In the case of fire accidents an increased effective release heigh', is "J3ed to \ nodel the
lifting of the contaminant plume by thermal effects. The coilective dese is more sei^'tive to
meteorological parameters such as atmospheric stability, height of inveision layer, aad wind
speed.

In order to cover a range of atmospheric conditions two sets >̂f atnospheric parameters were
chosen, one with a neutral atmosphere and one with a stable atmosphere. The reaua^ atmosphere
is the most common atmosphere corresponding to day time with raoderatc ww-ii, arn» a slight to
moderate incoming solar radiation. Stable atmospheres occur at clear night? wt& slight wind
speeds.

The estimated air concentrations of uranium are presented as the maximum a>- roavenmtio'1 the
maximum time-integrated concentration, and the integral concentration. Tbf Lai two ies
were used to evaluate the maximum dose to an individual and the intpsral orient!asicn, «,. ,ch
is the time-integrated concentration summed up over the area of intetest. >; s us?i to calculate
the collective dose.

Tbe maximum concentration of hydrogen fluoride has also been c<.lcuU.;ed in OH!?; lo obtain a
measure of the acute chemical hazard from accidents with UF,. Also n^nium <•• identically toxic
in the soluble hexavalent state. However, an estimation of the biologic 1! efctcy oi exposure is
beyond the scope of this project, and thus only a comparison between the cJcylatec? concentra-
tions and toxicity data is made.

In Tables I to IV a summary of the estimated radiological doses frorc sr.--.at anc ' >ng term
exposure is given, with the dose terminology as defined in Chapters 14 and 15.
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Considering the radiological consequences from the short term exposure directly after the
accident, the main exposure pathway is via inhalation of aerosolized material. The external
exposure from aerosolized material has been calculated but wa& found to be negligibly small.

Table I Summary of doses from an accident with uranium hexafluonde (UF«). When the source term is
given a« a range die dose obtained with the largest release is given.

Crash on land

Scenario .::

No fire
neutral
stable

Fire 20 min:
neutral
stable

Fire 60 min:
neutral
stable

Scenar \> 2:

No fire
neutral
stable

Fire 20 min:
neutral
stable

Fire 60 miii:
neutral
stable

Crash in water

Lake Mälaren:

Scenario 1:
Scenario 2:

Short
Individual dose"

[mSv]

29
58

22
47

3.£
7.5

-
-

0.93
0.31

-

term exposure
Collective dose1'

[manSv]

1.5
15

2.1
21

3.7
35

-

-

1.1
10

-

Long
Individual dose
rate at year 1

[uSv/a]

240
144

82
50

23
15

-

0.96
0.039

8.6
-

term exposure
Collective dose
commitment

[manSv]

0.019
0.07

0.055
0.13

0.11
0.14

0.032
0.089

0.55
-

!) For non-fire cases; 15 minutes exposure at 100 meters directly after the accident For the fire
cases; 5 minutes exposure at 100 meters after the end of the fire. For Scenario 2; 2 hours
exposure at 2000 meters for a neutral atmosphere and at 7600 meters for a stable atmosphere.

2) With a population density of 1000 inh/km2 closer than 10 km from accident site and 50 inh/km2

at distances longer than 10 km from the accident site.

In the calculations of the maximum dose to an individual from an accident without fire a
distance of 100 meters from the accident site and an exposure time of IS minutes has been
i-'ssunu'd. Tne highest doses are obtained in case of a Scenario 1 accident with UO,-powder. For
an accident with a neutral atmosphere, the calculated effective dose is 1900 mSv. The less
severe accident, Scenario 2, is estimated to give a ten times lower dose.

For accidents involving fire two different individual doses have been estimated. In the case of a
thermally elevated release the maximum concentration will occur at a distance of a few
kilometers. Thus, the dose to an individual exposed for two hours at that distance was calcu-
lated. In some cases the continuous release of uranium may continue also after the end of the
fire. The thermal lifting of the plume will then no longer be effective and the release is assumed
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to occur at ground level. This was considered by calculating the dose to a person spending the
first 5 minutes after the end of the fire at a distance of 100 meters from the accident si'e.

Table II Summary of doses from an accident with uranium dioxide powder (UOi-powder).

Short term exposure
Individual dose" Collective dose"

[ir.Sv] [manSv]

Long term exposure
Individual dose Collective dose
rate at year 1 commitment

[uSv/a] [manSv]

Crash on land

Scenario 1:

No fire:
neutral
stable

Fire 20 min
neutral
stable

Fire 60 min:
neutral
stable

Scenario 2:

No fire:
neutral
stable

Fire 20 min:
neutral
stable

Fire 60 min:
neutral
stable

Crash in water

Lake Mälaren:

Scenario 1:
Scenario 2:

1900
3800

26
53

24
53

190
380

2.6
5.3

2.4
5.3

-

15
160

12
110

13
120

1.5
16

1.2
11

1.3
12

-

50
30

11
6.8

6.1
3.7

50
3.0

1.1
0.68

0.61
0.37

41
4.1

0.0041
0.014

0.006
0.017

0.0068
0.019

0.00041
0.0014

0.0006
0.0017

0.00068
0.0019

2.6
0.26

1) For non-fire c*ses; 15 minutes exposure at 100 meters directly after the accident For the fire
cases; 5 minutes exposure at 100 meters after the end of the fire.

2) With a population density of 1000 inh/fan* closer than 10 km from accident site and 50 inn/km2

at distances longer than 10 km from die accident site.

In case of the more severe Scenario 1 accident, five minutes exposure 100 meters from the
accident site gives a higher dose than two hours exposure at a distance of 2000 meters or 7600
meters from the accident site for all materials. For a 20 minute fire and neutral atmospheric
conditions the highest dose is obtained in case of an accident with UO,-powder, 26 mSv In case
of a 60 minute fire the highest dose will be obtained from an accident with UO,-fuel. The
reason is that more UO, will be oxidized and thus be dispersable in cace of a longer fire. For
neutral atmospheric conditions the effective dose will in this case be 46 mSv.

For the less severe Scenario 2 accident, the highest individual doses are obtained from an
accident with MTR-fuel. However, it should be pointed out that for MTR-fuel the source term
and consequently also the doses are the same for both the Scenario 1 accident and the Scenario
2 accident. The maximum doses from accident; with the other materials will be reduced by at
least one order of magnitude.



Table in Summary of doses from an accident with uranium dioxide fuel (UO2-fuel). When the source
tenn is given as a range the dose obtained with the largest release is given.

Short term exposure Long term exposure
Individual dose" Collective dose3' Individual dose Collective dose

rate at year 1 commitment
[mSv] [manSv] [uSv/a] [manSv]

Crash on land

Scenario 1:

No fire:
neutral
stable

Fire 20 min:
neutral
stable

Fire 60 min:
neutral
stable

Scenario 2:

No fire:
neutral
stable

Fiie 20 min:
neutral
stable

Fiie 60 min:
neutral
stable

Crash in water

Lake Mälaren:

Scenario 1:
Scenario 2:

17
33

46
97

-

0.91
1.8

2.6
5.3

-

_

3.3
33

11
110

_

0.18
1.8

0.61
5.9

-

_

6.8
4.1

12
6.8

_

0.37
0.2

0.64
0.41

-

_

0.0013
0.0039

0.0054
0.016

_

0.000068
0.0012

0.00031
0.0022

-

1) For non-fire cases; 15 minutes exposure at 100 meters directly after the accident. For the fire
cases; 5 minutes exposure at 100 meters after the end of the fire.

2) With a population density of 1000 inh/km2 closer than 10 km from accident site and 50 inh/km2

at distances longer than 10 km from the accident site.

If stable atmospheric conditions are assumed, the doses at 100 meters from the accident site will
be the double and the maximum doses obtained during the fire period will be a third of those
obtained under neutral atmospheric conditions in all scenarios.

Personnel on the arplane surviving the crash may be exposed to high concentrations for short
periods of time. The doses may be somewhat higher than those to a critical individual from the
public. The rescue personnel will arrive at the airplane some time after me accident and will
thus avoid being exposed to the immediate releases. They can also reduce exposure by choosing
a suitable approach to the aircraft.

The highest collective doses received in the short-term are obtained from an accident with UO,-
powder. With uniform population density of 50 inhabitants/km2 the maximum is obtained in case
of a 60 minute fire (approximately 100 manSv). If the crash occurs in an area with a higher
population density (1000 inhabitants/km2) the maximum is obtained for the accident without fire
under stable atmospheric conditions, 160 manSv. If neutral atmospheric conditions prevail a
collective dose of 15 manSv is obtained.
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Table IV Summary of doses from an accident with MTR-fuel.

Short term exposure Long term exposure
Individual dose" Collective dose3' Individual dose Collective dose

rate at year 1 commitment
[mSv] [manSv] [uSv/a] [manSv]

Crash on land

Scenario 1:

No rue:
neutral
stable

Fire 20 min:
neutral
stable

Fire 60 min:
neutral
stable

Scenario 2:

No fire:
neutral
stable

Fire 20 min:
neutral
stable

Fire 60 min:
neutral
stable

Crash in water

Lake Mälaren:

Scenario 1:
Scenario 2:

9.7
19

8
16

9.7
19

8
16

-

_

2.0
19

2.2
21

_
_

2.0
19

2.2
21

-

4.9
3.3

2.5
1.7

_

4.9
3.3

2.5
1.7

-

_

0.00089
0.0028

0.0013
0.0038

0.00089
0.0028

0.0013
0.0038

-

1) For non-fire cases; 15 minutes exposure at 100 meters directly after the accident. For the fin
cases: 5 minutes exposure at 100 meters after the end of the fire.

2) With a population density of 1000 inh/km' closer than 10 km from accident site and 50 inh/km1

at distances longer than 10 km from the accident sits.

Uranium dispersed in the atmosphere will subsequently be deposited on the ground. This ground
contamination can give rise to a long-term effect due to external exposure from the ground,
inhalation of resuspended material, intake of contaminated food or contaminated water. The
highest long-term collective dose commitment will be obtained from a Scenario 1 accident with
UF, assuming stable atmospheric conditions at the time of the accident, 0.14 manSv. For neutral
atmospheric conditions the dose will be somewhat lower, 0.11 manSv.

These values have been estimated assuming no decontamination of the ground. A brief analysis
of the decontamination needs from a severe accident has indicated that in an area of 100 - 1000
m1 in the immediate vicinity of the accident site removal of spilled uranium and contaminated
top soil may be needed. In a surrounding area of the size of a few hectares decontamination of
soil for example by deep plowing may be necessary. If an accident occurs during the growing
season, restrictions in food consumption may also be needed.

The consequences of a crash into the Lake Mälaren has been analyzed in case of transport of
UF« and UO2-powder. All packages are assumed to be recovered within one month. However,
uranium released from the packages will be dispersed in the lake water which is used as
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drinking water. The highest individual effective dose rate and collective dose commitment are
obtained from UOj-powder, 41 ^Sv/a and 2.6 manSv, respectively.

The doses calculated in this study suffer from a number of uncertainties. The major uncertainties
derive from the estimation of the source term, i.e. the number of packages damaged and the
material released from each package. There will also be a considerable uncertainty in the
estimation of the dispersion, partly due to the fact that the nrtual weather situation and the
location of the accident is not known. An important effect which is difficult to quantify is the
plume lift due to thermal effects. Also the dose calculations contain a number of uncertain
parameters and assumptions. For the effects of short term exposure the most important ones are
exposure times, breathing rates and population densities. In the calculation of dose from long
term exposure, considerable uncertainty lies in the calculation of the biospheric transfer.
However, it should be pointed out that a conservative approach has been applied throughout the
whole study.

Based on a limited only analysis of the possibility of criticality occurring following an aircraft
accident it should be noted that package damage is greater than considered when performing a
regulatory transport criticality assessment. Forces acting on a package in an aircraft accident will
thus tend to disperse the material, and whereby conditions necessary for criticality may be less
likely to occur.
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1. INTRODUCTION

This report describes the work performed in a project studying the potential consequences of
uranium transportation by air. The project is performed under contract to the Swedish National
Institute of Radiation Protection (SSI) and the Swedish Nuclear Power Inspectorate (SKI).

1.1 Background

Today, nuclear materials in Sweden are transported mainly by boat and by truck. However, in
the future a portion of the nuclear materials may be transported by air. Air transportation has
become an attractive alternative, especially on long distance shipments, as the mode is quick and
the cargo is, en route, not liable to diversion. Nuclear materials relevant for air transportation in
Sweden are low enrichment unirradiated UF,, UO2-fuel, UO2-powder and unirradiated MTR-fuel.

1.2 Purpose

The purpose of the study is to provide the necessary background for decisions by the authorities
concerned, SSI and SKI. Thus the study has been aimed at quantifying the possible radiological
consequences of an airplane accident involving a uranium transportation. The acute exposure of
personnel and public has been considered as well as long-term exposure caused by contamination
of ground and water. To some extent also chemical effects are discussed. Since the study should
give a background for authority decision, only the limiting scenarios are analyzed in detail.

The project is concerned with the conditions prevailing in Sweden, although the information used
is sometimes gathered from international literature.

The work has been performed by KEMAKTA Konsult under supervision of a steering group
with representatives from SSI, SKI and the Swedish Nuclear Fuel and Waste Management Co,
SKB.

1.3 Methodology

The method used has been to define a number of limiting scenarios. No detailed probabilistic
studies have been made, but a brief review of available air accident studies has been made to
ensure that the chosen scenarios are conceivable. In the further analysis some scenarios have
been eliminated when it has been shown that they not are limiting.

The project has been divided into three phases. In a first phase, literature concerning flight
accident statistics and accident environments has been studied, with emphasis on the mechanical
and thermal environments experienced in airplane accidents. The purpose was to provide
information for estimates of the behaviour of transportation packages. The results are reported in
Chapters 2 and 3 of this report. In Chapter 4, these results are used as a basis for the definition
of the accident scenarios considered in the determination of the consequences.

Another topic treated in Phase 1 is the physical and chemical changes in the materials due to
the accident conditions, which may influence the material dispersability. The materials considered
in this study are uranium hexafluoride (UF,), uranium dioxide (UOj) powder, unirradiated
uranium dioxide fuel and unirradiated MTR-fuel. Important changes studied are; evaporation and
hydrolysis of UF, and oxidation and aerosolization of UO,.

Uranium contains the fissile isotope "5U and if accumulated in an uncontrolled manner a chain
reaction may start, i.e. the material becomes critical. The safety against criticality is carefully
controlled by restrictions on package content and package design. However, an <*xtreme airplane



accident may lead to release of critical amounts of uranium. An analysis of the possibility of
criticality has been performed and is presented in Chapter 5.

The purpose of Phase 2 was to quantify the dispersion in air, ground and water of uranium
released from damaged packages. The results in the form of air concentration, ground contamina-
tion, and water concentratioo of uranium as well as the methods used are reported in Chapters 6
to 12.

As an initial step of Phase 2, the basic parameters determining the source term and the
dispersion were studied. A coarse sensitivity analysis in the form of a parameter variation was
made. The purpose was to identify the parameters and processes tewing the greatest influence on
the consequences and which thereby need further study.

In Phase 3 the maximum individual radiological dose to personnel and public, and collective
dose to the public were evaluated. The results are reported in Chapters 14 and 15. The possible
chemical consequences of an accident with uranium hexafluoride are discussed in Chapter 13.

Estimates are also made of the possibility of decontamination of dispersed material and the
recovery of lost packages. The radiation doses obtained from the necessary actions are evaluated.
The results are reported in Chapter 16.



2. AIRCRAFT ACCIDENTS

2.1 Accident statistics

The purpose of this section is to provide a short background on the rates of aircraft accident and
on the most probable types of accidents.

2.1.1 Accident rates

Aircraft accident statistics are generally concerned with accidents involving fatalities or injuries
among crew and passengers. In some cases, accidents noted as total loss of the aircraft" are
also taken into account. It is not certain that an accident ending in fatalities would also cause
damage to a package with radioactive material. On the other hand an airplane may be fully
destroyed by a severe fire that would damage radioactive packages, but all persons on board
could be saved by evacuation.

Airline flight safety has constantly been improved. Statistics from the ICAO member countries
excluding the USSR, gives an accident rate for heavy aircraft of 3.5 fatal accident per million
flights in tiie period 1970 - 1974 compared to 2.2 fatal accidents per million flights in the
period 1979 - 1983 [Luftfartsverket, 1985]. Since 1983 the number of fatal accidents have
remained fairly constant despite a great increase in traffic. The improvement in safety is due
both to increased aircraft reliability and advancement of the general operating environment. A&
an example, turbo-jet aircraft taking care of 95% of the total volume of traffic answered for 10
fatal accidents in 1987, while turboprop and piston engine aircraft taking care of the remaining
5% of the traffic suffered 15 fatal accidents [ICAO, 1988].

There are considerable geographical differences in accident rates and the world based statistics
will give an overestimation of the accident rate in Sweden. Statistics divided by origin country
of the airline give, for the period 1973 - 1984, an accident rate of 0.5 fatal accidents per million
flights for Scandinavia. However, only two fata1 accidents occurred in the period. A larger
statistical base is obtained if the data for the Western European countries are considered, where
25 fatal accidents occurred, giving an average of 1.2 fatal accidents per million flights
[Ramsden. 1985]. The probability of a fatal airplane accident in Sweden in 1983 was estimated
to be 0.1 [Luftfartsverket, 1985].

The UK Advisory Committee on the Safe Transport of Radioactive Materials (ACSTRM) [1988]
presents an estimated probability of a severe accident of approximately 1.210* for a Western
European flight of 1000 km with an aircraft over 20t. A severe accident is defined as including
one or more fatalities and the destruction of the aircraft.

A total number of 161 fatal accidents in the world was recorded in the period 1983-1987
[Learmount, 1988], This figure is based on commercial flights, but excludes accidents involving
deaths from sabotage, hijack, and military action against civil targets. In 31% of the accidents,
airplanes in scheduled passenger flights were involved, and 24% of the accidents involved non-
passenger flights. The latter category includes flights with cargo aircraft as well as non-passenger
flights with passenger aircraft, e.g. 'raining flights. Since no information is available on the
number of flights with cargo aircraft, no separate accident rate could be derived.

2.1.2 Location of aircraft accidents

The distribution of accidents between different flight phases wiil provide information on where
an accident is most likely to occur, along the flight route or in the neighborhood of an airport.
It will also give information on the impact forces which can be expected in an accident. For
accidents occurring during take-off and landing one can generally expect a lower impact speed
and smaller impact angle than when an aircraft crashes from high altitude.



Several reports concerning the probability for aircraft accidents in the cifftran* phases of a flvht
have been reviewed. Data published in these reports are often, unfortufötteiy, not directly
comparable to each other as the accident severity definitions and the definition of the flyicg
phases differ.

In a study made by the Board of Civil Aviation in Sweden [Wiair.c.w ?; a!. 1910] a sumrt.ary
of a report made by The Right Safety Foundation on 2i7 world-wiu'e jei "totei loss" accid?n!i
(l%2-76) is presented. The probability distribution over the differer; flying phases show?> -fcs
following:

Part of

Flying time

Accidents

Take-Off

2%

21%

Climbing

10%

10%

Cruise

64%

5%

Descent

20%

10%

Approach

(

37%

L a » *

• \ %

n~r,

The figures show that approximately 75% of all accidents occur during Xz&e. off i'2.1%), rppros. h
(37%) and landing (17%) phases which correspond to 6% of the to'al flying

In the same study a summary of a US National Transportation Safety Board .-port concerning
US Certified Route Air Carrier accidents from 1968 to 1977 is presented. Botfe scheduled and
non-scheduled operations are included and there is no limitation to jet aircraft I s e following
distribution of the operational phase for accidents leading to fatalities is presented:

Static Taxi Take-Off In-Flight Landing Unknown

Part of accidents 8.4% 4.2% 9.9% 33.8% 42,3% 1.4%

In a comparison between the two studies it should be noted that, the in-flight phase :n the later
study comprises climb, cruise and descent, and the landing phase includes approach and landing.
The figures for the fatal accidents show a result similar to that of the "total loss" accidents.
Apparently, if the two studies are comparable, the portion of fatal accidents, in comparison with
"total loss" accidents, are lower for take-off and landing accidents than for in-flight accidents
due to a generally lower speed near the runway. However, of all fatal accidents, 52% were
take-off and landing accidents. Thus, take-off and landings together accounted for about half of
the fatal accidents.

Brown et al. [1980] have compiled the results from the UK Civil Aviation Authority's World
Airlines Accident Summary (1970-77) where the accidents registered satisfy the following impact
criteria;

1. the impact occurred during an airborne phase of flight

2. the aircraft damage was described as "destroyed"

3. at least one person was fatally injured.

The relative fractions of accidents in each flight phase are as follows:

Take-Off Climb to Cruise En Route Approach Landing

Part of accidents 8% 13% 17% 45% 17%



Accidents occurring wiihin 1 km from the departure end ot the runway were classified as
"Take-off" accidents, and similarly duriag final approach, I km from the approach end oi' the
runway was taken as the dividing point between "Approach" and "Landing". In some reports the
impact positions were indicated by the time of the impact after lift-off. Accidents that occurred
between 0-30 seconds after lift-off were recorded in the "Take-Off category and accidents that
occurred between 30 seconds and 10 minutes were placed in the "Climbing to Cruise" category.

When studying the figures in the tables presented above, it can be noticed that the definition of
flying phases is not uniform in the references reviewed. Even if the flying phase have the same
name as a phase in another study, the meaning of it may diverge. For example it is, in most of
the reports reviewed, not made clear whether the definition "In-Flight" includes other phases like
"Descent" and "Approach" or if these phases are included in the "Landing" phase.

Although the figures presented in the various reports differ, it can be concluded that the majority
of accidents occurred on or in the vicinity of an airfield.

2.2 Accident environment

The two most important factors when considering destruction/degradation of cargo in an aircraft
crash have been identified to be the mechanical environment and the fire environment. In this
section a description of the conditions encountered in aircraft accidents will be made.

2.2.1 Mechanical environment

In an aircraft crash the aviation fuselage and the cargo can be exposed to large impact forces.
Damage due to excessive impact forces is considered as the major hazard for most packages
transported. The energy absorbed increases with the mass of the cargo and the square of the
impact speed. The energy absorption is also dependent on the mass and the nature of the target
struck. If energy is absorbed by deformation of the target or object struck, then less energy is
absorbed by the aircraft fuselage/cargo itself.

Inertial crush of a package by other cargo in the aircraft may be a problem for packages with
low mass in relation tc volume. However, the packages considered in these study will not be of
this type.

The available accident statistics do not provide any direct information on the impact forces
encountered in an accident. However, in different studies available information have been used to
derive the mechanical stresses induced on a transported package with radioactive material [Clarke
et al., 1975, Brown et al., 1980, Hubert et al., 1987]. The method used is to derive velocities
that are comparable with the hard target drop test required for packages containing radioactive
materials, so called equivalent impact speeds. In order to obtain these equivalent impact speeds,
consideration is taken to the actual impact velocity, the impact angle and the hardness of the
target. A major difficulty in the work is to estimate the statistical distributions of these
pvameters.

In a review of registered impact speeds made by Brown et al. [1980], 49 accidents occurring in
different flight phases were analyzed. Enough accidents for statistical treatment were found only
for the approach phase. A comparison between different types of aircraft was made by relating
the impact speed to the final approach speed of the aircraft, V,. For accidents occurring in the
approach phase a mean impact speed of 1.3 V, was found. For modern jet aircraft this is about
70 m/s giving a mean impact speed of 90 m/s. For landing and take-off accidents data were
more scarce, but gave a slight spread around a mean of 0.96 V, for landing accidents, and 1.16
V. for take-off accidents. For climb-to-cruise and en-route accidents the reported impact speed
was related to the ec ->mical cruise speed of the aircraft, Vc, which is around 250 m/s for a
modern jet. For the studied accidents reported values were between 0.65 - 0.85 V,, but in the
further analysis a span between 0.6 and 1.2 V«, was used.



Similarly, problems arise when estimating the impact angle. Landing and take-off accidents are
characterized by small impact angles because of the flat terrain usually surrounding the airport.
Approach accidents are characterized by a greater span in impact angles. These accidents are
often a consequence of the plane impacting the ground in nearly level flight and the impact
angle depends on the terrain bit. Accidents occurring in the climb-to-cruise and en-route phases
are often the result of the pilot losing control and thus steeper impact angles can arise [Brown et
al.. 1980J.

Target hardness has given rise to many studies and there is still some controversy about the
figures and also about which physical phenomena which are actually of importance. The
hardness of the target is usually expressed as an equivalent impact speed ratio, i.e. the impact
speed onto the target divided by the impact speed onto an unyielding target giving the
equivalent damage. These equivalent impact speed ratios can be theoretically derived. For
instance, an impact speed of 13.4 m/s on an unyielding target (IAEA drop test) is equivalent, in
damage terms, to an impact speed of 95 m/s onto soft soil, 45 m/s onto hard soil, 60 m/s onto
water and 30 m/s onto hard rock [US NRC, 1977].

The resulting probabilities of an accident more severe than a given value are presented in several
studies. Although the general method is the same in the various studies, differences in the
chosen data give somewhat dissimilar result. For example different factors for "target softness"
have been used.

American studies, summarized in a UK study [ACSTRM, 1988], indicate that the IAEA impact
test (for type B package) at 13 m/s onto an unyielding target covers about 90% of all aircraft
crashes onto real surfaces in the USA and 50% of the severe crashes (defined as those where
the aircraft was destroyed and one or more person were killed).

The British study [Brown et al., 1980] reports the cumulative probability for damage equivalent
to a given hard target velocity. The IAEA Type B package drop test is estimated to cover
roughly 50% of the severe accidents. A substantial part of the accidents will be considerably
more serious than the IAEA requirements, e.g. in 80% of the accidents a damage equivalent to a
50 m/s impact on an unyielding target is obtained.

A French study [Hubert et al., 1987] indicates tkn the IAEA test covers "a small portion" of
possible accidents and that 8-30% of the accidents involve an equivalent impact speed higher
than 130 m/s, i.e. the US NRC (NUREG-0360) criteria.

The results of all the studies show that mechanical stresses exceeding those obtained in the 9
meter drop test for Type B packages can be expected in a significant portion of all severe
aircraft accidents. However, it should be noted that the actual effect such an accident would
have on a package will depend on the package design, the package weight, and the loading
configuration. Although, the IAEA Type B package limit is exceeded ii will not necessarily
indicate that all such packages would fail.

For Type A packages only a 1.2 meter drop test is required and it can not be shown that such a
package would survive any severe type of accident. On the other hand, these packages may
often have additional mechanical resistance and it is not realistic to assume that all packages in
a crashed airplane will be severely damaged in all types of accidents.

2.2.2 Fire environment

An aircraft fire can become very intensive in a very short time. The main combustible material
is the aviation fuel, but other materials can also burn, e.g. motor oils, metals, and plastics [FMV,
1988]. In a serie- aircraft fire the fuel tanks or fuel lines are damaged, the fuel flows out on
the ground and a large pool of burning aviation fuel will surround the airplane. In the beginning
the fuselage will give protection against the fire, but since it is usually made of an aluminum



alloy it will melt down. The temperature inside the cabin will increase v^ry rapidly, a tempera-
ture of 40CTC may be reached within 3 minutes [FMV, 1988].

In the case of a cr?sh, fuel released from the fuel tanks may aerosolize forming a mist which
will ignite forming a so called fireball. The mist will exist only for a short time (IS • 20
seconds), but will ensure that the entire aircraft catches fire almost immediately [Brown et al.
1980]. Data on the occurrence of fireballs are limited. Although high temperatures may be
reached in a fireball, the short duration will limit the thermal energy that can affect any package
with radioactive material, damaged or undamaged. Therefore the effect of a possible fireball is
not included in this study apart from being a possible means of starting a ground fire.

Tests, summarized by Brown et al. [1980], have shown that the temperature in the cabin can rise
to 1100*C within 9 minutes from the start of an aircraft fire. Peak temperatures of 1000*C to
1200*C can be reached in the center of open hydrocarbon fires. Other tests reported by Brown et
aL have shown that a maximum heat irradiation is obtained for fires of a size of 37 m2. In
larger fires a reduction is obtained due to lack of oxygen. A variation between center and edge
temperature of several hundred degrees has been found. Considering the variation of temperature
in time and space, the temperature of 800*C used in the regulatory tests [IAEA, 1985a] was
considered as a representative mean effective temperature [ACSTRM, 1988].

The fuselage of the aircraft is usually made of aluminum, melting at 660*C, and can thus
completely melt down. Finely distributed aluminum, e.g. in the form of drops, may also burn
with a flame temperature of 2800°C. Such a fire will be very localized and is not expected to
give any additional damage to the packages.

Certain parts, e.g. landing gears, wheels, and motor parts are made of magnesium alloys, which
also may burn at temperatures of 2000 - 3000°C. Magnesium fire may flame up when the heated
parts come in contact with fire extinction liquids. However, also in this case the effect on the
thermal energy that can be transferred to a package will be small compared to that of the
burning aviation fuel.

The probabilities given for an airplane fire vary somewhat. US data from the period 1963 -
1974, cited by Brown et ai. [1980], give a probability of 0.33 for an accident involving fire and
impact for civilian cargo air and 0.19 as an average for all civilian flights. More recent US
statistics (1973 - 1981) give a probability of 0.22 for an accident with a fire [Luftfartsverket.
1935J. Hubert et al. [1987] gives a probability of fire, knowing an impact has occurred, as 0.55.
but says it increases to 0.75 when the impact speed exceeds 200 knots (=103 m/s).

Since the Type B packages are designed to withstand an 800°C fire for 30 minutes, the severity
of the fire is most often expressed in the fire duration. The available statistics on the duration of
fires are very limited. Therefore theoretical estimates are usually made from the amount of fuel
in the aircraft and the required time to burn it [Clarke et al. 1975, Brown et al.,1980]. The lack
of statistics has led to some argument concerning the correlation between impact velocity and
fire duration. Hubert et al. [1987] argues that an increased impact will spread the debris of the
aircraft over a larger area and thereby resulting in less fire damage. Clarke et al. [1975] on the
other hand suggest that DO correlation is to be found between impact parameters and fire
probability and severity.

The maximum duration of a fire in a pool of spilt aviation fuel has been calculated assigning an
area of the pool and a measured surface regression rate. Clarke et al. [1975] assumed a pool
roughly of the size of the airplane body. In the UK study by Brown et al. [1980] the size of the
pool is assumed to be dependent on the severity of the impact. For light impact accidents the
fuel pool size is assumed lo be the wingspan times the overall length of the aircrait, for medium
impact accidents a pool of the size of the airplane body is assumed, and for severe accidents the
impact would result in a pool of the size of half the wing area. The estimated fire durations for
a fully fuelled aircraft are given below:



Aircraft Fire duration (minutes)
Light Medium Severe

DC8

DC9

DC10

B747

13

5

15

14

62

26

59

62

198

122

220

227

Thus a correlation between severe impact and long fires is obtained, due to the assumption of
smaller and deeper craters being formed because of the generally steeper impact angles for more
severe accidents. Brown et al. also estimates a weighted fire duration based on the amount of
travel with various aircraft and concludes that the IAEA fire test, of 800°C for 30 minutes,
covers approximately 75% of all air crashes in terms of fire duration, while no account is taken
to fire severity. Of all civil cargo aircraft fires. 84% will have burnt out in 60 minutes.

It should be noted that these theoretically estimated fire durations assume that no actions are
taken to stop the fire. For accidents occurring on or in the immediate vicinity of the airport, the
airport rescue crew, should be able to have the fire under control after a very short time. An
ambition to start the fire fighting within 90 seconds and have 90% of the fire under control after
an additional minute is expressed [FMV, 1988]. For an accident occurring far from an airport,
the time before any fire fighting can begin depends on the location of the accident In urban and
suburban areas a time of roughly 15 minutes can be expected.

Conclusively, it can be stated (hat fires commonly occur after airplane crashes. Although, the
fires are intensive and may destroy the aircraft they are usually of relatively short duration.
Thus, the IAEA requirements for Type B packages will cover a majority of aircraft fires. For
Type A packages no requirements on fire endurance are set by the IAEA regulations, but the
packages may for other reasons be able to withstand a fire during a limited period.

2.3 Conclusions

Although airplane accidents are very infrequent, there is a high probability that they will result
in considerable impact forces on the plane and on the cargo. The conclusion that can be drawn
from the overview of the accident conditions is that the mechanical forces transferred to a
package can be significant compared to those experienced in the required tests. In tbe majority
of accidents the mechanical forces are greater than the requirements in the test of a Type A
package, and in a substantial part of the accidents also larger than what is required in the tests
of a Type B package.

Regarding the fire environment no special requirements are put on a Type A package. For Type
B packages the IAEA test requirements are more severe than the environment experienced in the
majority of airplane accidents. However, the probability of an accident with a fire environment
more severe than what is specified in the IAEA regulations is not negligible.
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3. PACKAGE AND MATERIAL BEHAVIOR

In this chapter the behavior of the transport packages in different transport environments is
reviewed. Furthermore, chemical reactions occurring in connection to accidents, which can
change the dispersibility of the material are treated.

The work is based on literature presented at international symposiums such as PATRAM and
different IAEA meetings. Abo. a literature survey has been performed in the IAEA database
INIS. and in the PASCAL. NTIS and CHEMABS databases.

3.1 Uranium hexafluoride

3.1.1 Type of package

The uranium hexafluoride (UF5) transport package consists of a 30B cylinder with a separate
protective outer package, overpack. of type 21PF-1. see Figure 3-1. The 30B cylinder is made of
steel with a wall thickness of 12.7 mm. It has a length of 2.C7 meters, a diameter of 0.76
meters and has the capacity of loading 2.3 toes of UF«. The cylinder is tested to withstand an
internal pressure of 2.6 MPa. The outer .nckage consists of an inner and an outer steel shell
with phenolic foam in between in order to provide mechanical as well as thermal protection. The
thickness of the phenolic foam is 0.2 meters.

valve
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Figure 3-1: The transport package used for uranium hexafluoride.

UF4 is presently shipped as a special arrangement (Certificate USA/4909/X). A total of 10
packages can be conveyed in a single shipment, each containing 1.5 tonnes of uranium with a
maximum enrichment of 5% a 'U.

3.1.2 Mechanical and thermal resistance of package

According to the IAEA Transport Regulations, a Type A package is required for the transport of
uranium enriched to 5% or less of "'U. For large quantities of uranium with a higher enrichment
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Type B packages are required. The UF, transport package, complete with protective outer
package, is currently certified as a Type A package.

The requirements of a Type A package are that they can withstand a free drop from 1.2 meters
onto an unyielding target. The only requirement of the thermal behavior is that "the design of
the package shall take into account temperatures ranging from -40°C - 70°C for the components
of the packaging" IAEA [1985a]. However, tests have shown that the UF6-package can withstand
considerably larger forces than required by the regulations.

The package (cylinder+overpack) has been tested to withstand the individual tests of a Type B
package. A Type B package is subjected to the cumulative effect of a mechanical test and a
thennal test. However, in case of severe accidents the protective overpack may be completely or
partly damaged. The mechanical test consists of three drops onto an unyielding target with a
maximum drop height of 9 meters. In the subsequent thennal test the package is engulfed in an
800°C fire for a minimum of 30 minutes. It is not ascertained that the protective overpack will
remain undamaged after an accident even though the cylinder is intact.

Since UF,-cyIinders are pressure vessels they have a robust design. Weak parts are the valves
that can easily be damaged. Drop test;: have been performed on larger UF,-cylinders (Type 48),
with a protective overpack, where they have withstood a nine meter drop [Stitt, 1983].

Accidents have occurred with UF6-packages transported by train in Germany 1970 [Pryor, 1983]
and in the US 1971 and 1977 [Teer, 1978], and transported by ship in the Mont Louis accident
1984 [Ringot et al., 1986]. These accidents led to no or only a minor release of UF(.

The thennal resistance of UF,-cylinders has been evaluated both experimentally and theoretically,
although no full scale tests of UF, filled cylinders have been performed. When transported, the
uranium hexafluoride is in solid form, slightly below atmospheric pressure. When heated in a
closed cylinder UF, has a melting point of about 64°C and this change of state is accompanied
by a substantial increase in volume. If the heating continues, the container will be pressurized
and may fail. At a UF, temperature of 150°C the 30B cylinder would be completely filled with
liquid UF, [Williams, 1988]. This condition has been used as a failure criterion [Duret and
Bonnard, 1983]. However, the UF, cylinders are designed to withstand substantial pressure and
can also accommodate considerable volume expansion. Williams uses the results from hydrostatic
tests to determine a failure temperature of 186'C for a 30B cylinder. Here consideration was
given to the fact that the strength of the steel walls is reduced due to the elevated temperatures.
In tests performed with small cylinders at Oak Ridge Gaseous Diffusion Plant [Williams, 1988]
explosive rupture occurred at temperatures between 165°C and 225°C.

The effect of localized heating of UF, cylinders has been studied [Duret and Bonnard, 1983].
The heating was applied on a circular part of one of the ends of a 48Y cylinder. This is a
cylinder with larger dimensions than the 30B. The purpose was to study whether localized
heating could lead to a local pressure build-up and package failure or if the heat would spread
through the entire cylinder. The results showed that the heat transport in the UF, was sufficient
to even out the temperature and that no abnormal stresses should occur at the heated wall. A
comparison gave good agreement between the experimental results and the result of calculations.

The calculation^ results of Duret and Bonnard were used to evaluate the behavior of a UF,
cylinder totally engulfed in a fire. For a 30B cylinder, the time to failure was estimated to 35
minutes for a 800"C fire and to 28 minutes for a 900°C fire.

The time to failure has also been estimated by heat transfer calculations [Williams, 1988]. The
beat transfer to a UF, cylinder exposed to hydrocarbon fire is 90% radiative and only 10%
convective. The important parameters are thus the temperature of the fire, the cmissivity of the
fire and the cylinder, and the geometry governing the view factor from the effective surface of
the cylinder to the fire. For a 30B cylinder totally engulfed in a 800°C fire a time to rupture of
18.5 minutes was calculated. If the fire temperature is higher the time to rupture will decrease.
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For cylinders adjacent to fires the heat flux will decrease since only a pan of the area is
available for the radiative heat flux. Thus a longer fire exposure is needed to rupture a cylinder,
the time will depend on the distance to, and the size of the fire. For a cylinder at a distance of
3 meters from a fire that has a diameter of 15 meters and a temperature of 800*C, the calculated
time to rupture was 98 min. In case of a I040*C fire the time decreased to 44 minutes. If the
distance to the fire was larger than 6 meters the time to rupture was estimated to be greater than
2 hours in both cases.

Tests to determine the additional thermal protection of the overpack have been performed. The
Central Research Institute of Electric Power Industry has conducted fire tests of 30B cylinders
with the 21PF-1 overpack [Kobayshi et al. 1986]. Three types of tests were performed:

Test I : SOTC for 60 minutes
Test H : lOOTC for 30 minutes
Test in : 800°C for 220 minutes

The results of the Tests I and n showed' that the increxse in temperature on the outer surface of
the 30B cylinder was small. The final temperature on the 30B cylinder surface was less then
50°C and no leakage was found. Test in showed that a maximum temperature of 120°C on the
cylinder surface was reached after 4 hours and that no leakage appeared. The experiments were
also complemented with calculations of the thermal behc- ior. The agreement with the experimen-
tal results was good. Also the behavior of the phenolic foam was tested. It was found that at
high temperatures the phenolic foam starts carbonizing and will thereby increase the generated
heat. The decomposition and resulting increased thermal conductivity of phenolic foam at
temperatures above 550"C has been noted elsewhere [Pryor and Fraizer, 1986].

In the case of an airplane accident the fire may follow a considerable mechanical impact. Thus
the protective overpack may be damaged, giving only a partial thermal protection. Since the heat
flow is mostly radiative the effect of a damaged overpack will depend on the extent of the
damage and also on how the damage is oriented in direction to the fire.

3.1.3 Chemical reactions of the material

Uranium hexafluoride is a highly reactive substance. It reacts chemically with hydrogenous
compounds such as water and hydrocarbons.

At low temperatures and atmospheric pressure UF, is a white solid that is slowly converted to
vapor (sublimation) in dry air. At temperatures above 56°C and at atmospneric pressures UF,
sublimes to a heavy gas. The density being 12 times that of air. If the temperature is increased
at elevated pressures, such as in a closed cylinder, a high density liquid is formed.

If a UF,-cylinder is heated and ruptured the liquid UF, is rapidly vaporized and release of
gaseous UF, will take place. It is well known that gaseous UF, reacts rapidly with water, e.g.
the moisture in air, according !o the following hydrolytic reaction:

U F i w + 2H2O ( | ) -> UO2F2(1) + 4 HF ( f )

The uranyl fluoride (UO2F2) is formed as a very fine powder with a particle size around 0.5 jim
[Bouzigues, et al. 1978]. The aerosol formed is easily detected, concentrations of 1 mg/mJ are
visible [Thomas, 1978]. Higher air concentrations (1 g/m3) give a very low visibility. U O ^ is
hygroscopic, taking up water from the air. In the case of minor leaks in normal UF, handling,
clogging by hydrated UOjF2 have often reduced the amount of UF, released.

The reaction is rapid, but can be limited by the availability of water in the atmosphere. In order
to hydrolyze 1000 kg of UF, roughly 100 kg of water is needed, corresponding to the water in
10 000 m' in air at a temperature of 20°C and a relative humidity of 60%. In the case of a fire
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accident, the combustion of aviation fuel will produce considerable amounts of water. The
combustion of 70 kg of jet kerosene will produce roughly 100 kg of water.

Experiments where a vessel with 1.1 kg of gaseous UF, was placed into an atmosphere with
84% relative humidity showed that the maximum uranium aerosol concentration occurred after
50 minutes [Raggenbass et al., 1978). Measurements of the gaseous UF, and HF concentrations
directly abo e the vessel showed that the UF, concentration decreased after 25 minutes and the
HF concentration had a maximum after 40 minutes. The conclusions drawn were that the
hydrolysis reaction had a duration of roughly 50 minutes. More than 70% of the uranium
remained in the initial vessel.

Uranium hexafluoride reacts explosively with hydrocarbon oils, forming a black carbonaceous
smoke, with carbon and reduced uranium in the residue [Williams, 1988].

If UF, is released into a fire environment, the hydrolysis reaction will occur due to the large
quantities of water formed by the combustion of hydrocarbons. However, several other reactions
can take place with combustion products reducing the uranium and forming low molecular
weight fluorinated compounds [Williams, 1988]. Examples of such reactions are:

UF.W + 0.25 CH4(g) -> UF4W + 0.25 CF4(,, + HF
(I,

UF4,,,

It should be noted that the reactions with combustible gases produce uranium in a reduced form
and also give less hydrogen fluoride.

UF, reactions with combustible gases add energy to a fire relative to the normal combustion
reactions with O2. On the other hand, the additional energy obtained is less than the energy
released from the reaction between UF, and H2O. This implies that the maximum energy release
into a fire is a complete combustion of hydrocarbons and complete hydrolysis of UF,.

As mentioned above UO2F2 can be hydrated by water. Another possible reaction in the tempera-
ture interval 500 - 700°C is the formation of U3O, [Brandberg, 1973] described by:

UO IF 1 W + H1O<B -> 1/3 U A , . , + 1/6 O2(f) + 2 HF(
(g)

This reaction is known from laboratory experiments, but it has not been possible to verify that
this reaction actually takes place in an open fire.

In case of an accident in a lake or in the sea, uranium hexafluoride may come in contact with
liquid water. UF, will react with water and the primary product will be UO2F2:

UF 4 ( ( ,+ 2H 2 O m -» UO,FJW + 4 H F ( ^

The reaction between solid UF, and liquid water is slow due to the formation of UO2F2 hydrate
covering the UF, surface. Uranyl fluonde is a highly water-soluble substance [Katz et al., 1986]
and will dissolve according to:

UO2F2(<) -> U O 2 * ^ + 2 F,.,,

The uranyl ion has a strong tendency for hydrolysis and complexation reactions, with the
formation of polynuclear complexes, e.g. (UO2)j(OHV, (UO2),(OHy, UO2P etc.



In the case of a leakage of UF* in a lake. HF in solution will locally affect pH and fluoride
concentration which in turn will determine the chemical reactions. Chemical equilibrium calcula-
tions have been performed to estimate the solubility in lake water under oxidizing conditions. At
pH 2 and with high fluoride concentrations (200 mg/1). the solubility will be less than 1.2 g/l.
The solubility will be limited by the solid phase UO,FjH2O. The most important aqueous species
will be UOjF* and UOjF2°. At a slightly higher pH and lower fluoride concentration (pH 3.7.
(F ] = 120 mg/1) the solubility will be lower, but still above 240 mg/1. The aqueous species will
in this case be UOjF2° and UO;F . If the pH is increased to 5.7 the solubility will be con-
siderably less than 200 mg/1 and determined by the solid phases U4O« and U,O7.

3.2 Uranium dioxide powder

3.2.1 Type of package

Low enrichment UO2 powder is transported in packages with the identification code D/4280/AF
of type BU-D or BU-7. The package consists of an exterior cylindrical steel drum with a
volume of 213 1, see Figure 3-2. A layer of light concrete is placed on the inside of the steel
drum for thermal insulation. The interior of the concrete layer forms a compartment where up to
three smaller packages containing the UO: powder can be stored. These inner packages are kept
in place by a sealed steel lid secured with 12 bolts into the concrete. Also the inner and outer
packages are equipped with seals. The amount of uranium oxide in each package depends on the
degree of enrichment. For a 4.0% enrichment of a sU, a maximum of 51.4 kg UO2-powder can
be shipped in a single package. The package is of Type A according to the IAEA Regulations.

~608 mm

890 mm 670 mm

0 586 mm-

Figure 3-2: The transport package used fcr uranium dioxide powder.

3.2.2 Mechanical and thermal resistance of package

The requirements of a Type A package is that they can withstand a free drop from 1.2 meters
onto an unyielding target. No information of additional tests of mechanical and fire resistance
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have been found. However, due to the design of the package some additional resistance may be
expected.

Full-scale tests of similar packages have been performed in Japan [Uchino et al., 1983]. In these
tests, trucks loaded with 23 to 43 UO2 packages crashed head on into a concrete barrier with the
speed of 50 km/h. The conclusions drawn from the test were; that the soundness of the packages
remained after the accident, but also that the impact on the packages from the crash was less
than that from the 9 meter drop test.

3.2.3 Chemical reactions of the material

When UOj-powder is heated in air it will oxidize. The overall reaction will be:

3 UO2(<) + O2(f) - » 0 ,0 , , . ,

The oxidation leads to a volume expansion of the particles, which in tum causes a break-up and
a reduction in size. The estimated particle size reduction is in the order of a magnitude.

No evidence has been found of the formation of significant amounts of any other reaction
product in the atmosphere of a fire from an aircraft crash, except for the intermediate oxides
between UO2 and U3O,.

In case of an accident in a lake U02 powder may be released to the water. The solubility of
U02 in lake water under oxidizing conditions and pH 6.7 will be less than 1 mg/1. The solubility
will largely be determined by the availability of carbonate. At high carbonate concentrations (65
mg/1), the dominating aqueous species will be UO2(CO,)2

2". At a lower carbonate concentration
(15 mg/1) the hydroxyl complexes will dominate giving a lower solubility. However, the
dissolution is kinetically hindered.

3.3 Uranium dioxide fuel

3.3.1 Type of package

The transport packages for unirradiated UO2 fuel elements of type BWR are of type RA-2 or
RA-3, both with a similar design. The package can contain two fuel elements with up to 180 kg
uranium each (Certificate D/4172/AF) or up to 100 fuel rods (Certificate USA/4986/AF). The
RA-2/RA-3 package weighs 1.35 tonnes and is divided into an inner package and an outer
package, see Figure 3-3. The outer package consists of a wooden box, with shock absorbing
material in several layers. The inner package is a metal box, where two fuel elements or two
bundles of fuel rods are placed in a special holder in order to protect them from mechanical
shock. The package is of Type A according to the IAEA regulations.

3.3.2 Mechanical and thermal resistance of package

Since the UO2-fuel package also is a Type A package, the same requirements as for the UO2-
powder package apply. Mechanical tests made in connection with criticality studies, presented by
Mennerdahl [1984], indicated that considerable deformation of the inner package was not
reasonable. These test are basically the same as for a Type B package. Although the mechanical
resistance may be greater than the requirements of the IAEA regulations it is not probable that
the package will endure the forces experienced in an aircraft accident.

A fire test performed in the criticality evaluation showed that the outer package was completely
destroyed by a lire. Since there is no special insulation, high temperatures may be reached in the
inner package.
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Figure 3-3: The transport package for uranium fuel viewed from the top, with a cut
showing the position of the fuel elements.

However, the uranium fuel pellets are contained in Zircaloy fuel rods, which will provide an
additional protection against dispersion. Zirconium and its alloys are reactive in powder form, the
metal will bum at roughly 850°C. However, on massive Zircaloy, as in fuel rods, a coating of
ZrO, will form. The melting point of zirconium is 1852*C.

3.3.3 Chemical reactions of the material

The UO] pellets in a fuel rod can react with air if the rod is cracked or in any way ruptured. In
the case of an aircraft accident the uranium dioxide fuel can be exposed to a hot oxidizing
atmosphere. The rate of the oxidation depends on the temperature, the partial pressure of oxygen
etc. The reaction between oxygen and UO3 in the form of pellets will be hindered by the
diffusion of oxygen into the UO, pellet.

In an investigation carried out at Chalk River Nuclear Laboratories the oxidation at high
temperature of unirradiated UO, pellets was studied [McCracken, 1985]. The oxidation was
performed by fint heating the pellet and thereafter exposing it to air with temperatures between
400*C and 1000*C. It was also demonstrated that the presence of zirconium will inhibit the
oxidation of uranium at high temperatures. This was thought to be caused by a gettering of the
oxygen by the zirconium, which would be more pronounced at higher temperatures since
zirconium oxidation in air increases with temperature.

The fastest oxidation rate was observed at 500°C and the oxidized part in form of U,O, powder
spalled from the pellets after only 15 minutes. The size of the U,O, particles was 1 - 1 0 um.

At 500°C the maximum oxidation rate was observed. About 35% of a pellet (no Zr present) was
oxidized after 20 minutes exposure in an airflow of 0.5 1/min. After 60 minutes of exposure
more than 90% of the pellet was oxidized. A 10 times lower airflow, i.e. 0.05 1/min resulted in
about 60% oxidized material after 60 minutes exposure. The oxidized material was in the form
of UjO, powder that spalled from the pellets. Also intermediate oxides, such as U40, and U,O7,
were formed during the oxidation process. An analysis of the oxidation product showed that
100% of the oxidized material was in the form of a powder with a particle size of about 10 urn.
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At a temperature of 800°C and an airflow of 0.5 l/min the amount oxidized after 20 minutes
was found to be about 5% and after 60 minutes approximately 10%. A 10 times lower airflow
at this temperature gave no change in the amounts oxidized. Because of the volumetric
expansion in the formation of U,O,, stresses were generated that caused cracks in the pellet core.
The oxidation product consisted of 25% powder with a particle size around 12 |im. 25%
particles with a size of about 330 ^m, and 50% fragments about 1.5 mm in size.

At a temperature of I000°C only 5% was in the form of powder whereas 90% was in the form
of fragments with a size of several millimeters.

In case of an accident in a lake UO, fuel pellets may be released to the water. The solubility of
UO2 will the same as for UO,-powder. see Section 3.2.3. However, the dissolution is kineticallv
hindered and in the case of UO, fuel pellets also the available area for interaction of water will
be small.

3.4 MTR fuel

3.4.1 Type of package

The unirradiated MTR fuel elements are transported in packages made of stainless steel, with the
identification code F/081/AF. The diameter of the pacKage is 0.6 meters and the length 2.1
meters, see Figure 3-4. The package is Type A and contains a maximum of four MTR fuel
elements. From 1990 new fuel elements will be used in the Studsvik R2 research reactor. These
elements will have a 233U enrichment of 20%. Each MTR-fuel element weighs 6.7 kg and
contains 18 plates with a total of 2025 g uranium The plates are made of aluminum with a
dispersion of uranium silicide (U,Si2) and aluminum in the center.

2107 mm-

0 600 mm \JL
-1871 mm-

750 mm

Figure 3-4: The transport package for MTR-fuel (F/081/AF).

3.4.2 Mechanical and thermal resistance of package

As the packages is a Type A package the same requirements as stated above apply. Only limited
mechanical resistance and no appreciable fire resistance can be expected.
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3.4.3 Chemical reactions of the material

If the aluminum melts, which occurs at about 660°C, the U,Si2-Al dispersion will be uncovered
and can react with air leading to an oxidation of the uranium. The U,Si2 oxidation proceeds in
two stages, first an initial oxidation to UO2 commencing at 270°C, followed by an oxidation to
UjO, with an onset temperature of 560*C [Nazaré, 1984]. A peak oxidation rate was found at
600"C, however, no numerical values were given.

Oxidation tests performed with pellets of the somewhat more easily oxidized U,Si have shown
that an oxide layer of thickness SO Jim is formed after SO minutes of heating in air at a
temperature of 550"C [Feraday, 1971]. In the MTR-fuel the U,Si2 will be present in the form of
small particles and a rapid oxidation can be expected.

3.5 Conclusions

The packages used for transportation of uranium are not designed to withstand the extreme
environments of an airplane accident. All the packages are currently classified as Type A
packages. Although, the requirements for mechanical and thermal resistance of these packages
are small, a considerably higher resistance can be expected in practice. One reason for this is the
additional requirements put on packages transporting fissile material. Such packages shall remain
subcritical when damaged to a level as if they had been subjected to basically the same tests as
required for a Type B package. This does not necessarily mean that the packages will not
release material after the tests, but will put some demands on the mechanical integrity of the
package.

A Ulvcylinder is a robust package which is designed to withstand considerable internal pressure.
Equipped with an overpack it may also endure long fires. A complete package with overpack
has been tested to withstand the individual tests of a Type B package. However, the overpack
may loose some of its protective capability in a severe accident. In such a case the special
properties of UF, may lead to an increase of pressure inside the cylinder which results in rupture
and release of pressurized liquid UF«. In the case of very severe accidents also the inner cylinder
may be damaged at the impact on the ground. In such a case vaporization of UF( may occur. In
the case of a fire large amounts can be released also from smaller openings created in the
cylinder. These damages will be analyzed in Section 6.2.

The packages used for transportation of UOrfuel are equipped with shock absorbing material,
but are not designed to withstand any sever mechanical or fire environments. However, the facts
that the uranium is contained in Zircaloy fuel rods and that it is in the form of sintered pellets
will provide some additional protection against dispersion. In the case of a fire oxidation of
uncovered fuel pellets with subsequent aerosolization is expected.

The UOj-powder is transported in packages designed in such a way that additional mechanical as
well as fire resistance compared to the Type A requirements could be expected. The main barrier
against dispersion of powder is the compartment inside the outer drum sealed by bolts. In the
case of severe accidents also this barrier may fail and the inner packages may be released. These
are not designed to withstand any greater mechanical stress. The thermal protection given by the
layer of light concrete is expected to give enough protection against a fire of a duration less
than an hour. The UO}-powder may either be aerosolized in direct connection to the accident or
may be spilled on the ground and aerosolized by wind entrainment. The fire environment may
oxidize the UO2 and thus create particles of considerably smaller size.

The package used for unirradiated MTR-fuel is not considered to provide any extra protection
against accidents. However, the fuel is in a solid form and is not easily dispersed unless the
uranium is oxidized by a fire.
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4. ACCIDENT SCENARIOS AND DAMAGE TO TRANSPORT PACKAGES

In the previous parts of the report the basis for the definition of the accident scenarios are
discussed. Chapter 2 treats the conditions of the accident, and in Chapter 3 the behavior of the
package and the materials in an accident is discussed. These data will be used in the subsequent
sections to assess the source term to air and to water. IK order to predict the source term an
estimation of the number of packages failing and also the degree of failure must be made. This
is dependent on the severity of the airplane accident. Since an airplane accident is unique
regarding location, impact velocity, impact angle, amount of fuel remaining etc., it is not
possible to definitely quantify these entities.

The methodology used is to define two main accident scenarios, the first more severe and the
second representing a less severe accident. These accidents are combined with three different fire
scenarios: no fire, 20 minute fire and 60 minute fire. The purpose is to obtain an idea of the
possible range of consequences. This is made by defining a set of damage classes fc* each
material type. For each accident scenario the number of packages belonging to each damage
class is assumed.

The purpose of this study is to provide concerned authorities with the background information
necessary to decide whether routine air transport is acceptable or not. It is therefore necessary to
define scenarios giving rise to large radiation consequences, although with low probability of
occurring.

4.1 Accident scenarios

The accidents scenarios are defined as follows:

1. An airplane crash from cruising altitude giving a high impact velocity (180 m/s) and
steep impact angle '60°). The mechanical forces are such that the integrity of neither
the Type A nor the Type B package can be guaranteed.

2. An airplane crash during the landing or approach stage with a lower impact velocity
(90 m/s) and a moderate impact angle (l&). The impact occurs on soft soil giving a
reduced impact. The mechanical forces are assumed to be less than those a Type B
package can withstand, but more than the regulation limits of a Type A package.

Scenario 1, involves a severe crash during the climb-to-cruise or en-route phases. The impact
velocity is based on the dala given by Brown et al. [1980]. Accidents occurring during climb-to-
cruise or en-route phases are characterized by a broad distribution of impact angles. Here an
impact angle of 60 degrees is chosen. Even if the energy taken up by the aircraft body and the
softness of the soil is considered. Scenario 1 may result in severe damage to the transported
packages.

Scenario 2 is either a landing or an approach accident. In the case of an approach accident the
median impact speed is 1.3 times the final approach speed, which is around 70 m/s for modern
jet aircraft. For landing accidents an impact speed roughly the same as the approach speed is
reported. For this scenario a value of 90 m/s was chosen. The impact angles for these types of
accidents is generally small, a value of 10 degrees was chosen. The impact forces are very
dependent on the actual target hit in the crash. With the largest reported impact speed equivalent
ratios of 7, an impact speed of 90 m/s on soft soil would correspond to the impact velocities
obtained from the nine meter drop test. For harder materials the impact speed equivalent ratios
are much less, e.g. 2 for hard rock, giving considerably larger consequences. However, con-
sideration should also be made to the effect of the small impact angle and to the energy taken
up by the aircraft body, which reduces the impact on the packages. Conclusively, it is not
certain that a Type B package would survive all landing or approach accidents, but for Scenario
2 it is assumed that the effect of the impact angle and the softness of the target sufficiently
reduces the impact so that the integrity of a Type B package is maintained.
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For both scenarios a fire may be expected. However, the duration of an airplane fire is highly
uncertain and no correlation has been shown between fire duration and impact velocity. Thus,
two separate fire scenarios are defined; In Fire 1 the fire is assumed to last for 20 minutes and
in Fire 2 for 60 minutes. Relatively long fire durations have been chosen in order to have an
appreciable thermal effect on the packages as well as on the materials. According to the
estimates of fire durations [Clarke et al. 1975, Brown et al. 1980] approximately 60% of the
airplane fires are shorter than 20 minutes and 90% shorter than 60 minutes. In some cases an
accident without any fire may give the greatest consequences to an individual. Therefore, this
scenario will also be considered.

For the fire environment an average fire temperature of 800°C is assumed. In order to estimate
the damage caused by the fire also the extent of the fire or the number of packages engulfed in
the fire needs to be known. In an airplane fire lasting 20 to 60 minutes, the larger part of the
aviation fuel will be consumed and it is reasonable to assume that the whole fuselage is
subjected to the fire. However, in order to study the effect of this assumption estimates of the
behavior of UF,-packages at some distance from the fire have been studied. No account has been
taken to the effect of a rapid initial combustion of aerosolized fuel, a fire ball. The motivation is
given in Section 2.2.2.

4.2 Damage classes

Although the impact velocity and impact angles are defined in the scenarios, the actual forces on
the individual packages and the resulting losses of containment are not known. No experiments
or theoretical studies have been found on the behavior of the studied uranium packages involved
in airplane accidents. Methods exist that can be used to theoreucal'y evaluate the package
response in accidents [Brown et al. 1980]. However, these methods require data on the package
design and the loading arrangements which not are available, and should also be combined with
experiments in order to give reasonably reliable results. Such a detailed analysis was considered
to be beyond the scope of this study.

Thus, a general comparison between the equivalent impact speeds in Scenarios 1 and 2 with tbe
requirements for a Type A and a Type B packages have been used to define limits for the
package failure. However, both theoretical and practical studies of the behavior of arrays of
packages subjected to a longitudinal crash show that only part of the packages experience a very
severe environment [Brown et al. 1980, Uchino et al. 1986]. Thus, the assumption of the
fraction of packages failing is generally given as an interval.

In order to evaluate the release and the subsequent dispersion it is necessary to know not only
the number of packages failing, but also the mode of failure. Therefore a number of damage
classes have been defined with different modes of failure. When defining a damage class it is
also necessary to take into consideration the behavior of the material in the accident environ-
ment. Therefore separate damage classes have been defined for all of the four types of transpor-
ted materials.

It should be noted that both the definition of damage classes and the number of packages
belonging to each damage class is based on assumptions. In real accidents the distribution of
package damage may be different. However, the use of assumed damage classes will facilitate
the prediction of accident consequences. In Chapter 17 the importance of the assumptions made
will be discussed.

4.2.1 Uranium hexafluoride

The uranium hexafluoride transport package consists of a 30B cylinder with a separate protective
outer packaging, overpack, of type 21PF-1. A shipment is assumed to consist of 10 packages,
each containing 2.3 tonnes of UF,. The following four damage classes have been defined:

a) The protective overpack is lost and the cylinder is damaged to such degree that an
opening that covers about 50 % of tbe cylinder surface is created.



b) The protective overpack is lost but the cylinder is intact.

c) The protective overpack is damaged but covers 70 % of the cylinder which is damaged
to such degree that an opening which is about 10 % of the size of the cylinder surface
is created.

d) The protective overpack is damaged but covers 70 % of the intact cylinder.

It can not be expected that the package will endure the large mechanical forces expected in the
more severe Scenario 1 accider*. For this scenario it is assumed that 40 to 100% of the
packages belong to any of these damage classes. It is further assumed that all four damage
classes are represented in a Scenario 1 accident. The distribution of the damaged packages is
assumed to be 1 in each class in case of 40 % of the packages damaged, and 2 in each of class
a) and b) and 3 in class c) and d), respectively for the case when all packages are damaged.

The UF,-package is expected to endure mechanical forces equivalent to those experienced from a
nine meter drop test, without any release. No immediate release should therefore be obtained
from the Scenario 2 accident. However, it is assumed that some packages may obtain damage to
the protective outer packaging. This may have an effect on the possibility for release from fires
with long duration. The protective overpack is designed to endure large mechanical forces and
damage is only expected for the most exposed packages. It is therefore assumed that only 10%
of the packages will be damaged. Consequently, for Scenario 2 only one package in damage
class d) is considered.

The number of packages in each damage class in the two Scenarios is given in Table 4-1.

Table 4-1

Scenario

Scenario

1

2

Distribution of packages between

class a)

1 - 2

0

Number of packages
class b)

1 - 2

0

the denned

class

1 - 3

0

damage

c)

classes

class d

! . 3

1

4.2.2 Uranium dioxide powder

The package for UO2-powder consists of an exterior package - a cylindrical drum lined on the
inside with light concrete for thermal insulation. Inside the drum the UO2-powder is stored in
three smaller drums - the interior packages.

In Section 3 it is concluded that the UO2-powder packages may have some additional mechanical
and fire resistance compared to the requirements on Type A packages in the IAEA regulations.
However, it can not be ensured that the packages resist any of the two crash scenarios defined.

For Scenario 1 it is assumed that 100% of the packages are damaged to some extent, and in
Scenario 2 it assumed that 10% of the packages are damaged. However, no evidence in the
form of real accidents or experiments with packages for UO2-powder have been found to validate
these assumptions.

In order to determine the release it is necessary to make some assumptions regarding the degree
of damage. For the UO2-package five different damage classes have been defined:

a) Total failure of the external package and the internal package is uncovered. The lid of
the internal package opens. Airborne powder is released.

b) Deformation of the external and the internal packages forcing airborne powder out
through gaps in the package.



c) Deformation of the package creates gaps in the packages. The powder flows out of the
package.

d) Failure of the external package, but the internal package is intact.

e) Both external and internal packages are undamaged.

The category e) is included, since release is possible from undamaged packages being exposed to
long-duration fires. For the damage classes d) and e) a fire may lead to a pressurization of the
internal package due to thermal expansion of the internal atmosphere. This may cause failure of
the package and subsequent release. A fire may also have strong effect on the fraction of
material which is aerosolized.

A transport of 400 packages each containing 50 kg of UO, is considered. The number of
packages assumed for each damage class in the different scenarios is presented in Table 4-2.

Table 4-2: The number of packages in each damage class in the
different scenaros.

Number of packages in damage class
a) bf c) d) e)

Scenario 1 40 120 120 120

Scenario 2 4 12 12 12 360

4.2.3 Uranium dioxide fuel

The transport package for unirradiated UO2 fuel elements is a metallic box inside a wooden box
denoted RA-3 or RA-4. The transport package is of Type A according to the IAEA regulations.
In the majority of aircraft accidents, the mechanical forces transferred on a package are foreseen
to be greater than the requirements put on a Type A package. For Scenario 1 it is therefore
assumed that SO - 100% of the packages are damaged in the crash, and for Scenario 2 the
assumption of 10% damaged packages is made.

The following three damage classes have been defined:

a) The wooden box and metallic box are damaged. Zircaloy rods in the fuel elements are
broken, resulting in the liberation of 10% of the fuel pellets contained in the package.

b) The wooden box and metallic box are damaged. Cracks are created in the Zircaloy rods
resulting in uncovering of less than 1% of the fuel pellets.

c) The wooden box and metallic box are damaged. The Zircaloy rods remain intact.

It is further assumed that 20 tonnes of uranium are transported by the aircraft. Each element
contains approximately 180 kg of uranium which means that the total number of elements in the
transport is about 110. The distribution of the damaged packages between the 3 defined damage
classes is for Scenario 1 assumed to be 50% in class a) and 25% in classes b) and c), respec-
tively. For Scenario 2 it is assumed that about 30% of the damaged packages falls into classes
a) and b) and the remaining 40% in class c). It is also assumed that each packages will contain
two fuel elements, and the number of elements is therefore used as a basis instead of the
number of packages. The distribution of fuel elements between the three classes in the two
scenarios is given in Table 4-3.



TaMe 4-3: Distribution of fuel elements between the defined damage classes.

Scenario 1

Scenario 2

MTTR-fuel

class a)

27 - 56

3

class

14 -

3

b)

27

class

14-

4

O

27

4.2.4

Unirradiated MTR-fuel is transported in packages containing a maximum of four fuel elements.
The package is of Type A, and only limited mechanical resistance can be expected.

Today, not more than SO elements are transported in the same cargo [Alexandersson. 1989].
Each element contains about 2025 g uranium resulting in a total amount of uranium of 101 kg
transported at the same time. Considering the limited mechanical and thermal resistance of the
package and the rather small quantity transported, no assumptions regarding number of packages
failing and degree of damage have been made. It is instead conservatively assumed that all
packages are damaged to such extent that the fuel elements inside the package are liberated.
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5. C R m C A L U Y RISK

Uranium contains the fissile isotope r ! U and if accumulated in an uncontrolled manner a chain
reaction may start, i.e. the material becomes critical. Whether criticality can occur depends on
the enrichment of D5U. the amount accumulated, the concentration, the geometry, and the
availability of neutron moderating material, e.g. water.

In the IAEA Transport Regulations [1985a] it is stated that: "Fissile material shall be packaged
and shipped in such a manner that subcriticality is maintained under conditions likely to be
encountered during normal conditions of transport and in accidents."

Requirements are made that material inside a damaged or undamaged individual package shall
remain subcritical considering that the material can be rearranged, water leak into the package,
and the package being immersed in water. Also material escaping from the package shall remain
subcritical assuming the configuration and moderation that results in maximum neutron multipli-
cation.

An array of damaged or undamaged packages shall also be subcritical if surrounded by water or
closely packed. Here a damaged package is defined as a package having the evaluated or
demonstrated condition as if it had been subjected to basically the same tests required for a
Type B package, e.g the 9 meter drop test and the 30 minute fire test. As discussed in Section
4, the accident environment of a severe aircraft accident, Accident Scenario 1, may exceed the
environment experienced in these tests. Therefore a short analysis of the possibility of criticality
will be made.

5.1 Uranium hexafluoride

In Section 4.2.1 four damage classes are defined for UF«-packages. In the case of an accident on
land uranium may be released by evaporation or, if the package is ruptured, by excess pres-
surization in case of a long fire. An accumulation of uranium is not expected in any of these
cases.

5.2 Uranium dioxide powder

The permissible content of UO.-powder ir a single package is dependent on the "'U enrichment.
For example, the maximum mass of UOrpowder in a package is 36.2 kg with a 5% enrichment
and for a 3% enrichment 89 kg is allowed. These amounts are subcntical under optimum
moderation [BAM, 1988). Thus, the content of one package will be subcritical regardless of the
configuration. In order to obtain a critical amount of UO2-powder, the content of more than one
package must be released and subsequently accumulated within a limited volume.

Five different damage classes are defined in Section 4.2.2 for the packages containing uranium
dioxide powder. In all but one, damage class c), airborne powder will be released. Part of the
airborne release will deposit on the ground near the accident site, but it is highly unlikely that
the layer of the deposited pov/der will reach such thickness that criticality can occur. The
required thickness is in the order of 0.1 meters.

In the damage class c) it is assumed that the deformation of the package creates gaps in the
package and that the powder flows out of the package. As stated in Section 6.3.2 the amount of
UO, powder that can flow out of an opening depends among other things on the size and
orientation of the opening. An assumed release fraction of 10% is used based on the assumption
that in the case of an opening placed high on the package only a smaller part can flow out, and
in the case of an opening low on the packagr the flo* will be hindered by powder collected on
the outside of the package. With these assumptions criticality can only be obtained if the total
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release from 10 packages damaged according to damage class c) is accumulated in a limited
water filled volume.

Considering the estimated number of packages that are damaged in an aircraft accident and the
estimated amount of UO2-powder leaving the packages, it is not unrealistic to make the assump-
tion that enough UO2-powder to obtain a critical amount will be released. However, it is not
realistic to believe that the released UOz-powder will accumulate with such a geometry that criti-
cality can be possible. This because of the forces displacing the powder in the crash moment.

5.3 Uranium dioxide fuel

With the enrichment levels in question heterogenous UOj/water mixtures may be more reactive
than homogeneous. In the most severe of the assumed damage classes for UOj-fuel, damage
class a), the Zircaloy tubes in the fuel elements are broken and a loss of fuel pellets will occur.
In Section 4.2.3 a 10% release fraction is assumed for damage class a), giving 36 kgU lost per
package. Thus, with the given assumptions a critical amount may be released. However, in order
to obtain criticaliry, unrealistically large amounts of the liberated UO2-fuel pellets must accumu-
late into a small volume.

5.4 MTR-fuel

In Section 4.2.4 it is assumed that in an aircraft crash with MTR-fuel all packages are damaged
and the fuel elements are liberated from the package. Each package contains four fuel elements.
From 1990 the MTR fuel elements will contain 2025 g of uranium with an enrichment of 20%
2"U. A maximum of 50 elements will be transported in a single shipment, giving a total amount
of 101 kg of uranium.

In the case of an accident with fire it is assumed that all uranium in the fuel elements is
oxidized. The oxidized uranium may accumulate on the ground below a container. Although
critical amounts may be released it is not probable that the material will accumulate in such a
fashion that criticaliry will be obtained.

5.5 Conclusions

Safety against criticality under both normal and accident conditions is controlled by the IAEA
transport regulations. Criticality analysis are performed on both damaged and undamaged
packages. In Chapter 6 of this study conservative estimates are made of the release from
packages damaged in severe aircraft accidents. The estimated package damage is in all cases
considerably greater than normally considered when evaluating the risk of criticality. As a result
the amount of uranium released may be potentially critical if collected in an unfortunate
geometry, and in the case of low enrichment uranium also if a moderating material is present.
However, in the case of an accident resulting in such severe forces that the packages are
severely damaged, the forces will tend to disperse the uranium over a large area and inhibit the
development of a critical geometry. As a conclusion it can be stated that a more severe accident
does not necessarily mean that criticality is more probable. On the contrary, it may be less likely
that the conditions necessary for criticality will occur, since the forces acting on the package and
the material will tend to disperse the uranium.
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SOURCE TERM FOR RELEASE TO AIR

This chapter describes the processes by which nuclear material are released to the air in case of
an aircraft accident. The importance of the different parameters affecting the release is presented.
In determining the parameter importance, the consequences to rescue personnel and flight
personnel in terms of individual dose, and to the public in terms of individual dose and
collective dose have been considered.

6.1 Definition of source term

The source term for release to air is here defined as the amount of material that is released from
a damaged package directly to the air surrounding the package as well as the amount released to
the air from material spread out on the ground because of a failure in the package. The amount
released to the air is then dependent on the:

- number of packages failing,
- amount of material leaving the package,
- fraction of the released material aerosolized.

These three entities are directly a function of the severity of the airplane accident. The number
of packages failing in Scenarios 1 and 2 and the resulting damage on the packages are described
in Section 4.2. In this section the amount of material leaving the package and the fraction
aerosolized will be discussed.

6.2 Uranium hexafluoride

6.2.1 Number of packages failing and degree of damage

For the UF, transport package the following four damage classes were defined in Section 4.2.1:

a) The protective overpack is lost and the cylinder is damaged to such degree that an
opening that covers about 50 % of the cylinder surface is created.

b) The protective overpack is lost but the cylinder is intact.

c) The protective overpack is damaged but covers 70 % of the cylinder which is damaged
to such degree that an opening which is about 10 % of the size of the cylinder surface
is created.

d) The protective overpack is damaged but covers 70 % of the intact cylinder.

6.2.2 Release to air

Accident without fire

In case of an accident without fire, no material will be released to the air from damaged
packages with the inner cylinder intact (class b and d).

If the cylinder is ruptured and solid UF,, still in the cylinder or spread out on the ground,
comes in contact with air, sublimation of UF, will occur. Gaseous UF, reacts with the moisture
in the air to form small particles of uranyl fluoride (UO2F2). Fractions of these fine particles
might settle on the surface of the solid UF, to form a protective layer and thereby hinder further
sublimation. If this is not the case, the release of gaseous UF, can be estimated from the vapor
pressure over the solid material.
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The release rate from a surface of solid UF, exposed to air has been estimated at two tempera-
tures, 0 aod 25*C, and different velocities of the wind blowing over the surface of the solid
material.

The vapor pressure over the solid is in the temperature range 0 - 64°C, given by [Katz et al,
1986]:

log(p) = 2.50853 + 0.0075377T - 942.76/(T + 183.416)

where p is the vapor pressure in MPa and T the temperature in degree Celsius. At 0*C the vapor
pressure is calculated to 2.3-10' MPa. This is equal to a concentration of U of 238 g/m3 in the
air in equilibrium with the solid surface. The corresponding values n 25'C are 1.5-10'2 MPa and
1.7 103 g/m3.

The release rate of U from the solid surface has been estimated by the following equations:

K = 0.65-Rel/2-Sct/3-D-CVL for Re = v-L/n < 510 3

and

j D = K S c w / ( Q v ) for Re > 510 s

j D = j H = f(Re) from [Bird et al. 1960]

where K = transfer rate of uranium to the air, g/m2,s
Sc = Schmidt's number = n/D
\x = viscosity of air, m2/s
D = vapor diffusivity = 210'5 mJ/s,
Q = equilibrium concentration of uranium, g/m3

v = velocity of the air passing the solid, m/s
L = length of the flow path around the solid, m
jo< JH - j-factors for mass and heat transfer

The calculated mass transfer in gU/m2,s as a function of the air velocity at 0 and 25°C,
respectively, is shown in Figure 6-1. The dependence of the length of the flow path around the
solid is also shown. The transfer of U from the solid material will be higher at 25"C than at 0°C
mainly because of the higher vapor pressure at higher temperatures. At the same air velocity and
flow path length the transfer rate is about 7 times higher at 25°C. The release rate is also
increasing with increased air velocity. The highest transfer rate is obtained when the length of
the flow path around the solid is very short. It should be noted that both the air temperature and
the temperature of the UF, will be of importance for the release rate. Even though the air
temperature is low, the UF, may be at room temperature, since it is well insulated by the
protective overpack during the transport.

For low air velocities and short flow paths a laminar flow in the boundary layer is obtained, in
case of higher air velocities and longer flow paths the flow will be turbulent. In the turbulent
region the transfer rate will be more sensitive to the air velocity. For a flow path of 2 meters
and a temperature of 25°C, the transition occurs at an air velocity of roughly 5 m/s, see Figure
6-1.

The amount of uranium released to the air is of course also dependent on the area of the solid
UF, exposed to the surrounding air. If a cylinder is damaged in such a way that 1 m2 of the
solid will be uncovered and the temperature is 25°C and the air velocity is 10 m/s, the release
of uranium to the surrounding air will be in the order of 50 g/s. Iu 1 hour approximately
180 kg uranium will be released, i.e. about 12 % of the initial content in a cylinder.

The amount of water available to liydrolyze the released UF, is 18.5 g per m' air at 25°C and
80% relative humidity. The amount of water needed if the release occurs from 1 m2 of the solid
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Figure 6-1: Mass transfer of uranium as a function of air velocity.

is in the order of 5 g/s. The air volume that has to pass in the vicinity of the solid surface in
order to obtain complete hydrolysis is then 0.27 m3/s. Since the air velocity in this case is
10 m/s it is concluded that there will be more than enough water available to convert the
released UF, to paniculate UOJF2.

Conclusions

In summary it could be concluded that the temperature, air velocity and the area of uncovered
solid UF( are about equally important to the release of uranium in an accident without fire. The
uncertainty is the area is, however, larger than for the velocity and temperature. The release of
uranium to the surrounding air will be highest a warm and windy day. Under such circumstances
the release rate of uranium will be in the order of 50 g/s from each square meter of solid UF,
not covered by the transport package or a layer of solid UO2F2. The moisture in the air is
judged to be more than enough to hydrolyze the amount of solid UF, that is vaporized.

Accident with fire

For a UF, transport package with an intact overpack it has experimentally been shown that no
leakage appears when the transport package is immersed in fire for 4 hours at a fire temperature
of 80O°C [Kobayshi et al, 1986].

If the overpack is damaged but the cylinder is intact, the heat transfer from the fire to the
cylinder and its content will result in the melting of the solid UF,, and in time, the cylinder will



28

be pressurized and may rupture explosively. In such case it is very likely that the total amount
of the material in the cylinder is released to the surrounding air as gaseous UF, and solid UF, in
paniculate form. A subsequent reaction with water, produced by the combustion of the aviation
fuel, will result in the formation of small particles of UO2F2.

The time to explosive rupture might be as short as about 20 minutes for a cylinder that has lost
the whole overpack at the impact on the ground, if the cylinder is totally immersed in a fire at a
temperature of 800*C [Williams, 1988]. If the fire temperature is higher than 800°C the time to
rupture will be shorter. For a cylinder located at a distance of 3 m or longer from the fire, the
time to rupture has been estimated to be longer than 1.5 to 2 hours at a fire temperature of
800 - 1000°C [Williams, 1988].

The heat transfer to uncovered parts of the cylinder is dominated by radiation which is given by:

Q = A F c e ( T , * - T / )

where Q is the heat transfer in J/s, A is the area of the uncovered part of the cylinder (m1), F is
the view factor, o is the Stefan-Boltzmann constant (5.6697-10"1 W/m2,K4), e is the emissivity of
the cylinder, and Tf and Te are the temperatures in degree Kelvin of the fire and the cylinder,
respectively. The above given equation presumes an emissivity of the fire equal to 1.

Since the heat transfer is proportional to the uncovered area, the time to rupture of a cylinder,
initially intact and partly covered by the overpack, can be estimated from the time to rupture of
a cylinder without any overpack, providing that the remaining conditions are the same. For
example, the time to rupture of a cylinder with an overpack covering half the cylinder will be
twice the time for an uncovered cylinder. When totally immersed in fire at a temperature of
800°C the time to rupture of this partly covered cylinder will be about 40 minutes.

For a cylinder which is damaged at the impact on the ground, major release of UF, will start
when the sublimation temperature is reached inside the cylinder (T=57°C). The time to reach the
sublimation temperature is dependent on the heat transfer to the cylinder. For a cylinder without
the overpack and totally immersed in a fire the heat transfer by radiation has been calculated to
be 350 kJ/s assuming a fire temperature of 800°C and a cylinder emissivity of 0.95. A cylinder
temperature varying in the range 10 to 57°C does not affect the heat transfer rate.

The heat required to increase the temperature of solid UF, to the sublimation temperature is
about 23 kJ/kg assuming an initial temperature of 10°C. Thus, 5.2-10* kJ is required to increase
tLe temperature of the total content in one cylinder (2.3 tonnes) to the sublimation point. This
amount of heat i? transferred to the cylinder by radiation in about 3 minutes.

The generation of gaseous UF, at the sublimation temperature is given by the heat of sublima-
tion and the heat transferred to the solid. The heat of sublimation is in the order of 140 kJ/kg
from which follows that about 2.5 kg/s of gaseous UF, (1.7 kg/s of uranium) is generated. If
gaseous UF, can escape through the damaged cylinder as soon as it is formed it will take about
15 minutes before the total content in one cylinder is released to the surrounding air.

The heat transfer to cylinders only partly immersed in fire will be lower than the above given
value. By using conversion factors according to Williams [1988] the heat transfer rate by
radiation to a cylinder without overpack located 3 meters from the fire is estimated to 32 kJ/s.
This rate is about 10 times lower than the transfer rate to a cylinder immersed in fire. Conse-
quently, the time to reach the sublimation temperature will be about 10 times longer, i.e. in the
order of 30 minutes. The rate of generation of gaseous UF, at the sublimation point, and the
maximum release rate will be 10 times lower, i.e. about 0.25 kg/s. This corresponds to a release
time of about 2.5 hour for the total content in one cylinder.

If the cylinder rupture is small, all the gas generated can not escape from the cylinder. This will
result in an increase of pressure and temperature inside the cylinder. The minimum area required
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for release of the gas in order to maintain steady state conditions somewhere in between the
sublimation point (T=57"C, P=0.101 MPa) and the triple point (T=64°C, P=0.151 MPa) has been
estimated by using the Bernoulli equation, which states:

0.5u2 + (l/p)dp = 0

where u is the velocity (m/s) with which the gas is escaping through the cylinder, p, is the
pressure inside the cylinder which is set to the pressure at the triple point, i.e. 0.1S1 MPa, p, is
the pressure outside the cylinder, i.e. 0.101 MPa, p is the density of the gas, G is the produc-
tion rate of the gas (m}/s) and a is the area through which the gas is escaping.

Assuming an ideal gas the integral can be expressed as follows:

[l/p(p)] dp = (p,/p,) • Y/(Y-1)KP:/P,)(rlyr - 1]

where p, is the density of the gas inside the cylinder and y is the specific heat ratio QJC, for
UF«, which at the triple point is 1.062 [Bouzigues, 1978].

For a cylinder without overpack that is immersed in a fire, the minimum area required for
escape of the gas at the same rate as it is generated has been estimated to be approximately
15 cm2, which is less than 1/1000 of the size of the cylinder surface. For cylinders which are
partly covered by the overpack the corresponding minimum area of an opening in the cylinder is
smaller due to the lower formation rate of gaseous UF4. This will also be the case for cylinders
located a couple of meters away from the fire.

The released gaseous UF, will rapidly be hydrolyzed resulting in the formation of small particles
of UO2Fj. The degree of hydrolysis is dependent on the amount of water available. Combustion
of aviation fuel in an accident with fire will generate water. The amount of water produced will
be in the order of 1.5 tonnes per tonnes of fuel, assuming a H to C ratio of 1.5-2 in the fuel
and a molecular weight of 150. This amount of water is enough to hydrolyze 15 tonnes of UF,,
i.e., the content in 6 cylinders. It is thus very likely that there will be enough water available for
complete hydrolysis of the UF, released from damaged cylinders in case of an accident involving
fire.

The UOjF2-particles formed are very small in size, around 0.5 \xm [Bouzigues, 1978]. Settling of
such small particles is very slow implicating only minor deposition on the ground at the accident
site.

Conclusions

In summary, the following conclusions could be drawn regarding the release of UF, in case of
an accident with fire:

- No release is likely to occur from cylinders with an undamaged overpack, if the duration of
the fire is 1 hour or less.
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Cylinders initially intact, but without the protective overpack, might rupture explosively within
20 minutes from the start of the fire if they are totally immersed in the fire. In such case it
must be assumed that the total content of the cylinder is released. If the cylinders are located
at a distance of 3 meters or longer from the fire they will most probably remain intact during
a fire period of 1 hour or less.

Cylinders initially intact and totally immersed in fire will probably remain intact during a fire
period of 20 to 30 minutes (temperature 800-1000°C) providing that more than half of the
cylinder surface is protected by the overpack. To withstand a fire duration of 1 hour at a
temperature of 800-1000*C about 85 to 90% of the cylinder surface should be covered by the
overpack.

Cylinders without overpack and with an initial hole or crack of about IS cm2 or larger will
release the total content as gaseous UF, within 15 to 20 minutes from the start of the fire, if
they are totally immersed in fire.

The release from a damaged cylinder without overpack located 3 meters from the fire will be
minor during the first 30 minutes from the start of the fire. After an additional 30 minutes of
fire approximately 450 to 500 kg of UF, will be released, i.e. about 20% of the total content
in the cylinder is released in a fire with a duration of 1 hour. This will also be the case for
damaged cylinders totally immersed in fire if die overpack covers about 85-90 % of the
cylinder surface.

The amount of water generated by the combustion of aviation fuel is most likely enough to
hydrolyze all UF, released from the cylinders to the surrounding air. Due to very slow settling
of the formed UO2F2-particles the deposition on the ground at the accident site is foreseen to
be negligible.

The parameters which are most important for the release of UF, in case of an accident with
fire are those determining the heat transfer to the cylinder with its content, i.e. the amount of
cylinder surface not protected by the overpack, the distance to the fire, the fire temperature
and duration.

6.2.3 Quantification of source term

The release of uranium to the air in Scenario 1, considering the previously defined damage
classes and distribution of packages between the four classes, is given in Table 6-1. hi case of
no fire, release will only occur from packages with damaged overpack and a cylinder having an
opening. Conservatively it has been assumed that the accident occurs on a warm (T=25°C) and
windy (v=10 m/s) day, and that produced UO2F, does not hinder the release of uranium. With
the assumptions made for Scenario 1, regarding number of packages damaged and degree of
damage, the release rate o* aranium to the air is estimated to be in the order of 0.1 to 0.3 kg/s.
If it is assumed that it will take 2 hours before actions to prevent further release succeed, the
magnitude of uranium released during the period will be 800 to 1900 kg.

As has been shown previously, both the temperature and air velocity wilt affect the release rite
in such a way that the release will be lower a less windy and/or a cooler day. However, the
factors that are of primary importance and presenc the main difficulty in quantifying the source
term are, the number of cylinders damaged in the accident and to what degree the cylinders are
damaged. This is mainly due to the difficulty in ascertaining realistic values of these parameters,
leading to large uncertainties in the estimated release.

In case of a fire following the crash, the consequences are foreseen to be more severe. Assum-
ing that all packages are immersed in fire during 20 minutes will probably lead to t release of
the total amount of material contained in cylinders which have lost the overpack (class a) and
b». This will of course also be the consequence in case of 60 minutes fire duration.
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The release rate from a cylinder without overpack and with an opening covering about 10% ol
the cylinder surface (class c)) will be about 0.25 kg of uranium per second once the sublimation
temperature is reached. It will take about 10 minutes to reach the sublimation temperature which
means that a major release will occur during about 10 minutes in the case of a fire lasting in 20
minutes, and during about SO minutes in case of a 60 minute fire. However, the release will
continue after the fire has burnt out The release rate will be the same as during the fire as long
as the temperature is on the triple point. Due to the heat lost by evaporation, the temperature
will gradually decrease and consequently also the release rate. In case of a 20 minute fire, 45 kg
of uranium will be released during 1.5 minutes before the temperature goes below the triple
point. After that an additional 170 kg U will be released at a gradually decreasing rate. Since
less UF4 will remain in a cylinder after a 60 minute fire, the temperature in the cylinder will
diminish more rapidly. The temperature goes below the triple point after only a few seconds.
After that, the remaining 60 kgU will be released in a period of 45 minutes. It should be noted
that these estimates do not consider any heat stored in the metal walls of the cylinders nor any
remaining heat sources transferring heat to the cylinder after the end of the fire.

A cylinder initially intact and with an overpack covering 70 % of the cylinder surface (class d))
will most probably survive 20 minutes of fire. In case of a fire duration of 60 minutes it can
not be excluded that the cylinder is ruptured explosively leading to instantaneous release of the
total amount contained in the cylinder.

The total amount of uranium released to the air in case of a fire lasting for 20 minutes is
estimated to be in the order of 3400 to 7200 kg with the assumptions applied for Scenario 1. A
fire duration of 60 minutes might lead to the release of the total amount of uranium contained in
packages where the overpack is damaged to such extent that at least 20 to 30 % of the cylinder
is uncovered. The total release of uranium in case of a fire lasting in 60 minutes is estimated to
be about 6100 to 15500 kg. The release is mainly dependent on the heat transferred to the
cylinder and its content. The parameters determining the heat transfer are the fire temperature,
the distance between the package and the fire and the size of the cylinder surface not protected
by the overpack. Among these, the uncertainties in the values assigned to the two latter ones
will dominate the uncertainty in Che resulting release of uranium to the air.

The total release of uranium to the air in accidents according to Scenario 2 is given by the
lowest values in damage class d) in Table 6-1. In an accident without fire and an accident with
a fire duration of 20 minutes, no release at all is expected to occur. In case of a fire lasting in
60 minutes, the single package with a damaged overpack will probably explode and the total
content of uranium will be released to the air. The parameters determining the release in
Scenario 2 and their relative importance are the same as in Scenario 1.

Table 6-1: Uranium source term for Scenario 1. The source term for Scenario 2 is
equal to the lowest values in damage class d).

Damage
class

a)

b)

c)

d)

Total
during 2 hours

No Fire

0.1-0.2 kg/s

0

0.02-0.06 kg/s

0

0.1-0.3 kg/s
864-1872 kg

Fire 20 min

1560-3120 kg

1560-3120 kg

0.50-1.50 kg/s
300-900 kg during fire
215-645 kg after the fire

0

3640-7780 kg

Fire 60 min

1560-3120 kg

1560-3120 kg

0.50-1.50 ke/s
1500-4500 kg during_fire
60-180 kg after the fire

1560-4680 kg

6240-15600 kg
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6.3 Uranium dioxide powder

6.3.1 Number of packages failing and degree of damage

In Section 4.2.2 five different damage classes have been defined for the UO2-powder packages:

a) Total failure of the external package and the internal package is uncovered. The lid of
the internal package opens. Airborne powder is released.

b) Deformation of the external and the internal packages forcing airborne powder out
through gaps in the package.

c) Deformation of the package creates gaps in the packages. The powder flows out of the
package.

d) Failure of the external package, but the internal package is intact.

e) Both external and internal packages are undamaged.

The method that will be used is to define the source term for each of these damage classes, i.e.
the amount of material released and the fraction of that material which is aerosolized and thus
can be dispersed with the wind. The uncertainty in the source term of these damage classes will
be estimated and compared with the uncertainty in the number of packages failing in a certain
mode.

6.3.2 Amount of material released from damaged packages

For the estimation of the amount of powder which escape from the package a separation is made
between release due to mechanical impact in damage classes a), b) and c), and release which
occurs only in case of a fire, i.e. for damage classes d) and e).

Release due to mechanical impact

The amount of UO2-powder released from a package depends on the size and the orientation of
the opening in the package and on the forces displacing the powder. A package with powder
experiencing an airplane crash will be subjected to considerable agitation making the powder
airborne inside the container. In such a case very high concentrations of powder can be obtained
inside the container. However, when the container comes to rest, the airborne concentration will
quickly reduce due to settling and coagulation [Mishima, 1976], If . break occurs on the agitated
package a significant amount of material may escape. The larger particles in the released
material will settle in the vicinity of the package while smaller particles will be aerosolized and
transported with the wind. The amount released depends on the size of the opening in the
package.

For damage class a) a total loss of containment is assumed and thus the total content of the
package is released.

In damage class b) the package is deformed by the forces of the crash and the amount released
vill be determined by the deformation. The release is here estimated by assuming that the
deformed volume of the outer package is transferred to the inner package. The release fraction is
given as the relative deformation of the inner package. With this assumption a 10 cm deforma-
tion of the outer package gives a release fraction of 0.2 from the inner package.
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If a small gap forms in a package, the amount of material that escapes depends strongly on the
orientation of the opening.

If the opening is in the direction of the motive forces a portion of the material may be
released.

If, on the other hand, the opening is below the level of the powder, material may flow
out of the container.

For openings above the level of the powder, the airborne material may be released.
However, the airborne concentration inside the package is low.

Since the first alternative will be covered by the damage classes a) and b) and the last alterna-
tive only will give a small release, it is the second alternative which is studied in damage class
c).

The amount of UO,-powder that can flow through the opening depends on the size of the
opening, the humidity and the orientation of the opening. A reasonable assumption that can be
made is that no more than 10% of the powder can flow out of an opening in a package. The
motivation for this maximum value is that for openings placed low on the package the flow of
powder will stop due to the collection of material outside of the opening. If the opening is
placed higher on the package only a smaller amount of powder can flow out.

Release in case of a fire

Since the inner package is a closed container it will become pressurized if heated in a fire. If a
leak occurs due to the pressure, material will escape from the package. The fraction of airborne
powder produced by pressurized releases have been studied experimentally [Sutter et al., 1983].
The pressure and the amount of powder in the package was found to be important parameters.
The recommended release factors are given as 4% for a pressure of 0.345 MPa, 18% for a
pressure of 1.72 MPa, and 24% for 3.45 MPa.

For the damage class d) a release fraction of 4% was chosen. This is based on the assumption
that the failure pressure for the inner packages is less than 0.345 MPa.

Regarding the damage class e) a rough estimate has been made of the thermal insulation given
by the light concrete in the outer package. The estimate was made assuming a plane wait with a
constant temperature of 800°C at the boundary and neglecting the heat necessary to heat the
powder [Carslaw and Jaeger, 1959]. A 10 cm layer of light concrete with a thermal conductivity
of 0.6 W/mJK. would give a temperature increase of 40°C inside the drum after a 20 minute fire
and a temperature increase of 32O°C after a 60 minute fire. From this it is concluded that the 20
minute fire will not result in any release. In the case of a 60 minute fire high temperatures can
be reached in the inner package and failure may be expected. Although the outer package is
initially undamaged an opening can be formed by the failure of the inner package. However, the
outer package will still hinder the release. Thus a reduced release factor of 1% was used for this
case.

Conclusions

Conclusively, it can be stated that the amount of material that can be released from a package
can not be determined with any greater certainty even though the actual release event is
specified. However, by postulating different release modes, limits for the release fraction can be
estimated. These limits are given in Table 6-2.
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Table 6-2: Fractional release of material from a package with UQ r

powder

Damage class

a)

b)

c)

d)

e)

No fire

1.00

0.20

0.10

0.0

0.0

Fraction of material released
Fire 20 min Fire

1.00

0.20

0.10

0.04

0.0

60 min

1.00

0.20

0.10

0.04

0.01

6.3.3 Fraction of released material aerosolized

Release of airborne material

The release and aerosolization of powders has not been very extensively investigated. Ayer et al.
[1988] present a number of methods for hand calculation and computer calculations of the
release from fires, explosions and spills occurring at nuclear fuel cycle facilities. However, the
applicability of these methods to transport accident is somewhat uncertain.

A conservative estimate of the fraction of airborne material from sudden release of powders as
in damage cases a) and b) is obtained from the JO called Bounding equation derived from the
empirical fit of the release fraction versus energy per gram inert material. The equation was
derived from experiments with different aerosolization mechanisms, e.g. free-fall spill of powder,
release of pressurized powder and release from explosions. The Bounding equation gives:

log f. = -2.6 + V 18.8 log E/H, - (log E/H,)2 - 67.2

where:

f, = weight percent airborne release
E = effective energy source [ergs]
Mo = weight of inert material [kg]

By inserting the kinetic energy of the powder as the effective energy source in the Bounding
calculation a very rough estimate of the airborne fraction was obtained. An effective package
velocity of 50 rn/s gives an airborne release of 20%, and a velocity of 100 m/s gives an
airborne release of 50%.

The lower of these values was used both for the Scenario 1 and the Scenario 2 accident due to
the fact that not all kinetic energy will be acting on the powder in the package. The distinction
between the two scenarios is made in the number of packages belonging to the damage classes
a) and b).

For the damage classes d) and e) an empirical formula for the calculation of the fraction of
airborne release from a pressurized container given by Ayer et al. [1988] was used. The method
is to first estimate an initial release velocity based on the pressure, the void space in the
container, and the total mass of the container through:
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vn =

where:

v0 = initial velocity [m/s]
P = differential pressure [Pa]
v, = void space in the container [m3]
M = total mass in container [kg]

This initial release velocity is later used to calculate the mass fraction airborne, F, with the
following equation:

F = 10 4 vo
l<

For a pressure of 0.1 MPa, a void space of 0.021 m3, and a mass of 50 kg an airborne fraction
of 0.2% is obtained. However, this is 0.2% of the total amount in the container. Since only 4%
was assumed to be released an aerosolization factor of 5% is obtained.

Dispersion and sealing of airborne material

The simplified Bounding equation take no or only limited consideration to the particle size
distribution of the released powder. In order for the released UO2-powder to be dispersed in the
atmosphere it must be suspended in aerosol form. However, due to settling and coagulation,
parts of the material will deposit on the ground. Here an estimate will be made of the amount
of material that will deposit in the immediate proximity of the accident site. Suspended particles
will continuously deposit as the aerosol cloud travels downwind. This will, however, be treated
under the atmospheric dispersion in Chapter 7.

The settling velocity is given by the balance between the gravitational forces and the viscous
forces acting on the particle and can be estimated by using Stokes' law:

where:

V

d
H
P.
P.
g

a> the settling velocity
a particle diameter
= air viscosity
= particle density
= air density
= gravitational acceleration

[m/s]
[m]
[Pa-s]
[kg/m3]
[kg/m3]
[m/s2]

Thus, the settling velocity depends on the square of the particle diameter. For example a UO2-
particle with a diameter of 1 urn has a settling velocity of 0.03 cm/s and a particle of diameter
10 um a settling velocity of 3 cm/s. Stokes' law is valid for Reynold's numbers less than 0.5
(Re = vdp/n) i.e. for UO2-particles with a diameter less than 25 \m. Such particles have a
settling velocity which is 20 cm/s. In Table 6-3 the settling velocity for different equivalent
spherical diameter is given togeucr with the fraction of UO2-powder less than that diameter.
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Table 6-3" Settling velocity and approximate particle size distribu-
tion for UOj-powder.

Equivalent Settling Fraction of mass with
spherical velocity diameter less than
(Dameter

[um] [cm/s] [%1

5

20

50

85

90

Coagulation of particles, i.e. the joining of particles of different size into larger particles, is a
complex process. The particle formation rate depends on the molecular movement, the turbulent
shear and the differential settling velocities between different particles. Also the ability of
particles to "bounce-off must be known. Many of these parameters are not known for UO2-
particles. Tberefore coagulation has not been considered in the further analysis.

A simplified expression for how the amount of airborne particles change with time can be
derived assuming deposition from a hemisphere with a constant particle concentration. The
change in the total number of airborne particles. Q, is given by:

dQ
- - = - C-u-A
dt

where:

t = time
C = particle concentration Q/V
V = volume of hemisphere 2 ^ / 3
u = settling velocity
A = area of the ground covered by the cloud JCT2

This can be rewritten as:

d Q _

dt "

and with the

Q(t)

3Qu
" ~2r~

solution:

= Qo e•>**'

Thus both the amount of U02-powder airborne and the median particle size of the material will
diminish with time. The median particle diameter of the material is originally 10 nm. If a half
spherical powder cloud with a radius of 2 meters is formed due to the release, only 5% of the
particles of size 20 |im will remain airborne after 30 seconds. The median particle diameter will
be reduced to 6.5 \im after 15 seconds and to 4.5 \un after 30 seconds.

For the case without fire, the fraction material airborne derived with the Bounding equation was
reduced with a factor of two due to deposition of larger particles. Thus the aerosolized fraction
of 0.10 was used for damage classes a) and b) without fire.
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In the case of a fire it can be expected that she UO2-powder that is released will be oxidized to
UjO,. This leads to a volume expansion of the particles which in turn will lead to a break-up of
the particles into many smaller. A rough estimate is that the particle size will be reduced by one
order of magnitude. Thus the median particle size will be in the order of 1 urn. For particles of
this size only 03% will have deposited within 30 seconds. Thus in the case of a fire no
reduction of the fraction aerosolized was made.

Aerosolization of spilled material

In damage class c) UO,-powder is spilled to the <round and can be aerosolized by entrainment
with the wind.

The lifting or entrainment of the particle is a function of six different forces: lift, shear and
ballistic impact which must overcome gravity, friction and cohesion. Lift is the same effect as
on an airplane wing. The air above the particle has a higher velocity than below giving a
decreased pressure on top. Shear is the main driving force in transport with wind. Shear induces
a difference in pressure on the upstream and downstream side of the particles. Both lift and
shear are greatly affected by turbulence and thereby of the roughness of the surface [Embleton
and Thomes, 1979].

Once entrainment of particles is started, ballistic impact acts as an important process through
lifting by bombardment of grains already lifted. This can be seen as a zone of movement that
fans out downwind.

The shear stresses can be correlated to the surface factional "elocity, which can be estimated
from the mean wind velocity and the surface roughness. This will give a direct relationship
between the size of the particle and the wind speed that will begin to move it. This threshold
speed also depends on the density and the shape of the particle. The threshold speed has a
minimum at particle diameters of roughly 35 - 70 \tm. For both finer and coarser particles a
higher wind speed is necessary to start entrainment. For a sand, the minimum threshold friction
velocity is for particles with a diameter of 50 \ua and is roughly 2 m/s. For a more dense
material such as copper the minimum threshold friction velocity is 3 m/s for 40 nm particles
[Martin et al., 1983, in Ayer et al. 1988].

For small particles, less than 0.1 mm in diameter the cohesive forces becomes more important
than the gravitational. Small particles are usually more irregular in shape giving a higher friction.
It has been suggested that the force needed to rupture a mixture of particles varies inversely as
the third power of the diameter. The cohesion also depends on the water content of the material.
In order for cohesion to be fully effective the surfaces must be smooth and there should be no
other particles impacting.

The aerodynamic entrainment of UOj-powder has been measured by Mishima and Schwendiman
[1973]. Values for the eatrainment are reported as mass fraction material less than 10 fira
aerosolized per second. Two different wind speeds and three different surfaces were studied. It
should be noted that the particle size of the U02-powder used was smaller than for the material
considered in this study. The reported values are given in Table 6-4.



38

Table 6-4: Aerodynamic entrainment of UO,-powder from three
different surfaces at different wind speed. Mass fraction
per second < 10 urn. Fraction aerosolized per second.

Surface Mass fraction aerosolized per second Fraction aerosolized in 2 hours
Wind speed Wind speed

1 m/s 9 m/s 1 m/s 9 m/s

Smooth, sandy 210* 3 l a ' 0.0K 0.19

soil

Vegetation cover 31O4 310* 0.0002 0.022

Stainless steel 3 10* 810* 0.022 0.056

In the case of UOrpowder spilled on a surface which is heated by a fire a different release
fraction is given [Sutter et al., 1983]. The release fraction is increased mainly due to air currents
induced by the heat. However, also the adhesion of material is changed, which in turn may
reduce the entrainment. Sutter et al. [1983] recommends a value of the mass fraction release rate
of 310"1 s1. With this release rate 30% of the total amount spilled from a package will be
aerosolized during 20 minutes fire and 66% during a 60 minute fire.

Conclusions

The fractions of the released material aerosolized for the different failure modes are presented in
Table 6-5. Here different values are given for the case without fire, and the cases with 20
minute and 60 minute fire.

An aerosolization fraction of 20% was chosen for damage classes a) and b), based on bounding
estimates of the fraction becoming airborne. However, in the case with no fire 50% of the
aerosolized powder is assumed to deposit in the vicinity of the accident site. Thus, an aerosoliza-
tion fraction of 0.1 is used in that case. For the case with fire it was assumed that the particles
were reduced in size to such a degree that all particles will remain airborne for some time. Thus
20% of the release is assumed to be aerosolized.

For the case c), where material is aerosolized through wind entrainment the fraction aerosolized
was estimated based on the assumption that it would take two hours before any appropriate
action could be taken to reduce the spread of the material. The highest value of the aerodynamic
entrainment was used, corresponding to a wind speed of 9 m/s over a smooth, sandy soil. The
reason for choosing the higher value, although this wind speed is higher than normally en-
countered, is that the threshold wind velocity for entrainment can be expected to be lower for
the transported UO2-powder than for the material for which the values are derived.

Table 6-5: Fractions of released material aerosolized for the
different damage classes and different thermal environ-
ments.

Failure
Mode

a)

b)

c)

d)

e)

No fire

0.10

0.10

0.20

-

-

Thermal
Fire 20

0.20

0.20

0.45

0.05

-

environment
m Fire 60 m

0.20

0.20

0.75

0.05

0.05
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For the cases with fire the entrainment value given for heated surfaces was used during the fire
period. After that aerodynamic entrainment was assumed to occur up to two hours time after the
accident.

6.3.4 Quantification of source term

A source term has been defined separately for each damage class and is shown in Table 6-6.
The values show that the differences in source term between the damage classes a), b) and c) is
not very great. The maximum difference, a factor 5, is between a) and b). The damage classes
d) and e) gives a small source term. If these values are combined with the number of packages
assumed to fail in the different modes as given above, the total source term for each scenario is
obtained, also shown in Table 6-6. The total source term for Scenario 1 is an order of magni-
tude larger than the source term for Scenario 2 except for the case with a 60 minute fire. The
difference between the two scenarios is to a large extent caused by the difference in the assumed
number of packages that fail.

Table 6-6: Uranium source term for each damage class (kg U/pack-
age) and total source term per scenario (kg U).

Damage
class

a)

b)

c)

d)

e)

Total:

Scenario 1

Scenario 2

No fire

4.4

0.88

0.88

0.

0

387

38.7

Fire 20 min

8.8

1.8

2.0

0.1

0

820

82

Fire 60 min

8.8

1.8

3.3

0.1

0.02

976

105

6.4 Uranium dioxide fuel

6.4.1 Number of packages failing and degree of damage

The following three damage classes have been defined in Section 4.2.3:

a) The wooden box and metallic box are damaged. Zircaloy rods in the fuel elements are
broken, resulting in the liberation of 10 % of the fuel pellets contained in the package.

b) The wooden box and metallic box are damaged. Cracks are created in the Zircaloy rods
resulting in uncovering of less than 1 % of the fuel pellets.

c) The wooden box and metallic box are damaged. The Zircaloy rods remain intact.

It is further assumed that 20 tonnes of uranium are transported by the aircraft. Each element
contains approximately 180 kg of uranium which means that the total number of elements in the
transport is about 110.
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6.4.2 Release to air

Accident without fire

If a 'tansport package is damaged and the fuel elements inside the package are cracked or
i vpKied, the UOj pellets are exposed to air. In presence of oxygen uranium dioxide is oxidized,
and complete oxidation results in the formation of particles of U,O,. The rate of oxidation of
rJO2 pellets in air at temperatures below 100°C is, however, very slow. The pellets can therefore
in this case be assumed to be stable which means that no release of uranium to the surrounding
air will occur.

Accident with fire

Zircaloy rods that are intact after the crash will probably survive a following fire since the
melting temperature of zirconium is approximately 1800°C. Therefore, no oxidation and
subsequent release of uranium from fuel pellets enclosed in those rods will occur. UO2 pellets
that are uncovered or liberated from (he Zircaloy rod will, however, be exposed to a hot
oxidizing atmosphere. Experimental studies [McCracken, 1985] where UO2 pellets were exposed
to air at temperatures between 400 and IOOO°C have shown that the maximum oxidation rate
will occur at 500°C. It was further concluded that the faster the oxidation rate the smaller the
particle size of the oxidation product. This work also demonstrated that it is difficult to oxidize
UOj in the presence of Zr at high temperatures, see Section 3.3.3.

The fraction of the oxidized material that will be aerosolized, i.e. released to the air, is foreseen
to be dependent on the same factors as the aerosoiization of oxidized material from spilled UOa

powder (see Section 6.3.3).

6.4.3 Quantification of source term

The amount of uranium oxidized in Scenario 1 and 2, when considering the distribution of fuel
elements between the three defined damage classes, is given in Table 6-7. In an accident without
fire no oxidation will occur and these cases are therefore not included in the table

Conservatively, the highest oxidation rate from the experimental results presented in Section
3.3.3, was assumed for fuel pellets that are liberated from the Zircaloy rod (damage class a)).
This would mean an oxidation of the total amount of the pellets in a fire lasting for 60 minutes,
and to an extent of 35 % in a fire lasting for 20 minutes. Fuel pellets that are exposed to a hot
oxidizing environment because of cracks in the Zircaloy rod (damage class b)) are assumed to
be less oxidized due to the presence of zirconium. Here the experimental determined oxidation
rate at 800*C was assumed. In a fire with the duration of 60 minutes, the amount that will be
oxidized is thus 10 %. The corresponding value in case of a fire duration of 20 minutes is 5 %.
Zircaloy rods that are intact after the crash (class c)) will remain intact also during the fire.
Thus, fuel pellets enclosed in these rods will not be oxidized.

The amount of oxidized material that will be aerosolized during the fire period and during a
period of 2 hours after the crash are given in Table 6-8. In determining these entities, a mass
fraction release rate of 3-10^ s1 during the period of fire and 3-10"5 s1 after the fire has burnt
out were used. These values are the same as were used to determine the amount of oxidized
UOj powder aerosolized through entrainment (see Section 6.3.3).

The release of uranium to the air will be totally dominated by the release from packages
damaged according to damage class a). This is because this type of failure mode will result in
the largest production of oxidized uranium particles. The amount of uranium that will be
oxidized is dependent on the temperature of the oxidizing atmosphere and to some extent also
on tbe presence of zirconium. The most important parameter is though the quantity of the
uranium fuel that will be exposed to the hot oxidizing atmosphere.
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The fraction of the oxidized material aerosolized is mainly dependent on the particle size of the
oxidized material, the surface from which the material is aerosolized, and the wind speed.

Table 6-7: Amount of uranium oxidized in Scenario 1 and 2. No uranium will be
oxidized in case of no fire.

Damage Scenario 1
class Fire 20 min Fire 60 min

Scenario 2
Fire 20 min Fire 60 min

a)

b)

c)

170-353 kg

1.5-2.5 kg

0

486-1008 kg

2.5-5 kg

0

19

0.3

0

kg

kg

54

0.6

0

kg

kg

Total 171-355 kg 488-1013 kg 19 kg 55 kg

Table 6-8: Uranium source terms in Scenario 1 and 2. In case of an accident without
fire the source term is zero.

Damage Scenario 1
class Fire 20 min Fire 60 min

Scenario 2
Fire 20 min Fire 60 min

6.5

6.5.1

.) 1 50-106 kg

.) 2 77-159 kg

b)
b)

c)

1 0.5-0.8 kg
2 0.7-1.1 kg

0

321-665 kg
365-756 kg

1.7-3.3 kg
1.9-3.8 kg

0

5.7 kg
8.6 kg

0.09 kg
0.14 kg

0

Total:
1
2

51-107 kg
78-160 kg

323-669 kg
367-760 kg

5.8 kg
8.7 kg

1 = released during fire geriod
2 = released during first 2 hours after the accident

MTR-fuel

Number of packages failing and degree of damage

36 kg
41 kg

0.40 kg
0.45 kg

0

36 kg
41 kg

For unirradiated MTR fuel elements it is conservatively assumed that all packages are damaged
to such extent that the fuel elements inside the package are liberated, see Section 4.2.4.

6.5.2 Release to air

Accident without fire

An MTR fuel element consists ot a dispersion of uranium silicide (U3Si2) and aluminum covered
with aluminum. In an accident without fire, the element will be unaffected and consequently no
release of uranium from a fuel element to the air will occur.
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Accident with fire

In an accident with fire it is likely that the aluminum surrounding the U,Si2-Al dispersion in the
fuel element melts (Tm=660°C). In contact with the hot atmosphere, uranium in the alloy will be
oxidized. It is very difficult to assess the oxidation rate and it is therefore conservatively
assumed that the total amount of uranium in the element is oxidized. The fraction of the
oxidized uranium particles that is aerosolized is also difficult to estimate. By assuming the same
mass fraction release rate as was assumed for aerosolization through entrainment of oxidized
UO2-powder, the fraction of oxidized molten uranium which is aerosolized is most likely not
underestimated.

6.5.3 Quantification of source term

The estimated amount of uranium released to the air in case of an aircraft accident involving fire
is given in Table 6-10. Both the amount released during the fire period and during 2 hours after
the crash are presented. No distinction has been made between Scenario 1 and 2 since the
figures represents a scenario where all fuel elements are liberated from the transport packages.

The amount uranium released will be dependent on the amount oxidized and the fraction of the
oxidized material aerosolized. The fire temperature and to what extent uranium in the elements
are exposed to hot air are the main parameters determining the quantity of uranium oxidized.
Particle size of the oxidation product and air movements are entities of importance to the
aerosolization.

Table 6-9: Uranium source term in accident involving fire. In case

of accident without fire the source term is zero.

Release time Fire 20 min Fire 60 min

Fire period 31 kg 70 kg
After fire 16 kg 8 kg
Total in 2 hours 47 kg 78 kg
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7. DISPERSION IN AIR

The material aerosolized in connection with an accident will be transported with the wind and
may thus affect persons at locations far from the accident site. During the travel downwind the
aerosolized material will be dispersed and diluted by natural mixing processes. This mixing is a
result of turbulent and convective motions in the lower atmosphere.

The materials considered in this study are assumed to be present in the form of very fine
particles, that will be suspended in the air for a long period of time. Furthermore, it is assumed
that all uranium hexafluoride will be hydrolyzed and will thus be converted to fine particles of
UO2F2, see the discussion in Section 6.2.2. The dispersion of aerosolized fine particles at
distances from the point of release between roughly 100 meters to about 100 km can be
evaluated by using a Gaussian type dispersion model. The Gaussian dispersion model is widely
used because it is simple and also gives reasonably accurate results. Gaussian models have been
extended to take into consideration effects such as inversion layers, buoyant plume rise from hot
effluents, deposition of particles, etc.

At very short distance from the point of the release, less than 100 meters, the Gaussian model
has a tendency to overestimate the release, therefore other methods are needed.

7.1 The Gaussian dispersion model

The model used in this study is based on a model derived for the dispersion of radionuclides at
short to medium range by the UK Working Group on Atmospheric Dispersion [Clarke, 1979].
The model calculates the time-integrated concentration at different distances downwind from a
point with a unit release. The unit time-integrated concentration is multiplied with the amount
released to obtain a measure of the total effect of a contaminant cloud when it passes a given
location.

Procedures to handle dry and wet deposition have been added to the original model according to
the proposal of the UK Working Group on Atmospheric Dispersion [Jones, 1981]. In order to
facilitate the calculations a FORTRAN computer code, ATMOS3, has been developed. This is
further described in Appendix A.

The model is a so called plume model that calculates the time-integrated concentration or
momentary concentration from prolonged releases. This model can also be used to calculate the
time-integrated concentration from releases of shorter duration. However, in order to calculate the
momentary concentration from instantaneous releases a so called puff model is needed. Such a
model has been used for the calculation of maximum concentration from instantaneous releases
of UF« and UO2-powder, see Appendix A.

The resulting dispersion from a ground-level release is shown in Figure 7-1 as iso-concentration
curves, i.e. curves connecting points with equal time-integrated concentration. This concentration
decreases with distance downwind from the release, due to increased vertical and lateral
dispersion. The lateral dispersion will also give a widening of the contaminant plume. The
combination of these two effects result in an elliptical shape of the iso-concentration curves.

For the estimation of collective dose it is required to know the area affected by a certain time-
integrated concentration. This is done by determining the area between two iso-concentration
curves. This area is estimated by numerical integration by the compucer program ISOCTA3.

The dispersion of a pollutant is dependent on the stability of the atmosphere. The stability of an
atmosphere is classified as unstable, neutral or stable. The stability of the atmosphere can be
determined by a variety of methods, many based on the vertical temperature gradient. For a
neutral atmosphere the vertical temperature gradient equals the adiabatic temperature gradient, i.e.
the temperature lowering obtained by adiabatic volume increase due to the decreased pressure at
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Figure 7-1: An example of iso-concentration curves obtained with the Gaussian atmosphe-
ric dispersion model.

higher altitude, -1°C/100 m. The atmosphere is classified as unstable if the temperature decreases
more with altitude than given by the adiabatic expansion. In a stable atmosphere the vertical
temperature gradient is less than the adiabatic and often inverse, i.e. with higher temperatures at
higher altitude. The atmospheric stability has the most pronounced effect on the vertical
dispersion of the pollutant, although it also has a small effect on the lateral dispersion. The more
stable the atmosphere is the smaller the vertical dispersion.

For practical reasons seven stability categories have been defined, A to G, the so called Pasquill
categories. Category A is the most unstable, B and C less unstable, D neutral, E and F is
assigned for stable conditions and G very stable conditions. These stability categories are used
when defining the different dispersion parameters.

The vertical dispersion of the pollutant is described by a standard deviation, usually denoted o*..
Empirical formulas or graphs are available giving the vertical standard deviation for each
stability category as a function of the distance from the source, x, or travel time of the pollutant,
t [Garke, 1979; Doury]. These empirical functions are derived from measurements at a number
of different locations. However, comparisons with measurements show that the dispersion
parameters are rather site-specific, depending on such factors as topography, buildings, and wind
patterns. One method to take into consideration the characteristics of the ground surface at the
site is to let o, depend on the ground roughness length, z,,, a parameter which determines the
vertical wind profile. Tabulated values of the ground roughness length are found in the literature
[Clarke, 1979; D'Auben and Lawler, 1983], typical values being between 0.1 and 0.5 meters.

The horizontal dispersion is similarly described by a standard deviation, a,, given in the form of
empirical formulas or graphs. The horizontal spread is the result of turbulence as well as
fluctuations in the wind direction. The latter effect becomes more important for the long term
releases and for distances far away from the release point.
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In the present model ihe horizontal and vertical standard deviations as given by Doury are used.
The numerical values are presented in Appendix A.

The basic input parameters of the model are:

wind speed
stability category used to chose equation for the horizontal and vertical standard
deviation of the Gaussian distribution
depth of the layer of the atmosphere where mixing occurs
release height
dry deposition velocity
washout coefficient

The main output from the Gaussian dispersion model are:

time-integrated concentration at different distances downwind from the release point
the area with a time-integrated concentration higher than a given value
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Figure 7-2: An example of the time-integrated ground-level concentration as a function of
downwind distance. Neutral atmosphere, wind speed 5 m/s and release height
50 meters.

In Figure 7-2 an example of the time-integrated ground-level concentration as a function of
downwind distance is given. This case is calculated assuming a neutral atmosphere, a wind speed
of 5 m/s, and a release height of 50 meters. For an elevated source the concentrations at a short
distance from the source are very low due to the fact that it takes some distance before the
vertical spread is large enough for the pollutant to reach the ground level. The concentration
reaches a maximum of 1.610"' s/m3 at 935 meters and is at longer distances reduced due to
dilution.
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Figure 7-3 snows the relationship between the time-integrated concentration and the area
affected. The same parameter values as in Figure 7-2 are used. These curves are used when
determining the collective doses.
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Figure 7-3: The time-integrated concentration as a function of affected area. Neutral
atmosphere, wind speed 5 mjs and release height 50 meters.

The accuracy of the predictions made by the Gaussian dispersion model depends on two things,
the precision with which the input data is known and the ability of the model to predict real
dispersion conditions. For a hypothetical accident situation the input data are never known, wind
speed and atmospheric stability may vary within a broad range. However, when doing the
consequence analysis reasonable values have to be chosen. In order to evaluate how sensitive the
results are to the chosen input parameters a parameter study is made. It should be noted that a
complete sensitivity analysis is not made. For example the meteorological input data are
correlated to each other ip a complex way and this is only partly taken into consideration.

The validity of the Gaussian dispersion model, or in other words how well it describes a real
situation, also needs consideration. In a review of validation studies [Miller and Hively, 1987]
the uncertainty for different types of release conditions is given as ratio predicted-to-observed air
concentration. It is concluded that the uncertainty for short term releases over flat terrain may be
as much as one order of magnitude for wind speed over 2 m/s. In the case of lower wind speed
the uncertainty may be even greater. An important factor in estimating the dispersion from short-
term releases is an accurate description of the wind field. For a more complex terrain, with
mountains, buildings, or near the seashore or a lake, the uncertainty in air concentration may be
as much as two orders of magnitude. Especially for sources located within complexes of
buildings the Gaussian model may overestimate the concentration by a factor as high as a 1000.
The large discrepancy is caused by the fact that the Gaussian model does not consider dispersion
due to turbulence around buildings. The uncertainty in the modelling may be reduced by
modifying the Gaussian model. However, in order to do this detailed information is needed for
the release site.
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7.2 Deposition model

Airborne contaminants in the form of particles or chemically reactive gases will be removed
from the atmosphere and deposit on the ground. A number of different processes are involved in
this deposition: turbulent impactation on the ground, sedimentation, chemical reactions with the
surface of plants, etc. The joint effect of all these processes is called dry deposition although it
occurs also during wet conditions.

The magnitude of the dry deposition is described by a deposition velocity. This is not identical
with a linear velocity, but is defined as the total activity deposited per unit area divided by the
time-integrated air concentration per unit volume. The unit of the deposition velocity is thus
meter per second. The value of the deposition velocity depends on the atmosphere, the type of
surface and on the size and properties of the aerosolized material.

During the transport of the pollutant downwind, more and more material will deposit on the
ground. This will eventually also reduce the concentration in the air. The depletion of the plume
or puff of contaminants can be described by two types of models, source depletion models or
surface depletion models [Jones, 1981]. In the former a total reduction of the air concentrations
at all heights in the plume is assumed, while in die latter only the concentration near the ground
surface is reduced. Thus, the source depletion models leads to a higher air concentration near the
ground than the surface depletion model. A further consequence of this is that the surface
depletion models leads to a higher depletion of the plume and thus leaves less material for
further travel downwind. However, comparisons made between the two models show that for
most values of deposition velocity, wind speed, and atmospheric stability the two models give
similar predictions. The exception being for distances greater than 10 km for releases from low
heights during stable conditions [Jones, 1981].

The model chosen for dry deposition is a source depletion model and is further described in
Appendix A.

During conditions with precipitation, pollutants may be removed from the cloud either by rain
falling through die plume or puff, washout, or by material incorporated in the rain cloud itself,
rainout [Jones, 1983]. However, in reality it is very difficult to distinguish between the two
processes and therefore both are included in the wet removal coefficient or washout coefficient.
Since the rain affects the whole height of the plume a source depletion is used.

The value of the washout coefficient depends on the size distribution of the raindrops, the
rainfall rate and the collection efficiency of the airborne material. Numerical values are given by
Jones [1983] and Doury.

Also, the validity of deposition models is discussed by Miller and Hively [1987]. The conclusion
is that no data have been found which is adequate for the validation of plume depleting by
deposition. The deposition of particles is complex and is dependent on a number of processes
governing the interaction between the particles and the surface and between the particles them
selves.

7.3 Plume rise model

If the released material has an initial vertical momentum or is hot and thereby more buoyant
than the ambient air, it will experience a vertical rise above the original release point. This is
commonly denoted as plume rise. A number of models have been developed that predict the rise
of plumes both due to buoyancy and initial vertical momentum. The most commonly used
models are those developed by Briggs to predict the rise of plumes from high stacks, presented
in [Pasqn;1< 1974, Jones, 1983, D'Auben and Lawler, 1982, Petersen, 1987]. The problem is
extremely complex and different models may give very dissimilar results.
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lo these models the final elevation of the plume depends on the initial vertical velocity, the heat
emission rate, the wind speed and the atmospheric stability. In most cases buoyancy is more
important for the final rise of the plume. The rate of plume rise is assumed to be limited by the
turbulence of the plume and the velocity shear between the rising gases and the air. The final
rise is obtained when the plume is broken up by convective turbulence. However, for low level
releases die mechanical turbulence caused by wind shear and the roughness of the surface may
dominate. Therefore equations to include mechanical turbulence have been added to Briggs
model. In practice the plume rise is calculated with both equations and the lower of the values
obtained is used.

For a stable atmosphere the final height of rise is a function of the potential temperature
gradient of the atmosphere.

The effect of plume rise is included in the atmospheric dispersion calculations by using the final
elevation obtained with the plume rise model as an effective release height.

A more detailed description of the equations used for the plume rise is given in Appendix A.

In order to use the plume rise models the heat output for an airplane fire has to be estimated.
This was done assuming a pool of fuel of 10 meter radius burning with a surface regression rate
of 3.3 mm/min [Brown et al.,1980]. With a heat content of 3.2-10* kJ/1 a heat emission of
roughly 2000 U/m2,s is obtained. This heat emission gives rise to wind speeds in the fire of
8 m/s, which is consistent with values given by Mishima and Schwendiman [1973].

The plume rise in a neutral atmosphere have been calculated with the different equations for
thermal plume rise. The plume rise show a very large dependency on the wind velocity used.
When the release occurs near the ground also the roughness of the surface becomes very
irr;portant. For a wind speed of 5 m/s a plume rise greater than 1000 meters is obtained for
elevated releases when the break-up of the plume is determined by the convective turbulence. In
the case of a ground level release the value depends on the mechanical turbulence and thus on
the surface roughness. For a flat open country with a surface roughness of a few centimeters,
plume rise of a 1000 meters is calculated. With z surface roughness of 0.5 meters, corresponding
to a forest, a plume rise of 170 meters is obtained. For wind speeds of 10 m/s the final plume
rise from a ground level release is between 22 and 230 meters depending on the surface
roughness. The lower value is obtained with a surface roughness of 0.5 meters and the higher
for a surface roughness of 0.1 meters.

For a stable atmosphere the equation suggested by Briggs gives a smaller dependency on the
wind speed. At a wind speed of 5 m/s a plume rise of 470 meters is obtained, for 10 m/s a
plume rise of 370 meters and for a wind speed of 15 m/s a plume rise of 330 meters. However,
it should be noted that this equation does not consider the effect of inversion layers. Such layers
may inhibit the rise of a plume, but it is also possible that the plume with pollutant penetrates
the layer. In such a cast the ground level concentrations will be strongly reduced.

The conclusions of the calculations with (he plume rise model are that no reliable values of the
plume rise can be derived. The results of the model depends strongly on parameters which are
site or time specific. In the parameter variation presented in Section 7.5 the effect of plume rise
on the air concentration is studied by varying the effective release height. This height is varied
within a broad range, much lower values than those given above are also used.

7.4 Short distance model

The Gaussian model is not very well suited to describe the dispersion of pollutants at shorter
distances from the point of release. These models require that the vertical spread is large in
comparison with the height of the elements causing the surface roughness. Normally a distance
of 50 to 100 meters is given as a minimum distance. At a shorter distance also the initial size
of the contaminant cloud and the release mechanism becomes important.
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The dispersion obtained at shorter distances depends to great extent on the actual course of
events during the release. Several different release scenarios are described in Chapter 6.

For a release occurring during the fire period it is assumed that the thermal plume lift caused by
the fire will elevate the released uranium from »he ground level giving very small concentrations
outside of the actual fire zone.

Release at ground level occurs during accidents when no fire is involved. It can also be
expected in fire accidents after the actual fire period. It will then involve wind entrainment of
powder spilled from containers or from oxidized fuel pellets, and vaporization of UF. from
damaged cylinders.

For the ground level releases a distinction is made between instantaneous releases, which occur
during aerosolization of:

- UO2-powder due to mechanical impact

- UOj-powder due to thermal failure of package

and continuous releases as in:

- wind entrainment of spilled UO2-powder
- vaporization of UF,
In the instantaneous releases the short range concentration is calculated based on the initial size
of the "puff1.

In the case of continuous releases the short range concentration is based on the amount of air
with which the aerosolized uranium is mixed.

It should be noted that these methods will only give a very rough estimate of the short range
concentration. More accurate result can be obtained by using more sophisticated methods, but on
the other hand will such methods require data for the accident site which not are available.

7.5 Parameter variation

The Gaussian dispersion model is used to calculate the time-integrated air concentration at
distances greater than 100 meters from the accident. These concentrations will be used in the
next phase to evaluate the maximum individual dose and the collective dose to the public. In
this parameter variation the maximum time-integrated air concentration is taken as a measure of
the effect on an individual.

When determining the possible effect of a parameter variation on the collective dose the area
affected by a given time-integrated concentration is studied. This can be shown in a graphical
form as time-integrated concentration versus affected area. Due to the large range in values, they
are shown with logarithmic scales which in some cases makes it difficult to see the effect a
parameter change will have on the collective dose. In this case the time-integrated concentration
is summed over the actual area involved. This gives a value here called integral concentration,
which is proportional to the collective dose for a uniform population density. The integral
concentration will have a unit of seconds/meter.

However, it should be kept in mind when using integral concentration for estimating the
collective dose that in many cases a large part is due to the large areas with a very low
concentration. Some parts of these areas will be beyond the limit of validity of the atmospheric
dispersion model. The only cut-off criteria used is a minimum time-integrated concentration of
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10"9 s/m3. When performing the actual dose calculations other cut-off criteria can be used, such
as the spreading over inhabited areas like the BaJtic.

The following input parameters have been studied:

atmospheric stability
wind speed
effective release height
height of mixing layer
dry deposition
wet deposition

7.5.1 Atmospheric stability

The effect of varying the atmospheric stability have been studied by using values from Clarke
[1979]. The stability have been varied between the six Pasquill stability categories, A - G. For
each category a typical value of the wind speed and the depth of the mixing layer is given.
These values are presented in Table 7-1. Three different release heights were used, 0, 30 and
100 meters.

Table 7-1: Typical wind speeds and depths of mixing
layer used for the different Pasquill stability
categories [Clarke, 1979].

Stability Wind speed Mixing layer
category at 10 m [m/s] depth [m]

A
B

C

D

E

F

G

1

2

5

5

3

2

1

1300

900

850

800

400

100

100

In Figure 7-4 the result of the parameter variation is shown, a can be seen that the effect of the
stability varies with the height of release. For a ground level release the maximum concentration
increases with increased stability. A difference of a factor of 28 was found between the most
unstable (A) and the most stable (G) atmosphere. This is mainly an effect of the reduced vertical
dispersion during the more stable conditions. In the case of a release at a height of 30 meters
the maximum concentration decreases with increasing stability. The reason is that the maximum
concentration occurs at a greater distance from the release for the more stable conditions. Thus
the concentration is more diluted because of the lateral dispersion. The difference between the
category A and category G is in this case a factor of 22. An even more pronounced similar
effect is found for the release height of 100 meters, where the difference is a factor 41.

Figure 7-5 shows the distance where the maximum time-integrated concentration at the ground
level is reached. It can be seen that the distance increases very rapidly for the more stable
categories F and G when an increased release height is assumed. Note that the minimum
distance considered is 100 meters.

The effect of atmospheric stability on the integral concentration have been studied only for the
Pasquill categories D and F, corresponding to neutral and stable conditions. The case with
Pasquill F gives an integral concentration which is roughly 600 times higher than for Pasquill D.
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A major part of the difference can be explained by variation in the typical wind speed and
mixing layer height. It should also be kept in mind that the iso-dose areas will extend over
distances longer than the model is valid for, and that these areas are important for the integral
concentration. The cut-off is based on a minimum concentration of 10"' s/m3.

It should be noted that the assumption of a large area affected by a stable atmosphere with a
low wind speed implies that stable conditions will prevail for a period of several hours. This is
usually not the case, and the assumption will give an overestimation of the integral concentra-
tion.

7.5.2 Wind speed

The effect of wind speed has been studied by using the computer code ATMOS3. The maximum
time-integrated concentration at ground level as a function of wind speed is shown in Figure
7-6. The calculations are made for a neutral atmosphere, Pasquill D, and for a release height of
0, 30 and SO meters. For a ground level release the maximum concentration at 100 meter
increases a factor of 7 with an increase of wind speed from 1 m/s to 15 m/s. For an elevated
release the maximum concentration is inversely proportional to the wind speed.

The wind speed has a larger effect on the integral concentration, which is reduced by a factor of
100 with an increase in wind speed from 1 to 15 m/s.

7.5.3 Effective release height

In Section 7.3 a plume rise model was used to estimate the increased effective release height
due to the thermal effects in case of a fire. The results obtained varied within a great range and
were also very sensitive to some not very well known input parameters. As a conclusion, the
values used in the parameter variation will be within a wide range, but the more extreme values
will be excluded in order to assure conservatism. The maximum value used will be 200 meters,
which also is stated as a maximum value for the Gaussian dispersion model [Clarke, 1979]. It
should also be noted that the effective release height can in the model not exceed the height of
the mixing layer.

Figure 7-7 shows the maximum time-integrated concentration as a function of release height. The
atmospheric stability has been varied between A (unstable), O (neutral), and G (very stable). The
results show that the on-axis time-integrated maximum concentrations decreases considerably
with increased effective release height, the effect being most pronounced for the stable atmos-
phere. For Pasquill category A there is a decrease of a factor of 150 between the release height
0 meters and 200 meters. In a neutral atmosphere Pasquill D, a factor of 2500 is obtained for
the same variation in release height. For the stable category F, the decrease is a factor of 4200
is obtained for a variation in release height between 0 and 100 meters.

The effect of the release height on the time-integrated concentration as a function of area is
shown in Figures 7-8 and 7-9 for a neutral and a stable atmosphere, respectively. It can be seen
that with an increased release height, the small areas with a high concentration are excluded.
However, for the estimation of the collective dose these areas are of less importance. The
decrease in the integral concentration between a ground level release and a release at a height of
200 meters is 12% for a ne'tral atmosphere. For the stable atmosphere the influence of release
height is even less.

7.5.4 Height of mixing layer

The height of the mixing layer has an effect on the ground level concenlration only at distances
far from the release point. When the vertical dispersion of the pollutant has reached the
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inversion layer limiting the mixing layer no further dispersion is reached in the vertical direction.

Thus, changes in the height of the mixing layer has only a small effect on the maximum
concentration for the stable atmosphere. A variation of the mixing layer from 300 to 60 meters
results in an increase in maximum concentration of 23%. For a neutral atmosphere no change in
maximum concentration was noticed when varying the height of the mixing layer between 200
and 1500 meters.

Since the height of the mixing layer has an important effect on the ground level concentration
far from the point of release it will effect the size of the iso-dose areas. In Figures 7-10 and
7-11 the effect of varying mixing layer height on the time-integrated concentration as a function
of area is shown for the neutral and stable atmosphere, respectively.

7.5.5 Effect of dry deposition

The magnitude of the dry deposition is described by a deposition velocity. The deposition
velocity is an empirical parameter depending on the particle size, the surface, and the atmos-
pheric stability, hi Table 7-2 a collection of data on the deposition velocity for aerosols of
different size are given. The values are compared with the settling velocities of UOj-particles.

Table 7-2: Deposition velocity and approximate particle
size distribution for U02-powtler.

Equivalent Settling Deposition velocity
spherical velocity Neutral atmosphere Stable atmosphere
diameter [Jones, 1983] [Doury] [Doury]

[urn] [m/s]

<0.1 1(TJ 1 0 '

0.1 310*

10° 10'

5 1 a2 5 10'

1

5

10

20

25

3-10^

81 a'

3-10*

1.3-10-1

210"1

ioJ - io°

10' - 310 1

The data in Table 7-2 shows that the deposition velocity seems to have a minimum at a particle
size of roughly 1 \im. For this particle size a value of 103 m/s seems reasonable for neutral
conditions. A somewhat lower value was used for stable conditions, 3-10"* m/s. Here the
deposition velocity was assumed to equal the settling velocity.

In order to study the effect of the choice of deposition velocity a parameter variation has been
performed. In Figures 7-12 and 7-13 the time-integrated concentration is shown as a function of
distance from the source for a neutral and a stable atmosphere, respectively. It can be seen that
the influence on the maximum concentration is only marginal, in the case of a neutral atmos-
phere the effect becomes prominent only for distances exceeding 100 km, which is also past the
range where the model is applicable. For stable conditions the effect can be seen for distances
shorter than 100 km when high values of the deposition velocity are used.

The effect on the iso-dose areas is shown in Figures 7-14 and 7-15. Here the difference between
the stable and neutral atmosphere is pronounced. In the case of a neutral atmosphere a decrease
in the integral concentration of a factor of 3.5 is obtained when increasing the deposition
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velocity from 10"* m/s to 102 vajs. The same change in deposition velocity for the stable
atmosphere gives a decrease in the integral concentration of a factor of 200.

The conclusions that can be drawn is that the value used for the deposition velocity has a great
effect for the collective dose calculations, especially for a stable atmosphere.

Obviously, the value used for the dry deposition rate has a great importance for the ground level
concentrations obtained.

7.5.6 Effect of wet deposition

The values of the wash-out coefficient depend on the rain intensity and to some degree also on
the size of the aerosolized particles. Jones [1983] gives for particles of size 1 nm and 10 urn, a
range between 310 J - 3-10"* s"1 for a rain intensity of 1 mm/hour. French data reported by
Doury give for the same rain intensity a value of 10"' s' for 1 um particles. Fo«- larger particles
the washout coefficient increases. A value of 10"* s1 given for 3 |im particles and a value of
3-10"* is given for 10 Jim particles.

The effect of the wet deposition is very similar to that of dry deposition. The close range
concentration is not affected, but at ionger ranges the effect is pronounced. However, the effect
is greater than for the dry deposition as can be seen in Figures 7-16 and 7-17. The effect on the
integral concentration is greater. For neutral conditions a decrease by a factor of 14 for a change
in the washout coefficient from 10' to 10° s1 is obtained. For stable conditions the decrease is a
factor of 1300. However, it should be noted that rain together with a stable atmosphere is not a
probable combination.

7.5.7 Summary of parameter variation

In Table 7-3 a summary of the parameter variation with the Gaussian dispersion model is
presented. It can be seen that it is not the same parameters that have an effect on the maximum
inhalation dose to an individual as on the collective inhalation dose. For the individual dose it is
the release height which is of greatest importance, both directly and in combination with the
atmospheric stability at the time of the accident.

The collective dose is more sensitive to parameter changes. Since a large part of the collective
dose is caused by large areas with a relative low concentration and since these areas also are
situated at distances very far from the actual accident site, long-range effects becomes more
important for the collective dose. The most important parameters are wind speed and height of
the mixing layer, parameters which may vary considerably. The dry and wet deposition becomes
important far from the point of release. In this parameter variation a simultaneous variation of
several parameters have only been made to a limited extent. It can be expected that the long-
range effects will tend to overshadow each other. For example the effect of different mixing
depth is less prominent if a dry deposition also is considered. On the other hand, some of the
short-range effects may become more proninent if dry deposition is simultaneously considered,
e.g. the effective release height.
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Table 7-3: Summary of the parameter variation for the Gaussian dispersion
model. The ranee of variation of the parameter is given and Che
effect on the inhalation dose to maximum individual and as a
collective dose. The effect is given as the factor of change of the
dose for a variation within the given range. A plus-sign f+)
indicates an increase and a minus-sign (-) a decrease. In some
cases separate ranges are given for PasquiU stabilities D and F.

Parameter

Atmospheric stabil-
ity

Wind speed

Release height

Height of mixing
layer

Dry deposition

Wet deposition

Range of variation

A - G
D - F

1 - 15 m/s

A&D: 0 - 200 m
F: 0 - 100 m

D: 200 - 1500 m
F: 60 - 300 m

0.0001 - 0.01 m/s

W - 3-1O4

Individual dose

Depending on re-
lease heigh»
0 m: + 30
30 m:- 20
100 m: -40

Ground level re-

+ (3 - 7)
Elevated release:
- (1 - 15)

A: - 150
D: -2500
F: -4200

Small effect for
very low heights,
< 100 m, other-
wise none.

No effect

- 1.05

Collective dose

+ 560 (D - F)

- 100

- 1.1

D: -30
F:-100

D: -4
F: -200

D: -6
F: -80

7.6 Definition of atmospheric dispersion scenario

The atmospheric dispersion model will be used for the calculation of both the air concentrations
and ground contamination which could occur after an accident with the involved materials. These
air concentrations will be used for the calculation of maximum individual dose and collective
dose due to inhalation.

The parameters chosen depends on the type of accident, e.g. a different effective release height
should be chosen for the case with a fire and for the case without a fire. The scenario depends
also to some degree on the rype of material dispersed, e.g. the deposition velocity depends on
the size of the particles. However, the most important parameters depend on the actual
meteorological conditions at the time of the accident. The effects of varying conditions have
bzen studied in the parameter study. The conclusion is that the maximum concentration is
relatively independent of most of the parameters describing the atmospheric conditions, but for
the calculation of the collective dose the atmospheric conditions has an important effect. In order
to cover a wider range of atmospheric conditions two sets of atmospheric parameters are chosen,
one with a neutral atmosphere and one with a stable atmosphere. The neutral atmosphere is the
most common atmosphere corresponding to day time with moderate winds and a slight to
moderate incoming solar radiation. Stable atmospheres occurs at clear nights with slight wind
speeds.

The different input parameters chosen for the atmospheric dispersion model are given in Table
7-4.
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Table 7-4: Input variables for use in the atmospheric dispersion model.

Parameter

Atmospheric
stability

Wind speed

Height of mixing
layer

Dry deposition
velocity

Effective release
height in die fire
cases

Neutral atmosphere

Pasquill D

5 m/s

800 tn

10J

100 m

Stable atmosphere

Pasquill F

2 m/s

100 m

3-1O4

50 m

The values for wind speed and height of mixing layer are taken from Clarke [1979]. These
values are representative for the UK. For Arlanda airport the most frequent wind speed interval
is 3 - 6 m/s (48% of the time). The depth of the mixing layer normally varies with the time of
the day [Pasquill, 1974]. The value has a minimum at night, increases during the day to a
maximum in the afternoon.

The dry deposition velocity is dependent on the particle size which will be different for the
various dispersed materials. For UO2Fj a particle size of 0.5 \xm is given, the UO2-powder has
initially a median size of roughly 10 nm, but this may be reduced either by oxidation in a fire
or settling of larger particles. The particle size obtained when oxidizing UO2-fuel depeuds on the
temperature. However, due to the uncertainty in the particle size and the uncertainty in the
deposition velocity for a given particle size it is not considered meaningful to make a separation
between the different materials. Thus, the dry deposition rate is chosen assuming a median
particle size of 1 urn for the dispersed aerosol. The value chosen for the stable atmosphere
assumes that the deposition velocity is governed by the deposition velocity of a UO2-particle of
the size 1 \ita.

Since the maximum concentration is very sensitive to (be effective release height used, and that
there is a great uncertainty in the actual effect of a fire, lower values than those calculated with
the plume rise model are chosen, in the case of a neutral atmosphere a 100 meter release height
is chosen. For the stable atmosphere a reduced value was used.

The effect of a release during rainfall has been treated as a special case, considered only for the
neutral atmosphere since stable conditions and rain is an unlikely combination. A washout
coefficient of 10"* s1 was chosen. This value being the geometrical mean of the range given by
Jones [1983].
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for a neutral atmosphere. Different dry deposition rates are assume 1. Release
height 50 meters and wind speed 5 m/s.
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Figure 7-13: The time-integrated concentration as a function distance from the release point
for a stable atmosphere. Different dry deposition rates are assumed. Release
height 50 meters and wind speed 2 m/s.
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neutral atmosphere. Different dry deposition rates are assumed. Release height
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neutral atmosphere. Different washout coefficients are assumed. Release height
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8. AIR CONCENTRATIONS

In this section the estimated air concentrations of uranium will be presented as:

the maximum air concentrations
the maximum time-integrated concentration
the integral concentration

The maximum time-integrated concentration can be used for the calculation of maximum
individual dose due to inhalation, if the exposed person is expected to remain stationary during
the entire release. This assumption is not always very realistic, since the release in many cases is
extended over hourly periods. Therefore it is necessary to know the maximum momentary air
concentration as a function of time to be able to evaluate the dose to a person being exposed
during a part of the release.

The integral concentration is the time-integrated concentration summed up over the area involved
and will be used as a measure of the collective dose due to inhalation.

Accidents with uranium hexafluoride can result in acute chemical hazards due to the formation
of hydrogen fluoride. Therefore the maximum concentration of hydrogen fluoride is estimated.

8.1 Maximum air concentration

The maximum air concentration is calculated with the atmospheric model described in Chapter 7
using the input data presented in Section 7.6. Two atmospheric stability conditions are con-
sidered, one neutral and one stable. For each of the stability conditions calculations are made for
a ground level release and for a release that is elevated due to the thermal lift in the case of a
fire.

The source term for the different materials and scenarios is given in Chapter 6. The source term
is defined as the amount of uranium released to the air. Consideration is taken to both material
released in immediate connection to the accident and to material released within 2 hours of the
accident. After 2 hours it is assumed that action can be taken in order to limit the release.

The starting time and the duration of the release from the different damaged packages are not
the same. In some cases the release is in the form of a instantaneous release, e.g. when a UFS-
package ruptures. In other cases it is a slow continuous release like the wind entrainment of
UOi-powder spread out on the ground.

It is necessary to distinguish between the uranium released at ground level and that elevated by
the thermal effect of a fire. For the case with no fire all uranium is released at ground level.
For the cases with a fire, part of the uranium is released during the fire and thus affected by the
thermal lift. Pan of the uranium will, however, be released after the fire has ended. This
material is assumed to be released at ground level. A summary of the source term is givet in
Table 8-1.

Because of the linear relationship between the source term and the concentration, calculations
can be made for a unit release and then multiplied with the appropriate source term.

For a continuous release, the air concentration is obtained by multiplying the release rate with
the unit release time-integrated concentration. In the case of instantaneous release the air
concentration is obtained by multiplying the amount released with the unit release air concentra-
tion.
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Table 8-1: Source term for the different materials in kg U.

Ground
Instantaneous

Uranium bexaflnoride

Scenario 1:

No fire

Fire 20 min

Fire 60 min

Scenario 2:

Fire 60 min

Uranium dioxide powder

Scenario 1:

No fire 282

Fire 20 min

Fire 60 min

Scenario 2:

No fire 28

Fire 20 min

Fire 60 min

Uranium dioxide fuel

Scenario 1:

No fire

Fire 20 min

Fire 60 min

Scenario 2:

No fire

Fire 20 min

Fire 60 min

MTR-fuel

Scenarios 1 and 2:

No fire

Fire 20 min

Fire 60 min

level release
Continuous

864 - 1872

215 - 645

60 - 180

-

106

84

48

II

8.4

4.8

-

27 - 53

44 - 91

-

2.9

5

-

16

8

Elevated
Instantaneous

-

1560

3120

1560

-

580

580

-

58

65

-

-

-

-

-

-

-

-

-

• 3 1 2 0

• 7800

•4680

release
Continuous

-

1860 - 4020

3060 - 7620

-

-

156

348

-

16

35

-

51 - 107

323 - 669

-

5.8

36

-

31

70

In Figures 8-1 and 8-2 the time-integrated concentration as a function of distance is presented
for ground level release and elevated release, respectively. The maximum time-integrated
concentrations for a unit release are presented in Table 8-2. For a ground level release the
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Gaussian dispersion model predicts very high concentrations at close range, and a distance must
be set for the maximum concentration. Here the maximum is taken at 100 meters with the
motivation that the Gaussian model is not applicable at closer range. For distances closer than
100 meters the short range model will be used.

Table 8-2: The maximum time-integrated concentrations for a unit
release of 1 kg.

Neutral atmosphere Stable atmosphere
Time int. cone, (distance) Time int. cone, (distance)
[kgs/m3] [m] [kg,s/m3] [m]

Ground level

Elevated

1.86-10°

2.97 10*

(100)

(2040)

3.7810-3

9.6310'

(100)

(7640)

For an elevated release the maximum will occur when the extension of the puff or plume
reaches the ground, which occurs at 2040 meters from the accident site in the neutral atmosphere
case and at 7600 meters for the stable atmosphere case.

The effect of a thermal lift of the contaminant is very important for the maximum concentration
as was indicated by the parameter variation presented in Chapter 7. The difference in maximum
concentration between the ground level case and the elevated case is largest for the stable
atmosphere, due to the lower vertical dispersion in that case.

The difference between the two atmospheric stability conditions is not very great For a ground
level release the stable atmosphere gives a maximum which is twice that of the neutral. In the
case of an elevated release the concentration is roughly three times less in the stable case.

In the case of an instantaneous release the air concentration is obtained by using a "puff" model.
In Figures 8-3 and 8-4 the air concentration as a function of time obtained for an instantaneous
release is presented for a neutral and a stable atmosphere, respectively. The concentrations are
taken at the distance from the release point where the maximum time-integrated concentration is
obtained.

Table 8-3 gives the maximum concentration obtained for an instantaneous unit release at the
same distance as for the maximum time-integrated concentration, hi the table is also given the
time after the release when the maximum is obtained. Note that for an elevated release the
maximum concentration for an instantaneous release generally is obtained closer to the source
than the maximum time-integrated concentration. This is due to the fact that the release pulse
will be smeared out for a longer travelling time. However, to be able to add various instanta-
neous and continuous releases the concentrations are evaluated at the same distance.

Table 8-3: The concentrations for a unit release of 1 kg.

Neutral atmosphere
Concentration (time)
[kg/m1] ([sj)

Stable atmosphere
Concentration (time)
[kg/m3] ([sj)

Ground level

Elevated

6.17 10^ (20)

6.3810' (408)

2.3810- (48)

6.7M010 (3700)
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Table 8-4: Maximum uranium concentration [mg/m'] for neutral

atmospheric conditions.

At 100 meters At 2040 meters

Uranium hexafluoride

Scenario 1:

No fire

Fire 20 min

Fire 60 min

Scenario 2:

Fire 60 min

190- 560

930 - 2800

930 - 2800

1.1 - 3.3

105 - 205

105 - 210

100

Uranium dioxide powder

Scenario I:

No fire 17400

Fire 20 min 28

Fire 60 min 28

Scenario 2:

No fire 1740

Fire 20 min 2.8

Fire 60 min 2.8

37

37

3.7

3.7

Uranium dioxide fuel

Scenario I:

Fire 20 min 8.4 - 17

Fire 60 min 2 2 - 4 5

Scenario 2:

Fire 20 min 0.9

Fire 60 min 2.6

0.12 - 0.27

0.27 0.53

0.014

0.030

MTR-fuel

Scenarios 1 and 2:

Fire 20 min

Fire 60 min

4.8

4.0

0.076

0.058

For the fire cases the maximum air concentration is evaluated both at 100 meters and at the
distance where the maximum time-integrated concentration is obtained, i.e. 2040 meter for the
neutral atmosphere and 7640 meters for the stable atmosphere. The 100 meter distance is used
for the release that occurs after the end of the fire. The maximum air concentration for the
neutral atmosphere is presented in Table 8-4.
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8.1.1 Uranium hexafluoride

In the case of a Scenario 1 accident without a fire a continuous release of 864 to 1872 kg of
UF, will occur with a rate of 0.1 to 0.3 kg/s. This gives a constant maximum (Table 8-4)
concentration of 190 to 560 mgU/m3 in the case of a neutral atmosphere and roughly the double
in case of a stable atmosphere.

The source term is very complicated for the cases when UF, is involved in a fire, see Section
6.2. In some of the damage scenarios defined, the release will be continuous and in others
instantaneous. During the fire period the maximum concentration will occur some distance from
the point of release. In Figure 8-5 the air concentration as a function cf time at a point 2040
meters from the accident site is given assuming a neutral atmosphere. A Scenario 1 accident
with a subsequent 20 minute fire is assumed and the maximum values in the source term
interval are used. The concentration will rise roughly seven minutes after the accident and will
reach a level of 15 mgU/m3 17 minutes after the release. At 20 minutes after the accident two
UF, cylinders are assumed to be overheated and will rupture. This will lead *o a peak concentra-
tion of 205 mgU/m3. The duration of the peak is roughly 45 seconds. Here it is conservatively
assumed that the UF,-cylinders will rupture almost simultaneously. If the UF(-cylinders do not
rupture within 45 seconds, two peaks with half the concentration will form.

After the end of the fire, UF« will continue to be released from the packages that were initially
damaged and had a damaged overpack. When the fire has ended it is not certain that a thermal
lift of the release occurs and consequently the release is assumed to take place at ground level.
Initially, the release rate will be the same as when the fire was burning, 0.5 kg/s per damaged
cylinder. This will give an initial concentration at 100 meters of 930 - 2800 mgU/m3 during a
period of a few minutes. However, the cylinders will quickly cool off and the release rate
decrease.

Figure 8-6 shows the air concentration as a function of time for a Scenario 1 accident followed
by a 60 minute fire. The behavior of die concentration is similar with the exception thai a
longer period with a constant concentration of 5 mgU/m3 is obtained. There will also be some
cylinders with a faulty overpack that may rupture due to overheating. However, it is reasonable
to assume that these packages will not rupture simultaneously.

The release from initially damaged cylinders with damaged overpacks will continue after the end
of the fire, as in the case of the 20 minute fire. This will give the same initial concentration at
100 meters, 930 - 2800 mgU/m3. However, in this case the amount of UF, remaining in the
cylinders will be smaller and this high concentration will only remain for a few seconds.

In an Scenario 2 accident release will only occur due to rupture of UF»-packages with damaged
overpack that becomes overheated. This will lead to an instantaneous release resulting in a peak
concentration of 100 mgU/m3.

8.1.2 Uranium dioxide powder

The Scenario 1 accident involving a fire is assumed to lead to a more or less instantaneous
release of 290 kg of uranium. This will result in a very high peak concentration at 100 meters
distance of 17400 mgU/m3. This first pulse will be followed by a constant concentiation of
roughly 28 mgU/m3, see Table 8-4.

In 'he case of a fire, the instantaneous release is larger, but will due to the thermal rise result in
a lower concentration. At 2040 meters a maximum concentration of 37 mgU/m1 is obtained This
will be followed by a lower constant concentration of 0.4 mgU/m3 due to the entrainment of
UOj-powder spilled on the ground. At the end of the fire the effect of thermal rise is removed
and a maximum concentration at the distance of 100 meters of 28 mgU/m3 is estimated.
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In the Scenario 2 accident ihe source term is one tenth of the source term in the Scenario 1
accident for all damage classes except e). Since damage class e) only has a small contribution to
the source term, also the estimated concentrations will be a factor of 10 lower.

8.1.3 Uranium dioxide fuel

The uranium dioxide fuel has to be oxidized in order to be released. This gives only continuous
forms of release. The maximum concentration obtained during the fire period are 0.12 - 0.27
mgU/m3 for the 20 minute fire and 0.27 - 0.53 mgU/m3 for the 60 minute fire. After the end of
the fire oxidized fuel may be entrained without any thermal lift. In this case the concentration at
100 meters is roughly 70 times higher than that obtained at 2040 meters during the fire.

y 1.4 MTR-fuel

The MTR-fuel has to be oxidized in order to be aerosolized, which gives a continuous form of
release. The maximum concentrations obtained will be very low (see Table 8-4).

8.2 Maximum time-integrated concentrations

The maximum time-integrated concentration is estimated by multiplying the values for a unit
release in Table 8-2 with the source terms presented in Table 8-1.

In Table 8-5 the maximum tirce-infgrated concentration for the different scenarios and the
different materials is presented. The results show that ihe thermal lift of the release which occurs
in the fire cases gives a significant lowering of the maximum time-integrated concentration.
Although the source term is significantly greater in the fire cases than for the none fire case,
both for UF« and for UCVpowdcr, the maximum time-integrated concentration is higher in the
none fire case. Because of the low concentration resulting from releases during the fire period,
the maximum time-integrated concentration in the fire oses will be dominated by the small
quantities released at ground level after the fire.

It should be noted ihat the maximum time-integrated concentration occurs at different locations
for the ground level release and the elevated release. Tl::re is also a difference between the
continuous releases and the instantaneous releases. For continuous releases a high time-integrated
concentration can be obtained by low concentrations with long duration. If such time-integrated
concentrations are converted to maximum doses without consideration to the actual exposure
time, unrealistically high doses may be obtained.

8.2.1 Uranium hexafluoride

For a UF«-transport it is the accident not involving a fire which gives the most severe conse-
quences in the form of maximum time-integrated concentration. This unexpected recult is due to
the great effect of the thermal lift, which lowers the concentration for the fire cases.

For the fire accidents it is the release of UF, remaining in the initially d&./iaged packages with a
partially damaged overpack that contribute most to the maximum time-integrated concentration.
Since les« UF, is left at the end of the fLe in the case of the 60 minute fire, also the time-
integrated concentration will be less in this case.
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Maximum time-integrated concentration [kg,s/mJ] for the
different materials. Neutral atmospheric conditions.

At 100 m A 2040 m

Uranium hexaflnoride

Scenario 1:

No fire

Fire 20 min

Fire 60 min

Scenario 2:

Fire 60 min

Uranium dioxide powder

Scenario 1:

No fire

Fire 20 min

Fire 60 min

Scenario 2:

No fire

Fire 20 min

Fire 60 min

Uranium dioxide fuel

Scenario 1:

Fire 20 min

Fire 60 min

Scenario 2:

Fire 20 min

Fire 60 min

MTR-fbel

Scenarios ' and 2:

Fire 20 min

Fire 60 min

1.6 - 3.5

0.40 - 1.2

0.11 - 0.33

-

0.73

0.16

0.089

0.073

0.016

0.0089

0.050 - 0.099

0.083 - 0.17

0.0054

0.0094

0.029

0.015

0.010 - 0 029

0.012 - 0.028

0.025 - 0.048

0.0046 - 0.014

0.0043

0.0031

0.0033

0.0043

0.00031

0.00033

4.510* - 9.0 lO4

1.4-10-1 - 3.0-10"'

4.9-la3

6.6-10*

2.6- KT*

3.010-

8.2.2 Uranium dioxide powder

Thermal lift In the c-: < • ;nt cases with a fire will be of great importance also for uranium
dioxide pcwder. Thus die release at ground level will have the largest influence on the time-
integrated concentration. Since the amount released at ground level decreases with incre?ring fire
duration, the 20 minute fire is estimated to give a higher maximum time-integrated concentration
than the 60 minute fire. However, it should be noted that these time-integrated concentrations are
obtained 20 to 60 minutes after the accident and for an exposure time of at least an hour.
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8.2.3 Uranium dioxide fuel

For uranium dioxide fuel the maximum time-integrated concentration is obtained at a distance of
100 meters from the accident site. This is due to oxidized material which is slowly entrained by
the wind after the end of the fire. In this case more material is oxidized in the longer fire, and
thus the source term is larger and consequently also the maximum time-integrated concentration.

8.2.4 MTR-fuel

In the case of MTR-fuel it is assumed that all uranium is oxidized in the 20 minute fire as well
as in the 60 minute fire. Thus the amount available for entrainment by the wind is the same in
both fire cases. For the longer fire more of the material is entrained during the fire period and is
thus thermally lifted and less is entrained after the end of the fire. Thus the longer fire will
result in a lower maximum time-integrated concentration than the shorter fire.

8.3 Integral concentration

The integral concentration is the time-integrated concentration summed up over the area affected
by that concentration. The program ISOCTA3 calculates the area affected by various time-
integrated concentrations. The integral concentration is calculated as:

Q . = ( Q • Q . , ) w (A, - A,.,)

where:

Cta, = integral concentration
Ck = time-integrated concentration in area k
Ck., = time-integrated concentration in area k-1
A* = area with a time-integrated concentration larger than Ck
\., = area with a time-integrated concentration larger than Ck.,

The problem with determining the integral concentration is that the area affected by the time-
integrated concentration will for some cases increase faster than the concentration decreases.
Thus a very large integral concentration may be obtained by including extreme areas with very
low concentration. In many cases these areas are located beyond the range of validity of the
model. Thus a cut-off criteria must be introduced. In this case a cut-off criteria is introduced
when the time-integrated concentration for a unit release of 1 kg U is less than 10"1 kg,s/m3.

In Figures 8-7 and 8-8 the integral concentration for a unit release as a function of area is given
for a neutral and a stable atmosphere respectively. Also the position of the cut-off is indicated in
the figures.

In Table 8-6 the unit release integral concentration for different atmospheric conditions is given
assuming a cut-off at 10*" m/s3. hi the table is also given the maximum distance and the total
area considered in the evaluation of the integral concentration.

The integral concentration is not very sensitive to the release height. A maximum difference of
45% between an elevated and a ground level release is obtained for a neutral atmosphere. This
is due to the large influence of the larger areas with a relatively low time-integrated concentra-
tion. However, the stability of the atmosphere has a strong influence, where the stable atmos-
phere gives integral concentrations which are 25 to 35 times higher than the neutral.
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Table 8-6: The integral concentration for the different atmospheric
conditions. The area with a unit time-integrated concen-
tration greater than 10' s/m' is considered.

Integral
cone.
[s/m]

Neutral
Max
distance
[km]

Area

[km2]

Integral
conc.
[s/m]

Stable
Max Area
distance
fkm] [km1]

Ground 58
level
release

Elevated 40
release

120

130

1200

1200

1470 420

1350 450

4250

5000

The unit release integral concentration for elevated release and ground level release is multiplied
with the corresponding source term given in Table 8-3 to obtain the integral concentration for
the different accident scenarios and materials. The result is presented in Table 8-7.

8.3.1 Uranium hexafluoride

For UF, the integral concentration increases with increasing fire duration. In this case the
thermal lift of the fire is of less importance and thus the larger source term in the accidents
involving fire will have an effect. Also the Scenario 2 accident with a 60 minute fire will have
a higher integral concentration than the Scenario 1 accident with no fire.

8.3.2 Uranium dioxide powder

The integral concentration will also in this case be higher for the cases with a fire than for the
case without. However, the difference is small, roughly a factor of two between the case with no
fire and the case with a 60 minute fue.

8.3.3 Uranium dioxide fuel

The fire duration will be of great importance for the integral concentration from accidents
involving uranium dioxide fuel. A four to five times higher value is obtained for a 60 minute
fire compared to that of a 20 minute fire.

8.3.4 NfTR-fuel

Also for MTR-fuel will the fire duration be of importance, but not in the same degree as for the
UO,-fuel. The diffc ence between the 20 minute and 60 minute fire is roughly 50%. The reason
for the smaller difference in this case is the assumption that all uranium is oxidized in both fire
scenarios. There is only a somewhat higher aerosolization in the case with the lunger fire.
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Table 8-7: Integral concentration [kg,s/m] for the different atmos-

pheric conditions.

Neutral atmosphere Stable atmosphere

Uranium hexaflnoride

Scenario 1:

No fire 5.010* - 1.1 103 1.3-10* - 2.8-10*

Fire 20 min 1.5 10s - 3.2 103 4.910* - 1.1 10'

Fire 60 min 2.5 105 - 6.3 105 8.4 10* - 2.1 107

Scenario 2:

Fire 60 min 6.2-10* - 1.9 105 2.1 10* - 6.3 10*

Uranium dioxide powder

Scenario 1:

No fire

Fire 20 min

Fire 60 min

Scenario 2:

No fire

Fire 20 min

Fire 60 min

2.3-10*

3.410"

4.0-10*

2.310'

3.410'

4.0-103

5.7- HF

1.110*

1.3-10*

5.7-104

1.1 103

1.3 103

Uranium dioxide fuel

Scenario 1:

Fire 20 min 3.6-l(r

Fire 60 min 1.3 10*

Scenario 2:

Fire 20 min

Fire 60 min

MTR-fael

Scenarios 1 and 2:

Fire 20 min

Fire 60 min

- 7.4-103

- 3.210*

4.0-101

2.0-105

2.21O1

3.2 10s

1.1-W - 2.2 10s

5.010s - 1.0-10*

1.2-104

5.610*

6.5-10*

1.1 105

8.4 Hydrogen fluoride concentrations

In the estimation of the hydrogen fluoride (HF) concentration it is assumed that all UF, is
hydrolyzed to HF and UO2F2. The governing factor is the availability of water. The release of
uranium hexafluoride when no fire is involved is rather slow, and thus the released 'JF« is
dispersed in a large volume of air which can contain sufficient quantities of humidity for the
hydrolysis. In the case of a fire, rapid release of UF, may occur. However, in a fire large
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amounts of water is also formed through the burning of hydrocarbons. It is therefore considered
reasonable to assume a total hydrolysis of UF,.

In the hydrolysis process, 1 mole of UFS gives four moles of HF and one mole of UO2F2. In
this analysis all fluorine is considered as HF, since it is probable that the UOjF2 will hydrolyse
in the body and form fluorine acid. Thus 1 mole of UF, will give rise to 6 moles of HF or, 1
kg of uranium in the form of UF6 will form 0.5 kg of hydrogen fluoride.

The maximum hydrogen fluoride concentrations are calculated by the same method as the
maximum uranium concentrations. However, in this case the maximum instantaneous concentra-
tions are used for the elevated release and not the maximum concentration at the location where
the maximum time-integrated concentration is obtained. This will have some influence on the
concentration for the cases with the elevated release. Here the instantaneous maximum occurs
somewhat closer to die point of release. The instantaneous maximum concentration is 25%
higher than the values presented in Table 8-3 for the neutral atmosphere and 35% higher for the
stable atmosphere. In Table 8-8 the resulting maximum hydrogen fluoride concentrations are
given.

Table 8-8: Maximum hydrogen fluoride concentration [mg/m5] for
neutral atmospheric conditions.

Uranium hexaflooride

Scenario I:

No fire

Fire 20 min

Fire 60 min

Scenario 2:

Fire 60 min

At 100 meters

94 - 280

470 - 1400

470 - 1400

-

At 2040 nrtters

0.6 - 1.7

66 - 130

66 - 130

62

In the case with no fire a continuous concentration of 94 «.o 280 mg/ra3 is obtained at 100
meters from the accident site. For the fire cases a constant concentration at 2040 meters of 10
mg/m1 is maintained during the period of the fire. The sudden rupture of a uranium hexafluoride
cylinder results in a maximum concentration of 62 mg/m3 at a distance of 1500 meters from the
accident site. The highest concentrations are obtained in coiinection with the end of the fire. At
that time, the release ra'e >« still influenced by the fire, but it is not certain that any positive
effect of a thermal plume rise can be taken into account. The maximum concentrations obtained,
470 - 1400 mg/m1, will be maintained a few minutes for the 20 minute fire and a few seconds
for the 60 minute fire. The reason for the shorter duration in the longer fire is that less UF4 then
remains in the cylinders.

8.5 Short range concentrations

The short range concentrations have been estimated by She simplified methods described in
Section 7.4. A summary of the results are given in Table 8.9.
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8.5.1 Uranium hexafluoride

For uranium hexafluoride one form of release is continuous vaporization from damaged
cylinders. In case of a fire an elevated release is obtained. In an accident without a fire or in the
period after the fire has ended a ground level release can be expected.

The air concentration of uranium obtained from vaporization has been estimated from the volume
of air passing above the damaged cylinder. This will give a concentration of about 14 gU/m1 a
couple of meters downwind a cylinder damaged according to damage class a). This is 25 - 75
times higher than the concentration at 100 meters as calculated with the Gaussian model,
assuming a neutral atmosphere.

When initially undamaged UF,-cylinders are heated, excessive pressure may build-up and the
cylinders rupture. The pressurized UF« in the cylinder is initially in liquid form and the
subsequent course of events depends on the size of the damage on the cylinder. If the hole is
large an instantaneous release of large amounts of UF( is expected giving a fast vaporization of
the UFg. The content of one cylinder will form a cloud of vapoi with a size of roughly 150 m3,
corresponding to a spherical cloud with a diameter of 6.6 m. Since this occurs in the case of a
fire an elevated release may be expected and thus the calculated concentrations outside the fire
are very low.

In the case of a smaller hole in the cylinder, e.g. through the damage of a valve, a jet of liquid
UF» may be released from the cylinder. The initial ejection velocity can be very high, for
example a hole with a cross-section area of 10 cm2, will give an initial velocity of 40 m/s.
However, the pressure in the cylinder will quickly drop lowering the release velocity of liquid
UF,. A total of 300 kg of liquid UF4 can then be released through a hole with the sizi, given
above.

8.5.2 Uranium dioxide powder

The damage classes a) and b) will result iu an instantaneous release of UO2-powder. The cloud
of powder escaping from one package has been estimated to be a semi-sphere with a radius of 1
to 3 meters. Using the value of 2 meters an initial concentration of 260 gU/'m3 is obtained from
a package damaged according to damage class 3). This concentration will quickly be reduced by
coagulation, settling and dispersion. Although the concentration is high in the cloud of powder,
the cloud will quickly be transported downwind. Thereby the time-integrated concentration at a
given location will be of the same order as at 100 meters from the accident site. However, it
should be noted that at 100 meters the accumulated effect of all damaged packages is con-
sidered. If a person is exposed to the aerosolized powder from several packages a higher time-
integrated concentration can be expected close to the accident, *n damage class b) the source
term is a fifth of that from damage clars a). Consequently, a 5 times lower concentration can be
expected.

In damage class c) UO2-powder is spilled from the package and subsequently entrained by the
wind. In Scenario i it is assumed that 120 packages are damaged in this way and that 5 kg of
UO2 is spilled from each package. In a conservative estimate it is assumed th'-U the 600 kg
spilled is spread over an area roughly 10 by 10 meters. This implies that each drum occupies an
area of roughly 0.8 m2. Furthermore, it is assumed that the extent of the vertical spread is 2
meters. With these data and a wind speed of 5 m/s, an air flow of 100 m'/s will pass over the
spilied powder. In Section 6.3 an aerodynamic entrainment fraction was chosen as 31O5 s1,
cotresponding to entrainment by the wind from a smooth sandy soil with a wind speed of 9 m/s.
A higher wind speed was conservatively chosen from the limited values available, see Section
6.3.3. It should be noted thai the presence of .lie drums will disturb the wind profile over the
spilled powder, and the use of the aerodynamic entrairunent fraction for a smooth surface may
also be conservative. The chosen aerodynamic entrainment fraction gives a maximum aero-
3Oii .lion rate of 0.016 kg/s and a maximum air concentration of 160 mg/m\
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If the spill of uranium covers a larger area than 100 m'\ a larger air volume will pass over the
spill and a lower air concentration can be expected. In the case the spill should cover a smaller
area it would imply that the drums to a large extent should be placed on top of each other. In
this case the aerodynamic entrainment could be expected to be less effecuve due to influence on
the wind profile.

In the case of pressurized release of powders (damage classes d and e), the dimensions of the
aerosol cloud form can be estimated from the amount of air released. With the data given for
the release of airborne material in Section 6.3.3, an excess pressure of 0.1 MPa, a void space of
0.021 m \ and a mass of SO kg UO2 in the container, a maximum airborne concentration of 2.4
kg/m3 is obtained.

8.5.3 Uranium dioxide fuel

In the case of an accident with uranium dioxide fuel the fuel is assumed to be oxidized during
the fire period forming fine particles of UjO,. These will partly be aerosolized during the fire
period and lifted to higher altitudes by the thermal effects of the fire. At the end of the fire
period a fine powder of uranium will regain. This material can be aerosolized by wind
entrainment in a similar fashion as UO2-powder.

Table 8-9: Short range concentrations. For the fire cases the values
represent the time period immediately after the end of
the fire.

Maximum
concentration
[g/m'J

Integrated cone.
during 1 minute
[kg-s/mj

U HF U HF

0.84

4.3

0.68

0.42

2.1

0.34

Uranium hexafluoride:

No Fire 14 7

Fire 20 min 71 35

Fire 60 min 21 10

Urania M dbride powder:

0.21

0.01

0.01

0.01

4.810'

4.8-10°

MTR-fuel:

Fire 20 min 6.210" 3.7-10"*

Fire 60 min 3.0-104 18 10*

No Fire
(initital)

(continuous)

Fire 20 min

Fire 60 min

260

0.16

0.16

0.16

Ur&niam dioxide fuel:

FLT 20 min

Fire 60 min

0.08

0.08
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The amount oxidized is in Section 6.4.3 estimated to 170 - 360 kg in the 20 minute fire and
490 to 1000 kg in the 60 minute fire. However, a larger fraction will be aerosolized during the
fire period. The amount that remains at the end of ihe fire period will be 90 - 200 kg for the
20 minute fire and 120 - 250 kg in the case of the 60 minute fire. This powder is assumed to
be distributed over an area cf 100 m2. This gives a short-range air concentration of roughly 30 -
80 mg/m3 in both the fire cases.

8.5.4 MTR-fuel

Also the MTR-fuel is assumed to be oxidized in connection with a fire. Here all the transported
uranium (101 kg) is assumed to be oxidized. The amount remaining on the ground has been
estimated to 58 kg alter a 20 minute fire and 27 kg after a 60 minute fire. Assuming that the
uranium is spread over an area of 15 m2 a short-range air concentration of 0.62 mg/m3 is
obtained for die 20 minute fire and 0.30 mg/m3 for the 60 minute fire.
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Figure 8-1: Time integrated concentration as a function of distance. For a unit release at
ground level with a neutral and a stable atmosphere.
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9. GROUND CONTAMINATION

In this chapte" the estimated ground contamination will be presented. The deposition of material
will occur at different distances from the location of the accident. A distinction is made between
the following cases:

material released from the package and spread out on the ground in immediate
connection to the package

aerosolized material which is dispersed over large areas before it is deposited

material which initially is airborne, but deposits closer than 100 meters from the
location of the accident

In the first case, the amount spread on the ground is the amount of uranium released from the
package minus the amount of uranium aerosolized. This information is taken from Chapter 6.
The area over which this material is spread can vary considerably depending on the events
following the crash, e.g. the distance the plane skids on the ground, the distance the packages
are dispersed. A minimum area is considered in the calculation of short-range air concentrations
in Section 8.6. The area is estimated as the area covered by the damaged packages, giving an
area of roughly 100 m1 both for the UO2-powder and the UO2-ruel.

An estimated maximum area would be to consider a distance 100 meters downwind from the
accident site with a width of 10 meters, i.e. 1000 m2. This area is consistent with the area
calculated with the atmospheric dispersion model assuming neutral atmospheric conditions.

The deposition of material dispersed over large areas is calculated with the deposition model
described in Section 7.2. There are several different mechanisms which lead to the deposition of
paniculate material. In modelling work these are divided into two separate processes, dry
deposition and wet deposition. See also the discussion in Section 7.2. Dry deposition will always
occur, while wet deposition will occur only during rainfall or snowfall. This section is mainly
concerned with dry deposition, wet deposition is treated as a special case.

In the dry deposition model, the total amount of material deposited at a given location is
calculated and this amount is subtracted from the source, hi Figure 9-1 the fraction deposited at
different distances from the location of the accident is shown for the different atmospheric
stabilities.

The contamination level at a given location during dry conditions is directly given by the time-
integrated air concentration at that location multiplied by the deposition velocity.

In the case of a ground level release a problem arise when estimating the ground contamination
levels at short range. Since, the atmospheric dispersion model can not accurately predict the
integrated air concentration levels closer than about 100 meters from the accident site, can
neither the ground contamination levels be accurately calculated. As a consequence of this no
contamination levels are given for distances closer than 100 meters from the accident site.
Instead the amount of material deposited closer than 100 meters is given.

An additional problem arise in the case with release of uranium dioxide powder from accidents
with no fire. Larger particles are expected than for the case with a fire and for the other
materials. As a consequence of the larger particle size, a significant part of the material may
deposit within 100 meters from the accident site. This amount is estimated by the methods
described in Section 6.3.

In order to give a measure of the areas contaminated, the size of the area with a ground
contamination level higher than 0.3 gU/m2 has been estimated. This corresponds to a contamina-
tion of 40 kBq/m1 with a 5% enrichment. It should be noted that the distances closer than
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Figure 9-1: The fraction of initial amount deposited as a function of distance.

100 meters are considered when estimating the area with a contamination level greater than
0.3 gU/m2. Thus, this area may be greater than zero despite the fact that the concentration at
100 meters is less than 0.3 gU/m2.

It should also be noted that the deposition model is valid only for distances up to roughly 100
km. At that distance substantial amount of material may remain in the plume. More material is
deposited during stable conditions, and more material is deposited when the release occurs at
ground level. The cut-off criteria introduced when estimating the integral concentration in
Section 8.3, will correspond to a maximum distance of 130 km in case of a neutral atmosphere
and 450 km in case of a stable atmosphere. The percentage of the initially aerosolized amount
remaining in the plume at these distances will be 93% and 50%, respectively.

The ground contamination obtained from a release occurring during rainfall is estimated with the
methods described in Appendix A. The results are presented in Section 9.5.

9.1 Uranium hexafluoride

In the studied accident scenarios uranium hexafluoride is released either as vapor, in the case of
damaged cylinders, or as liquid in the case of rupturing cylinders. In the second case an
evaporation of the liquid will occur directly after the release. The gaseous UF, will react with
the humidity of the air or with water formed because of the fire, forming a fine aerosol of
UOJFJ. The particle size has been reported to be around 0.5 )xm [Bouzigues, 1978]. Since the
settling of such particles is very slow very little deposition is considered to occur closer than
100 meters from the accident site. The maximum amount is obtained in the case of a Scenario I
accident without fire when 5 - 10 kg of uranium is deposited within 100 meters.

The UOjFj-particles will be transported with the wind and will deposit due to sedimentation,
impactation, or chemical reactions with plant surfaces. The maximum contamination level and
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the area with contamination levels higher than 9.3 g/m\ are given in Tables 9-1 and 9-2 for a
neutral and stable atmosphere, respectively. The amount deposited and the amount remaining in
the plume at a distance 100 km from the accident site is given in Table 9-3.

Table 9-1: Release of uranium hexafluoride. Maximum contamina-
tion level and area with a contamination level greater
than 0.3 g/m2. Neutral atmosphere.

Contamination level
at (distance)
[gU/m2]

Area with cont
> 0.3 gU/m2

Scenario 1:

No fire

Fire 20 min

Fire 60 min

16 - 35 (100 m)

0.40 - 1.2(100 m)

0.11 - 0.33 (100 m)

5000 - 10000

1200 - 3600

250 - 1000

Scenario 2:

Fire 60 min 0.0046 - 0.014 (2040 m)

Table 9-2: Release of uranium hexafluoride. Maximum contamina-
tion level and area with a contamination level greater
than 0.3 gU/m2. Stable atmosphere.

Scenario 1:

No fire

Fire 20 n i

Fire 60 ! *

Scenario ••

Fire 6C . .'.

Contamination level
at (distance)
[g/m2]

1.0 - 2.1 (100 m)

0.24 - 0.73 (100 m)

0.07 - 0.21 (100 m)

4.51O4 - 1.310° (2040 m)

Area with cont
> 0.3 gU/m2

fm2}

2200 - 22 000

1200 - 6500

5 0 0 - 900

-

Table 9 Release of uranium hexafluoride. Amount deposited within 100 km from the
accident site and amount remaining in the plume at 100 km.

Neutral atmosphere:
Deposited Remaining
[kgi [kg]

Stable atmosphere:
Deposited Remaining
[kg! [kg]

Scenario 1:

No fire

Fire 20 min

Fire 60 min

Scenario 2:

Fire 60 min

53 -

150

250

62-

110

- 320

- 630

187

810 - 1800 190 - 410

3500 - 7500 420 - 780

6000 - 15000 690 - 780

1500 - 4500 170 - 520

670 - 1500

3200 - 7000

5600 - 14800

1400 - 4200
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9.2 Uranium dioxide powder

Uranium dioxide powder may be released, either immediately after the accident as a puff, due to
the larger forces acting on the package, or through the slow wind entfainment of matprial spilled
out on the ground.

In the first case only a smaller amount of tiie material will be airborne, the rest being deposited
in connection to the accident site. In the case when no fire is involved, the larger UO2-particIes
that are airborne will deposit close to the accident site. This will not occur in case of a fire for
two reasons. Firstly, the UO,-particles will be oxidized and may thereby be considerably reduced
in size, and secondly, the thermal effect of the fire will give a considerable lift of the airborne
material which will reduce the deposition.

Table 9-4:

Scenario 1:

No fire

Fire 20 min

Fire 60 min

Scenario 2:

No fire

Fire 20 min

Fire 60 min

Table 9-5:

Scenario 1:

No fire

Fire 20 min

Fire 60 min

Scenario 2:

No fire

Fire 20 min

Fire 60 min

The amount of uranium deposited in direct connection
or close to the accident site (less than 100 meters), in
case of an accident with uranium dioxide powder.

Amount deposited Amount deposited
in direct connection closer than 100 meters
to die accident site from the accident site
[kgU] (kgUJ

2960

2740

2640

300

270

260

670

0.5

0.2

67

0.05

0.02

Uranium ground contamination levels obtained from the
release of uranium dioxide powder and area with
contamination level greater than 0.3 gU/m1.

Neutral atmosphere

Contamination Area with
level at 100 m > 0.3 gU/m1

[gU/m2] [m'J

0.73

0.16

0.09

0.073

0.016

0.009

2000

400

<250

<250

<250

< 250

Stable

Contamination
level at 100 m
[gU/rn2]

0.44

0.10

0.054

0.044

0.010

0.005

atmosphere

Are? with
> 0.3 gU/m1

[m2]

2700

<500

< 5 0 0

< 5 0 0

<500

< 5 0 0
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In Table 9-4 the amount of uranium deposited in direct connection, or close to the accident site
(less than 100 meters) is given.

The material which is aerosolized will be dispersed with the wind and spread over a large area.
The ground contamination levels obtained at 100 meters away from the accident site are given in
Table 9-5. The amount deposited at a distance between 100 meters and 100 km from the
accident site, as calculated with the deposition model, is given in Table 9-6, for both neutral and
stable atmospheric conditions. The amount of uranium remaining in the plume is also given in
the table.

Table 9-6: Amount of uranium deposited less than 100 km from
the accident site and amount remaining in the plume at
100 km, in the case of an accident with uranium dioxide
powder.

Scenario 1:

No fire

Fire 20 nun

Fire 60 min

Scenario 2:

No fire

Fire 20 min

Fire 60 min

Neutral atmosphere:
Amount
deposited
[kg]

24

35

40

2.4

3.5

4

Amount
remaining
[kg]

360

780

940

36

78

94

Stable atmosphere:
Amount
deposited
[kg]

85

109

110

8.5

10

11

Amount
remaining
[kg]

300

720

870

30

72
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9.3 Uranium dioxide fuel

In the accident scenarios involving uranium dioxide fuel it is assumed that part of the packages
are damaged to such a degree that the Zircaloy rods in the fuel elements are broken or cracked.
In case of large damage on the rods UO2-fuel pellets can be totally liberated, but if the damage
is less the pellets are only partly exposed to the surrounding air. In the case of an accident
without fire, uranium dioxide fuel pellets may be spread on the ground close to the accident site.
However, this uranium in the form of fuel pellets can be recollected without greater difficulty
and is not further considered.

If the crash is followed by a fire, oxidation of the fuel pellets may occur. This oxidation leads
to the formation of smaller particles of U3O,. These particles may be spread in the vicinity of
the accident site, and a fraction will also be aerosolized by the wind and dispersed over a larger
area. In Table 9-7 the amount of uranium oxidized and spread in the vicinity of the accident site
is given. The material which is estimated to be aerosolized within 2 hours of the accident is not
included. The deposition of this material is shown in Tables 9-8 and 9-9 for a neutral and a
stable atmosphere, respectively. In these tables the estimated maximum contamination ievel and
the amount of material deposited within 100 km from the accident site are given. The area with
a contamination level greater than 0.3 g/m2 will be less than 400 m} for all accident scenarios if
the atmospheric stability is neutral, and less than 1700 m2 in the case of a stable atmosphere.
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Table 9-7' The amount of uranium deposited in direct connection to
the accident site, (kgU], in the case of an accident with
uranium dioxide fuel.

Scenario 1: Scenario 2:

Fire 20 min

Fire 60 min

9 0 - 200

120 - 250

10

14

Table 9-8: Release of uranium dioxide fuel. Amount of uranium deposited within 100
km from the accident site and contamination level at 100 meters from the
accident site. Neutral atmosphere.

Amount deposited
within 100 Tun

Contamination level
at 100 meters
[gU/m-J

Scenario 1:

Fire 20 min

Fire 60 min

Scenario 2:

Fire 20 min

Fire 60 min

3.7

16

0.4

1.8

- 7.5

- 32

Ö.05 - 0.10

0.08 - 0.17

0.0054

0.0094

Table 9-9: Release of uranium dioxide fuel. Amount of uranium deposited within 100
km from the accident site, amount remaining in plume at 100 km, and
contamination level 100 meters from the accident site. Stable atmosphere.

Amount deposited Amount remaining Contamination level
within 100 km at 100 km at 100 meters
[kg] [kg] [g/m2]

Scenario I:

Fire 20 min

Fire 60 min

Scenario 2:

Fire 20 min

Fire 60 min

12

45

2

5

- 23

- 94

66-

320

7

34

140

- 670

0.03 -

0.05 -

0.003

0.006

0.06

0.10

9.4 MTR-fuel

As with the uranium dioxide fuel an oxidation is needed in order to disperse the MTR-fuel over
a larger area. Thus surface contamination is only possible in the cases involving fire. Since it is
difficult to assess the oxidation rate of the MTR-fuel, it ha3 conservatively been assumed that all
uranium is oxidized in both the 20 minute and the 60 minute fires. No distinction is in this case
made between the Scenario 1 and the Scenario 2 accidents. Parts of the oxidized fuel is
aerosolized by the wind and part will remain in the immediate vicinity of the accident site. The
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amount remaining has been estimated based on the data given in Section 6.5 and is given in
Table 9-10. In this table is also given the maximum concentration obtained.

Table 9-10: The amount of uranium deposited in direct connection to
the accident site, in the case of an accident with MTR-
fuel.

Amount deposited in Contamination level Deposited within
direct connection at 100 meters 100 km
to the accident site Neutral Stable Neutral Stable

[kg) [g/m2] [kg]

Scenarios 1

Fire 20 min

Fire 60 min

and 2:

58

27

0.029

0.015

0.019

0.01

2.2

3.3

6.9

9.4

9.5 Deposition in case of rainfall

The deposition in case of rainfall has been estimated using a wash-out coefficient The method i«
described in more detail in Appendix A. The wet deposition has been calculated only for a
neutral atmosphere, since rainfall during stable conditions is not conceivable. The numerical
value used for the wash-out coefficient is 1-10"* s1.

Wet deposition is more effective than dry deposition. At a distance of 100 km from the accident
site 86% of the released amount has deposited on the ground due to wet deposition, compared to
4% to 6% when considering only dry deposition. As a result of wet deposition, 18% of the
initial amount will have deposited within 10 km of the accident site. Another difference
compared to dry deposition is that wet deposition will affect the entire vertical extent of the
contaminant cloud, not only the air volume immediately above the ground layer as in dry
deposition. A consequence of this is that the elevation of the contaminant plume caused by a
fire does not have any effect on the ground contamination. This is true if the extent of the
plume rise is less than the altitude of the rain clouds. If consideration should be taken to the
fact that the plume can rise above the rain cloud considerably more complex deposition models
are needed.

In Table 9-11 the ground contamination levels 100 meter from the accident site are presented.
Higher contamination levels can be obtained closer to the accident site, but these levels can not
be accurately estimated with the present model.

The ground contamination levels will be higher in case of an accident occurring during a rainfall
compared to the level obtained from an accident occurring in dry conditions. The increase is
especially prominent for the accident scenarios involving fire. The reason for this is that the
rainfall will remove activity also from contaminant clouds at a higher altitude, thus eliminating
the reducing effect obtained by the plume lift.
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Table 9-11- Ground contamination levels 100 meter from the
accident site [gU/m2]. Wet deposition included.

Scenario I Scenario 2

Uranium hexafluonde

No fire

Fire 20 min

Fire 60 min

Uranium dioxide powder

No fire

Fire 20 min

Fire 60 min

Uranium dioxide fuel

Fire 20 min

Fire 60 min

MTR-fnel

Fire 20 min

Fire 60 min

1.1 -

4.8 -

8.2 -

0.51

1.1

1.3

0.10

0.49

0.062

0.10

2.5

10.3

21

-0.21

- 1.0

2.1 - 62

0.05

0.11

0.13

0.01

0.05

0.062

0.10
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10. SOURCE TERM FOR RELEASE TO WATER

10.1 Definition of source term

The source term for release to water is here defined as the amount of released nuclear material
which cannot be recovered. This will primarily be dependent on the number of packages
damaged in the crash against the water, and the degree of damage tc each package.

When determining the package failure fractions it is assumed that roughly the same forces are
encountered for a crash in water as for a crash on land. Theoretical analyses made of the impact
velocity hardness of different targets show that water has a relative hardness in between a soft
and a hard soil. The potentially positive effect of a lower probability for hard obstacles when
crashing in a lake has not been considered.

In the considered scenario the crash is assumed to take place in Lake Mälaren a relatively
shallow lake, with an average depth of 12.5 meters and a maximum depth of 64 meters [SCB,
1984a]. It is thus assumed that there will be no problems in finding the transport packages. The
time before all packages will be recovered has conservatively been set to one month. From
damaged packages material may escape and can either be dissolved in the water or otherwise
dispersed over such a large area that recovery is impossible.

It should also be noted that Lake Mälaren during the period 1931-1960 was in average ice
covered for 116 days in winter [SCB, 1984a].

10.2 Uranium hexafluoride

10.2.1 Number of packages failing and degree of damage

The same damage classes as were defined for a crash on land are applied in case of a crash in a
lake (see Section 4.2.1). Also the total number of packages damaged as well as the distribution
of the damaged packages between the iour damage classes is assumed to be the same.

10.2.2 Release to water

Release to the water will not occur from packages with the inner cylinder intact (classes b) and
d)).

Damage to a cylinder will allow water to enter the cylinder and react with the solid UF,. In case
of a small opening (diameter up to 2-3 cm), it is likely that the opening is plugged by UO2F2
which is formed by the reaction of UF, with water. This will prevent further entry of water and
release of uranium from the cylinder.

Release of uranium from cylinders with openings large enough to allow water to flow around
the solid UF, inside the cylinder or from pieces of solid UF, that might have been totally
liberated from the cylinders have been estimated. The equations used are the same as were used
to estimate the release of uranium to air passing the surface of solid UF, (see section 6.2.2).

The result is shown in Figure 10-1 as the transfer rate of uranium to the water as a function of
the velocity of the water passing the solid UF,. Normal current velocities range from 0.01 to
0.2 m/s. The primary product when solid UF, reacts with liquid water is solid UO2F,. The
reaction also results in low pH near the solid surface which will lead to a relatively high
solubility of uranium in the water close to the surface where the reaction occurs. In the calcula-
tions a solubility of uranium of 1 g/1 was used. The relation between the transfer rate and the
concentration of uranium in the water close to the solid surface is, however, linear. The transfer
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rate for other values of the uranium solubility can then easily be determined from the curves
given in Figure 10-1.

Transfer rate of uranium
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Figure 10-1: Transfer rate of uranium to water as a function of the water velocity.

Three curves are given in Figure 10-1. one representing a flow path length of 2 meters (about
the length of the cylinder) and the other two flow path lengths of 0 5 and 0.1 meter, respecti-
vely. In the interval of current velocities considered the transfer rate in all three cases is below
0.05 g uranium per m1 and second. Assuming that a cylinder is damaged in such a way that half
the cylinder is lost, about 2.5 m2 of the material inside will, be exposed to water. In this case
about 10 kg of uranium (less than 1% of the total content in the cylinder) is dissolved within 24
hours after the occurrence of the accident, and it will take more than half a year before the total
content in the cylinder is dissolved.

10.2.3 Quantification of source term

The amount of uranium released to the water during one month will be in the order of 300 kg
from a package in damage class a), and about 60 kg from a package in damage class c). No
release will occur from packages in damage classes b) and c) since the cylinder in these cases
are intact. The resulting source term for Scenario 1 will then be 360 - 780 kg U. hi Scenario 2
only damage class d) is represented and consequently the source term will be zero.

The source term for UF, release to water is mainly dependent on the assumptions made
regarding the number of packages with damaged cylinders and size of the opening in the
damaged cylinders. The solubility of uranium is also of importance, but the value applied in the
calculations are most probably correct within one order of magnitude.
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10.3 Uranium dioxide powder

10.3.1 Number of packages failing and degree of damage

The behavior of the packages with UOj-powder in a crash occurring in a lake is similar to thai
of a crash on land. However, in this case the fire scenario is not considered and thus the two
damage cases d) ana e) will be excluded. The remaining three damage classes are:

a) Total failure of the external package and the internal package uncovered. The lid of the
internal package opens. Powder is released to water.

b) Deformation of the external package and the internal package, forcing powder out
through the gap.

c) Deformation of the package creating gaps in the package. Water enters into the inner
package. The package sinks and after the package has reached the bottom 10% of the
UOz-powder is released.

The same distribution of packages in these damage classes as in the case with a crash on land is
assumed. Since the damage classes d) and e) are excluded 70% of the packages fail in a
Scenario 1 accident and 7% in a Scenario 2 accident.

The packages in damage class e), where both the external and internal package remains intact,
will most likely not sink. The tare weight of the outer packaging is 95 kg and the weight of the
shipped uranium will depend on the degree of enrichment of :"U. With a 4% enrichment a total
amount of 51.4 kg UOrpowder is allowed. At a lower enrichment, 2.7%, 89 kg can be shipped
in one container. Thus, the total weight of the package, including the inner packages, will be
less than 200 kg, and since, the volume of the drum is 213 1. it will float.

10.3.2 Amount of material released from package

For the two damage classes a) and b) the fraction of the materia! leaving the package will be
the same as in the case with release to air. The release fractions used for release to air were 1.0
for damage class a) and 0.2 for damage class b). The same release fractions can be used here
since the amount released depends only on the forces experienced at the impact and not on the
surface impacted on. It is further assumed that the release of powder occuu close to the water
surface and that the powder slowly will settle to the lake bottom.

If UOj-powder is released near the lake surface it will only slowly settle towards the lake
bottom. The sedimentating particle will also be transported horizontally due to currents. If the
horizontal velocity is large compared to the vertical sedimentation velocity the powder may be
spread over a large area before it reaches the bottom. The sedimentation velocity can be
estimated using Stokes' law, see Section 3.3.3. The median particle sire of the UO.-particles is
10 nm. Such a particle has a sedimentation velocity of 0.2 cm/s. This can be compared with
normal current velocities which range from 1 cm/s to 200 cm/s. Thus the vertical velocity is
1000 to 5 times lower than the horizontal velocity and it can be expected that powder released
near the surface will be dispersed over a large area. As a consequence of this it can not be
ascertained that recovery of the powder car» be made.

In the case of damage class c) the powder may also flow out of the damaged container.
However, the difference is that water can also enter into the container, and thus change the flow
properties JF the UOj-powder. The inflow of water is assumed to hinder any release of powder
before the package has sunken to the lake bottom. When the package reaches the lake bottom a
release of 10% of the powder content is assumed. Although, the release occurs on the bottom
and may not be spread over a larger area it is assumed that the powder can not be recovered.
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10.3.3 Quantification of source term

The source term defined as the amount of material released and not recoverable will be 44 kg U
per package in damage class a) and 8.8 kg U per package in damage class b). For damage class
c) 4.4 kg U per package is assumed to be released. The source term for the scenarios is
obtained by multiplying these values with number of packages expected in each damage class.
The resulting source term is 3400 kg U for Scenario 1 and 340 kg U for Scenario 2.

The source term of UO2-powder released to water is mainly governed by the assumption made
regarding the number of packages in each damage class. The assumption that no material is
recovered when released from a package also has a great importance to the source term.

10.4 Uranium dioxide fuel

The solubility of uranium under conditions prevailing in a lake is estimated to be less than
1 fig/1. Because of this low solubility, the amount of uranium released to the water during four
weeks from ruptured Zircaloy rods is foreseen to be so small as to be negligible. The source
term for UO2 fuel to water is therefore set 13 zero.

10.5 MTR-fuel

Since MTR-fuel elements are stable in water, the source term for release to water is zero.
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11. DISPERSION IN WATER

In this chapter a very lough me hod for the estimation of the concentration of uranium in a lake
will be presented.

It is assumed that the accident occurs in connection with a landing at vusterts airport and the
aircraft crashes in the Västerås bay (Västeråsfjärden). The Västerås bay has a water area of
52 tan2, a volume of 3.210* m3 and an average depth of 7 meters [VBB, 1982]. The bay is
used as a water supply for the city of Västerås. The currents in the bay are mainly wind driven
and are estimated to give a complete mixing of the water volume in 2 to 4 weeks.

The bay is separated from the rest of the Lake Mälaren by a string of islands and thresholds,
which gives a relatively low rate of water exchange. The average residence time is 7 months.

Based on the assumption that the mixing time is relatively short a simple compartment model
can be made of the bay. An initial amount, Qo, of uranium is released to the bay. This amount
will exponentially decrease due to the water exchange with the rest of Lake Mälaren. The
concentratioti an then be derived by:

C(t) = - £

where:

C
t
Qo
V
X

- concentration
= time
= source term
= water volume
= 1/residence time

[kg/m3]
[a]
[kg]
[m3]
fa-'l

The uranium released into the Västerås bay will be transported out to the greater bays of Lake
Mälaren. The water concentrations in these parts will be considerably lower than in the Västerås
bay.

The entire Lake Mälaren has an area of 1140 kmJ a volume of 1.431010 m3. The average
residence time is roughly 2 years.

This simple model does not take into consideration any interaction between the lake water mass
and the bottom sediment. Solved contaminants may sorb on suspended particles in the lake
water. The particles will subsequently sediment to the lake bottom. This will lead to a decreased
water concentration, but leads on the other hand to a remaining contamination of uranium in the
bay. However, considering the small amounts released this is deemed to be of minor importance.
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12. WATER CONCENTRATIONS

The source term for dispersion in water, previously presented in Chapter 10, is summarized in
Table 12-1. In case of an accident where the cargo consists of MTR-fuel or UO2-fuel the release
of uranium that can not be recovered is foreseen to be negligible.

The uranium concentration that material released from damaged packages containing UF, or UO2-
powder will give rise to have been estimated according to the method described in Chapter 11.
The accident is assumed to occur in the Västerås bay, and the calculated uranium concentration
in the water at different times after the accident is given in Table 12-2.

12.1 Uranium hexafluoride

Assuming that complete mixing of the water in the bay is obtained within four weeks from the
accident, a Scenario 1 accident with UF, packages will result in a uranium concentration at that
time that is in the order of 0.5 - 1 jig/1 in the water in the bay. Before complete mixing occurs,
higher concentrations can be obtained in the water near the accident site. An upper limit is,
however, given by the solubility of uranium which is about 1 mg/1 under conditions normally
prevailing in a lake. In the immediate surrounding of a failed package the conceatration can be
as high as 1 g/1 because of the low pH created by the hydrolysis of UF«. The pH will increase
with distance from the failed package, and since the uranium solubility is decreasing with
increasing pH it is likely that parts of the uranium dissolved will precipitate during the
dispersion from the damaged package. The concentrations given in Table 12-2 are based on a
source term obtained assuming the high solubility near the surface, but without considering any
precipitation during the dispersion process. The values are therefore conservative.

Table 12-1: Amount of uranium released to water during 1 week after the occurrence of
the ac idem, [kg].

Material

UF.

UO,-powder

UO2-fuel

MTR-fuel

Table 12-2:

Time

2 weeks

1 month

6 months

1 year

10 years

Scenario 1

360-

3400

0

0

780

Uranium concentrations in
after the occurrence of the

UF,

0.5 -

1.0 -

0.5 -

0.2 -

4 10]

Scenario

10

2.1

1.0

0.4
1

I

Scenario 2

0

340

0

0

the water in the
accident, [ug/1].

I
UOj-powder

10

9.2

4.5

1.9

4 101

Västerås bay at differe

Scenario 2
UO,-powder

1.0

0.92

0.45

0.19

4 1OJ
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12.2 Uranium dioxide powder

The source term given in Table 12-1 for UO2-powder is based on the assumption that powder
released from the package at the crash with the water surface will only slowiy settle to the
bottom. Thus, the released powder may be spread over a large area before it settles to the
bottom. In this case it is not certain that a recovery operation can be made.

The model used to estimate the water concentration assumes that all uranium is solved in the
water and that a complete mixing is made. However, UO2 has a low solubility in lake water
(approximately 1 Hg/1) and the dissolution is slow. The U02-powder dispersed on the lake
bottom may thus be covered by newly sedimented material before it is dissolved. The redox
potential is often low in lake sediments. A low redox potential will give a decreased solubility
of the uranium dioxide. Considering these assumptions it can be stated that the uranium
concentrations given in Table 12-2 are conservative values.



96

13. CHEMICAL CONSEQUENCES

Transportation accidents leading to release of uranium do not only give rise to radiological
consequences but also to chemical consequences. These are both acute effects due to inhalation
of hydrogen fluoride formed in the hydrolysis of UF4, and chronic effects due to the intake of
uranium. An estimation of the biological effects of exposure to these components for the
different accident scenarios is beyond the scope of this project. The estimation of the chemical
consequences is restricted to a comparison of the estimated concentrations with toxicity data and
existing threshold limit values acute effects.

13.1 Hydrogen fluoride

Hydrogen fluoride is a highly reactive suostance with a pungent smell. It is extremely irritating
to the eyes, skin and mucous membranes In Sweden, the Threshold Limit Value for hydrogen
fluoride in air is 2 ppm (1.7 mg/m3) for exposure times up to 15 minutes [Arbetarskydds-
nämnden, 1987]. Data of toxic concentrations in air was compiled by Thomas [1978], and the
most probable values were derived. Those are given in Table 13-1. For exposure times of 0.5 to
60 minutes a lethal level of 53000 mgHF min/m3 has been reported by Just [1984]. This value is
considerably higher than the values given by Thomas (Table 13-1). Physiological effects of HF
vapor reported by Beattie et al. [1978] are given in Table 13-2.

Table 13-1: Toxicity data for hydrogen fluoride [Thomas, 1978]

Concentration [mgHF/m3]

Detection by smell 1

Maximum permissible concentration 2.5

for 8 hours exposure

Respiratory discomfort 25

Lethal concentration:
Exposure > 1 hour 40
Exposure 5 min 400
Exposure 1 min 1500

Table 13-2: Physiological effects on man [Beattie et a!., 1978]

Concentration [mgHF/m1]

Tolerable for several minutes. Mild 25
irritation of eyes and nose.
Immediate sour taste. Irritation of 50
eyes and nose.
"Maximum tolerable exposure" 1 minute. 100
Sour taste, irritation of eyes and nose,
smarting of the skin.

In a Scenario 1 accident without fire a continuous concentration of 94 to 280 mg/mJ HF is
obtained 100 meters from the accident site in the wind direction (see Section 8.4). This is well
above the detection limit and it is very likely that persons exposed would immediately try to
escape from the cloud. At 1000 meters from the accident site the concentration has decreased to
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about 20 mg/m3, and a concentration of 2 mg/m3 is obtained approximately 2000 meters from
the accident site.

In the fire cases the maximum hydrogen fluoride concentration during the fire period is obtained
at approximately 2000 meters from the accident site due to the thermal plume rise. A constant
value of about 10 mg/m3 is maintained mosi ot the time, but the explosive rupture of cylinders
can result in peak concentrations up to 130 mg/m*. During a short period immediately after the
fire has burnt out, concentrations of 500 to 1400 mg/m3 can be obtained 100 meters from the
accident site. After a couple of minutes the concentration is, however, reduced to about 6 0 - 1 8 0
mg/m3.

For a Scenario 2 accident, explosive rupture of cylinders may occur in case of a 60 minute long
fire. This will lead to a maximum hydrogen fluoride concentration of about 60 mg/m: at 2000
meters from the accident site during a couple of minutes.

13.2 Uranium

Uranium is chemically toxic only in the soluble hexavalent state. Uranyl compounds such as
UO2F2 are c'assified as soluble, whereas the oxides UOZ, UO3, and U,O, are classified as
relatively insoluble. Also the insoluble species may slowly dissolve in the body fluids [Wren et
al. 1987]. Uranium inhaled or ingested is transported to the kidney by the blood. A large
proportion is excreted in the urine, but significant quantities will be retained in tf t kidney.

Air concentrations

No Limit Value for uranium in air exists in Sweden. In USA a Threshold Limit Value vf

0.2 mg/m3 of insoluble uranium and 0.05 mg/m3 of soluble uranium in air is applied (ACGIH.
1988]. Limit Values for occupational short period exposures given by Northswcrthy et al. [1978J
are presented in Table 13-3. Health effects levels reported by Just [1984] are given in Table 13-
4.

Table 13-3: Limit Values for occupational short period exposures [Noithswoithv et al
1978].

Duration Uranium concentration Total dose
[mg/W] [mg]

10 days 0.2 20

10 hours 1.0 10

1 hour 4 0 5

0J hour 6 0 1



Mild health

Renal injury

Lethal, 10%

Lethal, 50%

effects

level

level

650

1250

14000

35000
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Table 13-4: Health effect levels for uranium air concentrations [Just. 1984].

Integral air concentration, [mgUmin/nV]

exp. time S 30 min exp. time = 60 min

390

750

14000

35000

In this study only the release of hexavalent uranium to the air will be considered. This will
occur in case of an accident involving uranium hexafluoride. In a Scenario 1 accident without
fire, the uranium concentration is estimated to be in the order of 200 to 600 mg/m3 at a distance
of 100 meters downwind the accident site. At 1000 meters distance the concentration has
decreased to about 10 to 30 mg/m3, and at 2000 meters from the accident site a concentration of
1 to 3 mg/m3 is obtained.

In accidents involving fire, the highest urcniura concentration during the fire period is obtained
approximately 2000 meters from the accident site. This concentration will be around 5 to IS
mg/m1. Due to explosive rupture of cylinders, peak concentrations of about 100 to 200 mg/m3

with a duration of a couple of minutes are estimated. After the fire period the concentration will
be higher at shorter distances from the accident site. Concentrations of about 1000 to 3000
mg/m3 is obtained 100 meters from the accident site immediately after the fire has ended. After
a couple of minutes the concentration will decrease to about 40-120 mg/m3.

In a Scenario 2 accident, uranium will be released only in the case with a 60 minutes fire. The
release occurs from cylinders that rupture explosively and results in a maximum uranium
concentration 2000 meters downwind the accident site of 100 mg/m3 during a couple of minutes.

Water concentrations

The natural concentration of uranium in various aquifers in Sweden has been measured [Aastrup,
1981] and was found to vary between 0.1 to 40 ^g/l with a median value of 0.5 ug/1. The
uranium content in community drinking water supplies in the United States range from 0.01 to
1000 jig/1, with a median value of 0.2-0.7 ng/1 [Wrenn et al., 1987).

A limit for uranium in drinking water of 100 ng/l is recommended by a US Environmental
Protection Agency (USEPA) committee [Wrenn et al., 1987]. A no-effect level of 6000 |ig/l and
a Threshold level of 18000 fig/1 of uranium in drinking water for inducing kidney damage by
chronic ingestion (30 days to two years) has been given by Wrenn et al. [1987].

An aircraft accident in the Västerås bay in the Lake Mälaren will contaminate the water supply
for the city of Västerås. The maximum uranium concentration in the water resulting from a
Scenario 1 accident with uranium hexafluoride has been calculated to be 1 to 2 )ig/l. The
corresponding value for an accident involving uranium dioxide powder is in the order of 10 ug/1
(Table 12-2). These values lies within the above given range for natural uranium concentrations
in water, and below the limit recommended by USEPA.



14. DOSE FROM SHORT TERM EXPOSURE

In this chapter the radiological effects of the short tenn exposure directly after the accident are
given in terms of maximum dose for the defined accident scenarios. The meaning of the
different doses calculated are as follows:

Organ dose, which here is the committed dose equivalent to the organ receiving the highest
dose. A committed dose is the dose integrated over the 50 years after intake of radioactive
material into the body.

Effective dose, which here is the sum of weighted values of the mean committed dose equivalent
in the different organs or tissues receiving dose. The weighting is based on the proportion of the
stochastic risk resulting from the organ or tissue considered to the total risk, when the whole
body is irradiated uniformly.

External dose, which here is the dose equivalent from external uniform irradiation or the whole
body.

Collective dose, which here is the integrated product of the total dose and number of individuab
living in an area which ha? a time-integrated uranium concentration larger than a certain value
(see below>. The total dose is the sum of the effective dose and the external dose.

14.1 Exposure pathways and input data

The main acute exposure pathways are via inhalation of aerosolized material and through
external exposure from aerosolized material. Both these pathways are dependent on the accumu-
lated concentration that affects a person during the passage of a contaminated cloud, i.e. the
time-integrated concentrations. When estimating the maximum individual dose the maximum
time-integrated concentration is used (Section 8.3), and the calculation of the collective dose is
based on the integral concentration (Section 8.4).

The resulting dose is dependent on the isotope concentration of the uranium material. For all
materials, the nuclide content representative for virgin uranium has been used. An enrichment of
5% is assumed for uranium hexafluoride, uranium dioxide powder and uranium dioxide fuel,
with an activity content according to a new standard proposed by ASTM [1989] (see Table
14-1). For the MTR-fuel, with an enrichment of 20%, the activity content given in Table 14-1
has been assigned [Saltvedt, 1989].

Table 14-1: Activity content in virgin uranium, [Bq/kgU]

Nuclide \J¥,, UO,-powder, UO,-ruel MTR-ftiel
5% enrichment 20% enrichment

U-234 1.16-10' 2.3210'

U-235 4.0010* 1.5910'

U-236 1.2010s 2.8810*

U-238 1.1810' 9.9110*



14.1.1 Inhalation of aerosolized material

To calculate the dose from inhalation of aerosolized material committed dose equivalents per
intake of unit activity from inhalation according to ICRP 30 [198OJ have been used. These are
given in Taole 14-2.

Uranium released from an accident involving uranium hexafluoride is soluble and belongs to
inhalation class D, while uranium released from the o'ner materials belongs to inhalation class Y.
Considering nuclide content and inhalation class, dose conversion factors for respective material
based on the amount of uranium inhaled have been calculated. Those are given in Table 14-3.
Furthermore, a breathing rate of 62 m'/day has been assumed in the calculations of the dose to a
critical individual. This is a value given by Snyder et al. [ICRP 23, 1974] for conditions of
heavy- work. A lower value, 28 mVday, has been used in the calculations of the collective dose.

When calculating maximum collective dose, the area which has a unit time-integrated concentra-
tion larger than 10~* s/m3 has been considered. This corresponds to a maximum distance from the
accident site of about 130 km in case of neutral atmospheric conditions, and to a maximum
distance of about 450 km for stable atmospheric conditions. The population density in the
affected area is in the main case assumed to be 50 inhabitants/km1. This is in the same order as
the population density of the counties of Södermanland and Västmanland [SCB, 1984b]. To
simulate an accident occurring near a more densely build-up area, calculations have also been
performed assuming a population density of 1000 inhabitants/km2 in the area extending up to 10
km from the accident site and 50 inhabitants/km2 at distances longer than 10 km from the
accident site.

Table 14-2: Committed dose equivalents per intake of unit activity by inhalation, [Sv/Bq]

Nuclide Class organ dose effective dose

U-234 D
Y

U-235 D
Y

U-236 D
Y

U-238 D
Y

1.1 10' bone surface
3.010' lungs

1.0 10' bone surface
2.8 10- lungs

1.0-10"5 bone surface
2.8-KT lungs

9.8-10^ bone surface
2.6- 10J lungs

7.2-10-7

3 6 1 0 '

6.6-107

3.3-10"'

6.910*
3.4 10'

6.410'
3.2 10'

Table 14-3: Dose conversion factors for inhalation, [Sv/kgU]

Material organ dose effective dose

UF, 1.43 103 bone surface

UO,-powder and 3.92 10* lungs
UO,-niel

MTR-ftiel 7.74-10* lungs
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4.69-101

9.29-105

14.1.2 External exposure from aerosolized material

Dose conversion factors according to Svensson [1979] have been used to estimate the external
exposure from the cloud. These factors include the contribution from daughter nuclides and are
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given in Table 144. Calculated conversion factors based on the amount uranium are given in
Table 14-5 for tfce different materials.

Table 14-4.

Nuclide

U-234

U-235

U-238

Material

Dose converion factors for external exposure from the cloud

Dose conversion factor [Sv/BqJ-fm'/s]

4.010"17

7 6-ia1*

Table 14-5: External dose, conversion factors based on the amount of uranium in the
cloud

Dose conversion factor [SvflcgU][m7s]

UF,

UO,-powder

UOj-fuel

MTRfuel

5.4-ia*

5.4 ta*

5.4-1a1

i s i(rT

14.2 Maximum individual dose

14.2.1 Public

In the calculations of the maximum dose to an individual in the public the shortest distance
from the accident site considered is 100 meters. In an accident without fire the maximum
concentration will be obtained at this distance. It is assumed that any individual at this short
distance from the accident site will escape from the plume within 15 minutes from the occur-
rence of the accident

The estimated maximum dose to an individual due to inhalation and due to external exposure
from the cloud for an accident with UF, and UO2-powder in case of no fire is given in Table
14-6. The table shows that the dose from external exposure from the cloud is negligible
compared to the dose from inhalation of aerosolized material for both materials. The highest
dose is obtained in case of an accident with UO2-powder. This dose is not very sensitive to the
assumed exposure *ime because the dominating part of the airborne material is released
instantaneously when the packages hit the ground. The dose obtained in case of an accident
involving UF, is, however, directly proportional to the assumed exposure time. An exposure time
of 5 minutes instead of 15 minutes will result in a three times lower dose.

The organ dose and the effective dose from the accidents involving fire are presented in Figures
14-1 to 14-4. Two different individual doses are given. The first is to a person located at the
place where the maximum concentration during the fire period is obtained. This person is
assumed to be exposed during 2 hours. The other dose given is that to a person spending the
first 5 minutes after the end of the fire at a distance of 100 meters downwind the accident site.
The dose by external exposure from the cloud is also for the fire cases negligible compared to
the dose by inhalation of the aerosolized material.



exposure during the first 5 minutes after the fire to the concentration prevailing 100 meters from
the accident site gives a higher dose than exposure during 2 *iours at a distance of 2000 meters
or 7600 meters from the accident site for all materials involved in a Scenario 1 accident. The
explanation to this is the combinatiot of a continued release from damaged packages after the
fire has ended and a diminishing thermal plume liic.

Table 14-6: Maximum dose from inhalation and from external exposure to in individual
in an accident without fire. Exposure during 15 minutes at a distance of 100
meter from the accident site.

Scenario 1

UF.

UO,-powder

Scenario 2

UO,-powder

Atmosph.
cond.

neutral
stable

neutral
stable

neutral
stable

Inhalation
organ'

200 - 450
420 - 890

16000
31000

1600
3100

dose. [mSv]
effective

14- 29
27 - 58

1900
3800

190
380

Dose from external
exposure, [mSv]

1.1 1O5 - 2.3 10'
2.2 10' - 4.71O5

2.9 1O1

6.0-1OJ

2.9-10*
5.910*

1 Bone surface for UF, and lungs for UO2-powder

In an accident involving UF, (Figure 14-1). the heat stored in the UF«-packages determines the
release several minutes after the end of the fire. Because more material is left in the packages at
the end of a 20 minutes long fire, the heat content and thereby the release rate after the fire is
higher compared to the case with a 60 minutes long fire. The accident with a 20 minutes long
fire will thus give the highest dose to a person at 100 meters distance. The maximum effective
dose for this case is estimated to be in the order of 20 - 50 mSv. Exposure during 2 hours at
the longer distances will result in about 10 times lower effective dose.

In a Scenario 2 accident an explosive rupture of a cylinder is causing the release. This instan-
taneous release will be lifted by the thermal plume and will thus only affect persons located at
longer distances from the accident site.

For UOj-powder (Figure 14-2), the effective dose at a distance of 100 meters from the accident
site for a Scenario 1 accident is estimated to be in the order of 2f - 50 mSv independent of the
duration of the fire. The effective dose at long distances is estimated to be about 3 - 1 0 mSv. A
Scenario 2 accident will result in a dose that is 10 times lower than the corresponding dose
from a Scenario 1 accident.

The duration of the fire is important to the dose in case of an accident with UO2-fuel (Figure
14-3). The maximum dose is obtained from exposure at 100 meters distance immediately after
the end of a 60 minutes long fire. For a Scenario 1 accident, the effective dose in this case is
estimated to be in the order of 50 - 100 mSv. The corresponding effective dose at long distance
is estimated to 3 - 10 mSv. The Scenario 2 accidents will result in considerably lower doses.

An accident involving MTR-fuel will give rise to an effective dose at short distance in the order
of 8 to 20 mSv (Figure 14-4). The corresponding dose at longer distances is estimated to be
about 0.5 to 2 mSv.

The amount of uranium inhaled by an individual has also been estimated to provide a check of
the calculated doses. For uranium hexafluoride the maximum effective inhalation dose of 58 mSv
corresponds to the inhalation of 0.62 g of uranium. In the case of UOj-powder the maximum
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effective inhalation dose is 3800 mSv. corresponding to the inhalation of 0.79 g of uranium.
These values are higher than the Limit Values for occupational short period exposures according
to Table 13-3.

14.2.2 Personnel on the aircraft

A rough estimation cf the dose to personnel ou the aircraft has been made. Only the dose by
inhalation of aerosolized material is considered since the contribution by external exposure from
the aerosolized material is negligible.

In an accident involving fire, personnel will have to escape from the location of the fire within
2 to 3 minutes from the start of the fire. After longer times the temperature will be too high for
any person to survive [FMV, 1988]. The estimated dose for the fire cases is therefore based on
exposure during the first three minutes after the accident occurrence. The results are given in
Table 14-7.

Fire accidents with UF« will give a release during the first 3 minutes from packages in damage
class a) and c). However, the contribution from packages in damage class c) is negligible. From
the mean value of the release rate during the lime period and the upward directed air flow
caused by the fire, a concenMtion of 0.4 - 0.7 gU/m3 in the plume is obtained. Exposure to this
concentration during 3 minutes will give rise to an effective dose of about 5 - 9 mSv (Table
14-7).

In an accident with UO3-powder a major release is assumed to occur when the packages hit the
ground. The effective dose from this instantaneous release together with the following continuous
release in case of fire is estimated to be about 380 mSv. The corresponding dose for accidents
with UOj-fuel and MTR-fuel has been estimated to 22 and 3.6 mSv, respectively (see Table
14-7).

Any personnel located outside the fire will most probably not be exposed to airborne material as
long as the fire is burning.

Table 14-7: Dose by inhalation to personnel on the aircraft in case of an accident
involving fire.

Material organ dose" [mSv] effective dose [mSv]

5 - 9

380

22

3.6

" bone surface for UF4, lungs for the other materials

For the accidents without a fire it is assumed that the personnel is exposed to a cloud with a
concentration of airborne material obtained 2 meters downwind a package with the most severe
damage. The estimated dose for an accident with UF« for different exposure times is given in
Table 14-8. For an accident with UO;-powder, the instantaneous release when a package in
damage class a) hits the ground will give rise to an organ dose (lung) which is estimated to
5900 mSv. The corresponding effective dose is about 700 mSv. The dose from the following
continuous release is given in Table 14 8.

UF.

UO,-powder

UOrfoel

MTR-fuel

74 - 130

3100

200

36
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In order io obtain an effective dose of 580 mSv from inhalation of UF, (Table 14-8). 6.2 2 of
uranium has to be inhaled. The estimated HF concentration at 2 meters from a damaged package
containing UF, is 7000 mg/m3. In the case of UO,-powder a 10 minute exposure may give rise
to an effective dose of 1050 raSv (700+350), corresponding to the inhalation of 0.2 g of
uranium. The values indicate that chemical toxicity also is important in these cases (see Chapter
13). It should, however, be noted that these estimates are based on a number of conservative
assumptions. The exposed person is assumed to remain at a short distance downwind a damaged
package for a period of several minutes.

Accidents with UO2-fuel and MTR-fue! where fire not is involved will not give rise to any dose
since no material is released to the air in those cases.

Table 14-8: Dose by inhalation to personnel on the aircraft in an accident without fire.

Material Exp. tune [min] organ dose" [mSv] effective dose [mSv]

UF.
continuous 1 880 :>8

10 8800 580
UOrpowder
instantaneous 5900 700
continuous 1 310 35

10 3100 350

" bone surface for UF,t lungs for UO,-powder

14.2.3 Rescue personnel

During a rescue operation the participating personnel will come close to the burning aircraft.
However, the rescue personnel will ?jiive some minutes after the accident has occurred and will
thereby not be exposed to the immediate release of uranium, e.g. in the case of UOrpowder.
They can also reduce the exposure by choosing a suitable approach. For example vehicles are
normally placed upwind of the burning aircraft. This increases the range of the fire extinguisher
and prevents the disturbance by smoke. Consideration should also be taken to the terrain and the
location of the aircraft body [FMV. 1988J.

The fire extinction starts with a massive application of extinction agent to get the fire under
control. This is preferentially done with powder canons or foam canons [FMV, 1988]. A powder
canon has a range of 25-40 meters and a foam canon a range of 50-70 meters [FMV, 1988].
Thui the rescue personnel can remain at some distance from the aircraft in the critical initial
phase. After the fire is under control the final extinction can be made with hand carried
extinguishers.

The rescue personnel are thus not exposed to inhalation of uranium or hydrogen fluoride in the
same degree as the personnel on the airplane. In the case of a fire the thermal lift and the
position upwind from the accident will give very low concentrations. Thus, the individual dose
to the rescue personnel are expected to be very small.

However, a ground level release after the extinction of the fire may cause a risk for rescue
personnel in exposed positions. It is here assumed that the persons will not remain in the
exposed position for a longer period than a minute. The organ dose obtained in this case will be
in the same order as that obtained by an individual at 100 meters from the accident site in the
fire scenarios, presented in Figures 14-1 to 14-4.

The application of extinction fluid can be expected to reduce the aerosolization of UO2-powdcr,
but may lead to hydrolysis of UF,. The covering of the exposed UF, surface by UO,F2 and fire
extinction fluid can on the other hand be expected to hinder the release of hydrogen fluoride. If
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a fire has not started the same effects will be obtained since fire extinction fluids will most
likely be applied for preventive purposes.

A risk is also connected with the sudden rupture of overheated UF,-cylinders. It has been
estimated that rupture will not occur before 15 minutes in case of a UFa-cylinder fully exposed
to a fire. Thus, in case of an accident close to an airport, the rescue personnel will have a good
possibility to extinguish the fire before any risk of rupture appears. However, a risk for sudden
rupture during the rescue work exist in the case of accidents where an extensive fire has been
burning some time before the rescue team reaches the accident site.

14J Collective dose

The estimated collective dose resulting from accidents with the different materials is given in
Figures 14-5 to 14-8. In the calculation of this dose no consideration has been taken to the
protection from the contaminated air that people inside buildings normally will obtain. Dose
reduction factors for inhalation in the protected situation have been compiled by Brown [1988],
and were found to range from 0.1 to 0.5. The dose values given in the figures should then be 2
to 10 times lower if all individuals were indoors during the time the air is contaminated.

For an accident with UF6, a 60 minute fire following the crash will give the highest collective
dose (Figure 14-5). In case of neutral atmospheric conditions, the population density near the
accident site is more important than if stable atmospheric conditions prevail. The maximum dose
is obtained for stable atmospheric conditions and is estimated to be about 30-35 manSv with the
assumed values of the population density. In case of an accident without fire, the population
density becomes more important for both neutral and stable atmospheric conditions.

In case of an accident with UO2-powder, the scenario without any fire will result in the highest
collective dose if the accident occurs near a more densely build-up area (Figure 14-6). For stable
atmospheric conditions this value is estimated to about 160 manSv, and for neutral atmospheric
conditions to 15 manSv. If, however, the crash occurs in a less densely populated area, an
accident involving a 60 minutes long fire will give the highest dose. The estimated dose for this
case is about 100 manSv for stable atmospheric conditions and 3 manSv for neutral atmospheric
conditions.

A Scenario 1 accident with a transport of UOj-fuel occurring near a more densely populated
area, followed by a 60 minute fire, gives the most severe consequences (Figure 14-7). The
estimated collective dose in this case is about 110 manSv for stable atmospheric conditions and
about 11 raanSv in case of neutral atmospheric conditions. The corresponding values for an
accident occurring in the less densely populated area are 76 and 2.4 manSv, respectively.

For an accident with MTR-fuel, the collective dose will be about 10 to 20 manSv if stable
atmospheric conditions prevail (Figure 14-8). Under these circumstances the population density
near the accident site is less important. For neutral atmospheric conditions the population density
near the accident site is more important. A crash in a more densely populated area gives a dose
in the order of 2 manSv compared to about 0.5 manSv if the area near the accident site is less
densely populated.
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15. DOSE FROM LONG TERM EXPOSURE

In this chapter the radiological effects of long term exposure are given for the defined accident
scenarios. The meaning of the different doses calculated are as follows:

Effective dose rate, which here is the effective dose (defined in chapter 14) per year of intake
and external exposure.

Collective dose rate, which here is the integrated product of effective dose rate and number of
individuals living in an area ranging up to 100 km from the accident site.

Collective dose commitment, which here is the collective dose rate integrated over 500 years.

15.1 Exposure pathways and input data

Material dispersed in connection with an accident on land will subsequently deposit on the
ground. This ground contamination can affect man in the long term by several ways. The
exposure pathways considered in this study are schematically presented in Figure 15-1.

Source aeroso-
lization

Air

deposition resuspension

lingestion

Meat/Milk

Soil Plants Cattle

percolation

Groundwater Well • nqestion

EXPOSURE PATHWAYS

Figure 15-1: Schematic presentation of the exposure pathways considered.

People in the contaminated area will be externally exposed to irradiation from the activity
deposited on the ground. Another way of exposure is by inhalation of contaminated soil panicles
»suspended in the air. Radionuclides will also be transferred to man via consumption of crops
grown on the contaminated area as well as via intake of meat and milk from cattle grazing in
this area. Furthermore, man can be exposed through intake of water that is contaminated by
radionuclides transported to the groundwater from the ground by downward percolating rain
water.
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In the calculation of the maximum effective dose rate from an accident occurring on land, the
maximum ground contamination level has conservatively been used. This contamination level is
for all cases obtained 100 meters from the accident site (see Chapter 9). The collective dose rate
is based on the amount of material deposited within 100 km from die accident site. Furthermore,
in the calculations of the collective dose rate from external exposure and inhalation of resuspend-
ed material a population density of 50 inhabitants/km1 has been applied.

For the case with an accident in Lake Mälaren only the dose from intake of contaminated water
has been calculated. Man can also receive dose by intake of contaminated fish from the lake. A
rough estimate of the effective dose rate to an individual via this pathway has been made.

The effective dose rate from an accident occurring in Lake Mälaren is based on the maximum
concentration obtained (see Chapter 12). Because the water concentration has decreased to very
low values within a year from the accident, the collective dose rate has not been calculated. The
collective dose commitment is calculated with the assumption that the lake is used as a water
supply for 110000 persons, which is the number of inhabitants in the city of Västerås.

Uranium inhaled or ingested by man or animal is in all cases assumed to be in the hexavalent
state (soluble). This is judged to be a reasonable assumption since uranium in a lower oxidation
state in time will be-oxidized in contact with superficial water or air.

The radionuclide concentration on the ground will change in time due to radioactive decay,
leaching by downward percolating rainwater and loss by wind erosion, water erosion and
bioturbation. Here, leaching by rain water totally dominates, which results in a decrease in
ground concentration with time. The estimated concentration of the uranium isotopes at different
times after the accident relative the initial concentration level is given in Table 15-1. The
calculations are described in Appendix B.

Also, the effect of daughter nuclides have been studied. It was found that the removal rate from
the soil was faster than the production of daughters from radioactive chain decay of uranium
within the studied 500 year period. The contribution to the dose from daughter nuclides can
therefore be neglected.

Table 15-1: Relative ground concentration of uranium a», different times after deposition

Time, [a]

Relative cone
lejm'yig/m1]

0

1

1

0.97

10

0.76

30

0.43

100

0.006

300

2.3 10-

500

8.7ia7

15.1.1 External exposure from ground contamination

The external exposure from ground contamination has been calculatea using unit dose rates from
Svensson [1979]. These dose rates from the uranium isotopes are presented in Table 15-2
together with calculated effective dose rates 1 year after the accident for an initial ground
contamination of 1 gU/m3.
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Table 15-2- Unit effective dose equivalent rates from Svensson [1979] and calculated
effective dose rates 1 year after the accident for an initial ground contamina-
tion of 1 gU/m2

NucKde Unit dose rate
[Sv/aMBq/m1]

Total

Dose rate 1 year after deposition. [Sv/a]/[gU/m2]
5% enrichment 20% enrichment

U-238

U-235

U-234

5.4-10-1*

5.7 10*

1.9 la"

6.1 10*

2.2 10'

2.2 10*

5.2IO4

8.S ia5

4.3 10*

3.1 10» 9.8 i

13.1.2 Inhalation of resuspended material

In the calculations of the dose rate from inhalation of resuspended material, the committed
effective dose equivalent per intake of unit activity by inhalation according to ICRP 30,
previously presented in Table 14-2. were used. The concentration of resuspended particles in the
air was set to 5 10' g/m3 [BIOMOVS. 1989], and a breathing rate of 28 m'/day was assumed.
The calculated effective dose rate, 1 year after the accident, for an initial ground contamination
of 1 gU/m2 is given in Table 15-3.

Table 15-3: Effective dose rate from inhalation of resuspended material, 1 year after the
accident, for an initial ground contamination of 1 gU/mJ

Nuclide
5% enrichment

Effective dose rate, fSv/a]/[gU/ml]
20% ennchmer

U-238

U-236

U-235

U-234

9.4 10'

1.0 10'

3.3 10'

l.o-lO"7

7.9 10'

2.5 10*

1.3 104

2.1 10'

Total 1.2 2.310 '

15.1.3 Intake of food produced on contaminated soil

To predict dose due to food consumption the radionuclide transfer from the ground via the
different food chains has to be calculated (see Figure 15-1). The calculations and input data used
are described in more detail in Appendix B.

The uptake in crops is assumed ro occur only from the soil. Direct deposition to crop surfaces is
not included in the calculation of the long term effects since that would require a dynamic
model and detailed information about the time of the year of the accident and of the agricultural
practices in the area to be considered. A rough estimate of the effects of direct deposition on
crops has, however, been made in terms of areas requiring special actions if the accident occurs
during harvest time. This is presented in Chapter 16.

The concentration in plants has been estimated by the soil to plant concentration ratios given in
Appendix B. Man is assumed to consume cereals, green vegetables, root vegetables and fruit
produced on contaminated area. In the calculations of the concentration in animal products only
milk and beef has been considered. The applied distribution factors to milk and meat are given
in Appendix B.



U-238

U-236

U-235

U-234

3.1 10*

3.310'

1.1-10*

3.4 10'

When calculating the intake by man. the average diet based on Swedish agricultural statistics
during the years 1977-1981 was used [Bergström and Wilkens. 1983]. In addition to food it was
also assumed that man consumes 0.1 kg soil per year inadvertently.

Committed effective dose equivalents per intake of unit activity by ingestion [ICRP 30. 1980]
were used in the calculations. The calculated effective dose rates by intake of food, 1 year after
the accident, for an initial ground contamination of 1 gU/m1, are presented in Table 15-4 for the
uranium isotopes. These nuclides dominates the dose, and the major pathway is through
consumption of meat and milk (see Appendix B).

Table 15-4: Effective dose rates. 1 year after the accident, for an initial ground
contamination of 1 gU/m'

Nuclide Dose rates per unit time, [Sv/a]/[gU/.n']
5% enrichment 20% enrichment

2.510*

7.810'

4.4 10*

6.7 10*

Total 3.8 10' 7.5 10s

The collective dose rate is based on the amount of food that can be produced in the con-
taminated area. The land use of the counties of Västmanland, Stockholm and Södermanland
[SCB, 1982] were applied to derive a land use pattern. Crop yields were taken from Bergström
and Wilkens [1983]. These values are given in Appendix B.

15.1.4 Intake of contaminated water

The radiological consequences of an accident occurring in the Lake Mälaren has been estimated
by calculating the effective dose rate from intake of contaminated water. The dose rate for a
water concentration of 1 mgU/mJ is given in Table 15-5. These values are calculated from the
committed effective dose equivalents per intake of unit activity according to ICRP 30 and
assuming a water intake of 0.44 mVa. Only the uranium isotopes have been considered since the
contribution from daughter nuclides is negligible.

Table 15-3: Effective dose rate for a water concentration of 1 mgU/m' and a v.ater
intake of 0.44 m'/year.

Nuclide Effective dose rate, [Sv/a]/lmgU/m']
5% enrichment 20% enrichment

U-238

U-236

U-235

U-234

3.3 10'

3.5-10*

1.2 10'

3.610*

2.7 10'

8.51O*

4.810'

7.210*

Total 4.1 10* 8.010*

Uranium deposited on the ground from an accident occurring on land, will be transported down
into the soil and will eventually reach the groundwater. Polluted groundwater may be used as
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drinking water and thus give rise to dose to man. The transport of uranium through the soil is a
complicated process influenced by different hydrological and chemical mechanisms. Here, only a
very simplified analysis has been made of the dose obtained by drinking water from a con-
taminated shallow well.

The assumptions used in the calculation are:

a person drinks 0.44 m'/a from the well
the groundwater is taken from a level 2 meters below the surface
all water reaching the well percolates through a soil with a uniform contamination of
uranium in the soil
the soil above the groundwater level has a porosity of 0.5 and an average saturation
degree of 0.5

A contamination level of 1 gU/m: will in this case give a concentration in the well of 2 Bq/1.
This gives an effective dose rate of 0.06 mSv per year to an individual. The travel time for the
uranium to the well is expected to be in the order of hundred years.

It should be noted that the assumptions used are conservative and that this should be seen as a
bounding calculation.

15.2 Maximum individual dose

15.2.1 Accidents on land

The calculated maximum effective dose rate to an individual by external exposure *rom the
ground, inhalation of resuspended particles and intake of food produced on contaminateo soil for
the different accident scenarios is given in Figures 15-2 to 15-5. The dose is determined for a
person living in an area with a ground contamination level estimated for a distance of 100 meter
from the accident site. 1 year after the accident. The person also consumes food produced on the
same area. The values should therefore be conservative. Dose from intake of contaminated water
is not included in the values given. The dose rate at longer times after the accident will be
lower, and the decrease is proportional to the decrease of uranium concentration on the ground
(given in Table 15-1) up to 100 years after the accident.

Since the time distribution of the dose from intake of contaminated food and from inhalation of
resuspended particles may be different from that due to external exposure from the ground it is
probably not quite consistent to add the contribution from each pathway to a total dose. This
has, however, been made. The relative contribution from the pathways considered is given by the
unit dose rates presented in Tables 15-2 to 15-4. The dose from external exposure represents
about 45% of the total dose, and the dose from intake of contaminated food 55% of the total
dose. The dose from inhalation of resuspended panicles contributes with less than 0.5%. The
dose from inhalation may be underestimated since large uncertainties is included in the value of
the resuspended particle concentration used in the calculations. This entity has, however, to be
several orders cf magnitude higher than the value used here in order to significantly increase the
total dose. Values reported by Bjunnan et al. [1987] indicate 20 to 50 times higher »suspension.

For an accident with UF, the maximum dose is obtained in case of no fire and neutral atmos-
pheric conditions (Figure 15-2). The effective dose rate, 1 year after the accident, for this case
has been estimated to 240 nSv/a for a Scenario 1 accident. In case of a fire following the
accident 3 to 10 times lower values are expected. The lower dose in the fire cases is due to (he
thermal plume lift during the fire, spreading the released material over larger areas.

The effect of an accident involving UO2-powder will be similar (Figure 15-3). The maximum
effective dose rate is, however, estimated to be somewhat lower. In case of no fire and neutral
atmospheric conditions the estimated effective dose rate is 50 nSv/a for a Scenario 1 accident. A
Scenario 2 accident results in a 10 times lower value.



119

Accidents without fire involving UO2-fuel or MTR-fuel will not result in any release of
radioactive material. The estimated maximum effective dose rate for the fire cases is for UO2-
fuel about 10 jiSv/a (Figure 15-4), and for MTR-fuel less than 1 uSv/a (Figure 15-5).

A conservative estimate of the dose from intake of contaminated water will result in an effective
dose rate that is approximately as high as the above given values. The dose from intake of
contaminated water is, however, not received before about a hundred years after the accident.

15.2.2 Accidents in a lake

If an accident occurs in a lake, contamination of the water is assumed to occur only if the cargo
contains UF, or UO,-powder (see chapter 10). The effective dose rate to an individual drinking
this contaminated water is given in Table 15-6.

The effective dose rate from intake of contaminated fish has been estimated to be about 70 % of
the dose rate from intake of contaminated water. This estimate is based on a yearly consumption
of fish of 30 kg, and a concentration factor for uranium to fish of 10 I/kg fresh weight.

Table 15-6: Maximum individual effective dose rate for an accident in Lake Mälaren

Material Maximum individual dose, [uSv/a]
Scenario 1 Scenario 2

UF, 4.1-8.6 0

UCVpowder 41 4.1

15.3 Collective dose

15.3.1 Accidents on land

The calculated collective dose rate, 1 year after the accident, and the collective dose commit-
ment, are presented in Figures 15-6 to 15-9. The dose by intake of contaminated water is not
included. The area considered ranges up to 100 km from the accident site.

With the assumption of a population density of 50 inhabitants/km2, the contribution to the dose
from intake of contaminated food is about 67% and from external exposure from the ground
about 33%. The dose by inhalation of resuspended particles contributes less than 0.5%.

The dose from an accident with UF, will be highest in case of a fire following the crash under
stable atmospheric conditions (Figure 15-6). The collective dose rate, 1 year after the accident, is
for this ca^e estimated to be about 0.004 manSv/a for a Scenario 1 accident. The corresponding
collective dose commitment will be about 0.1 manSv. hi case of neutral atmospheric conditions
the dose will be reduced with at most a factor of about 2. The duration of the Fire is not
important if stable atmospheric conditions prevail. A fire with a shorter duration during neutral
atmospheric conditions will, however, result in a lower dose.

An accident with UOi-powder involving fire will also give the highest dose (Figure 15-7). The
collective dose rate, 1 year after a Scenario 1 accident involving a 60 minutes long fire, is
estimated to about 0.0005 manSv/a if stable atmospheric conditions prevails when the accident
occurs, and about 0.0002 rpanSv/a for neutral atmospheric conditions. The corresponding
collective dose commitment is about 0.02 and 0.007 manSv, respectively. A Scenario 2 accident
will give 10 times lower dose.
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The highest collective dose rate from an accident with UO2-fuel is estimated to 0.0004 manSv/a
(Figure 15-8). This is obtained for the case with a 60 minutes long fire following the crash
occurring under stable atmospheric conditions. For this case, the collective dose commitment is
estimated to be about 0.02 manSv.

The effect of fire duration and weather conditions on the dose from an accident with MTR-fuel
will be similar to the previously presented (Figure 15-9). The magnitude of the dose is, however.
smaller. The highest collective dose rate is estimated to be about 0.0001 manSv/a, and the
collective dose commitment 0.004 manSv.

15.3.2 Accidents in a lake

The estimated collective dose commitment, resulting from an accident occurring in a lake (Lake
Mälaren) is given in Table 15-7. It is assumed that 110000 individuals use the lake as a water
supply and that no purification of the water is made before intake.

Table 15-7: Collective dose commitment as a result of an accident in Lake Mälaren

Material Dose commitment, [manSvJ
Scenario 1 Scenario 2

UF.

UO,-powder

0.26-0.55

2.6

0

0.26
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16, DECONTAMINATION AND RECOVERY ACTIONS

16.1 Decontamination of rural areas

The methodology to be used for decontamination .rf rural land will depend on the contamination
level and the site where the accident occurs Othc. Important factors will be land use, type of
vegetation, type of soil, topography, population density and time of year when the accident
occurs. Since these parameters are not known, it is only possible to give very general remarks
on the available options, their practical implications and the obtained radiological doses.

The methods generally used for decontamination are:

removal of contaminated surface layers
deep plowing to place a contaminated surface layer below the root zone of plants
removal of contaminated vegetation

Also other methods have been tested for removal of activity such as chemical decontamination,
the use of plants with strong selective uptake, and physical separation of radionuclides from the
soil.

No predefined intervention level expressed in ground contamination does presently exist. Instead
intervention levels in general terms are expressed in dose. However, the actual decisions of
intervention will in practice be based on local and seasonal circumstances, and on measurements
and assessment made in the environment after the accident [IAEA, 1985b]. In this section an
estimate of areas where decontamination actions may prove to be necessary will be made based
on the results of the previous sections.

In Chapter 9 a distinction is made between three cases:

1. material released from the package and spread out on the ground in immediate
connection to the package

2. aerosolized material which is dispersed over large areas before it is deposited

3. material which initially is airborne, but deposits closer than 100 meters from the
location of the accident

In Cases 1 and 3 the estimated amounts of uranium involved are presented, but no contamina-
tion levels since it was deemed difficult to assess how the uranium was spread in the vicinity of
the accident site.

16.1.1 Decontamination of the accident site

In case of accidents involving UO2-powder and UO2-fuel, considerable amounts of material will
be deposited near the accident site. Cases 1 and 3 above. In the case of UO2-powder the amount
is estimated to be 2600 - 3600 kgU for a Scenario 1 accident, and 260 - 360 kgU in a Scenario
2 accident. For an accident with UO2-fuel the amounts are 90 - 250 kgU and 10 - 14 kgU,
respectively. For an accident with UO2-fuel also fuel pellets may be spread in the vicinity of
the accident site.

The area affected by direct deposition of uranium is estimated to be 100 - 1000 m]. In the case
of accidents with UO2-powder or UO2-fuel, large amounts of uranium will be deposited in this
area and the contamination levels will be high, up to several kgU per ml. In this area it is
assumed that decontamination is made by removing the excess uranium on the soil cover and the
upper 10 cm of the top soil. The volumes removed will be relatively small, 10 - 100 m\ The
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average contamination in this top soil may be very high and it is possible that recovery of
uranium from the contaminated soil can be made.

In the case of UF, and MTR-fuel smaller amounts of uranium ( 3 - 1 0 kgU) are expected to
deposit in the vicinity of the accident site. However, removal of the top soil may prove to be
necessary.

It has been assumed that actions are taken to prevent aerosolization within two hours of the
accident. During the removal of the contaminated top soil care must be taken to reduce the
aerosolization during the handling procedure. The airborne release from handling and manipula-
tion of contaminated soil has been measured by pumping soil into an air stream [Sutter, 1980].
It was found that the fraction of soil airborne could be expressed as a linear function of the
wind speed. At a wind speed of 5 m/s a maximum airborne fraction of about 7% is obtained.
However, when handling large amounts of soil only a part will be subjected to the wind. As an
example, Sutter assumes that 10% of the soil dumped from a truck will be affected by the wind.
If the same assumption is used for the removing of the contaminated soil in case of a Scenario
1 accident with UO,-powder. an airborne release of 20 kg uranium is obtained. This corresponds
to 20% of the continuous release in case of an accident without fire. It should be noted that this
value will be a maximum value and that wind entrainment can be reduced by appropriate
actions.

16.1.2 Decontamination of surrounding areas

For Case 2, in which uranium is dispersed and later deposited o«i the ground and contaminates
large areas, the uranium contamination levels are calculated with the atmospheric dispersion
model. The results are presented in Chapter 9 as maximum contamination levels and area with a
contamination level greater than 0.3 gU/m2. This level will result in a committed dose equivalent
of 0.02 mSv/a one year after the accident to the maximum affected individual, according to the
dose calculations made in Chapter 15. Although this value is five times lower than the presently
used intervention level, it will be used in this report as the limit for when contamination is
needed. The reason for this safety margin is the uncertainty in the time of year for occurrence of
the accident. There is also considerable uncertainty in the dose calculations, especially in the
calculation of dose from inhalation of resuspended materials.

The maximum contamination level calculated with the dispersion model is 3.5 gU/m2 obtained at
100 meters distance from the location of an accident with UF, without any fire. Using the
individual dose factors from Chapter 15 a maximum effective dose equivalent of 0.24 mSv/a is
obtained one year after the release.

The maximum area, 0.8 - 2.2 ha, contaminated at a level higher than 0.3 gU/m1 is obtained in
the case of an accident with UF, with no fire assuming a stable atmosphere. If neutral atmos-
pheric conditions prevail a smaller area, 0.5 - 1 ha, will be affected.

Roughly half of the dose comes from the consumption of meat and dairy products from cattle
grazing on contaminated land. Thus some reductions in dose can be achieved by restrictions of
land use in the contaminated area. However, contaminated soil will continue to contribute to the
dose until the contamination is washed-out. Therefore decontamination may prove advantageous.

Deep plowing will remove activity from the root zone to deeper soil layers and will thus reduce
the dose by ingestion of food produced on contaminated land and the dose obtained from
external radiation. Also the long term effect of dose from inhalation of resuspended material will
be reduced, although the actual plowing may lead to a temporary increase in the resuspension.

It should be noted that deep plowing will not be a completely effective procedure, part of the
uranium will remain in the root zone. Furthermore, deep plowing will not prevent the contamina-
tion of groundwater supplies. On the contrary, the transfer to the groundwater can be accelerated.
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16.1.3 Restrictions on food consumption

The maximum individual doses from ingestion presented in Section 15.2.1 are based on the
assumption that the soil is contaminated with uranium that subsequently is taken up by plants.
However, in the case the accident occurs during the vegetation period uranium will deposit on
the plant surfaces and can thus either be directly transferred to man or via cattle to meat or
dairy products.

The radiological effect of this direct deposition has been assessed assuming that the food is
harvested and consumed directly after contamination. The contamination level of 0.3 gU/m2

would in this case give high doses to maximum affected individuals. In case the accident occurs
some time before harvest the contamination levels will be xluced. Reported half-lives on plants
are between 3 and 30 days [Simmonds and Crick, 1982]. Also, the subsequent treatment of the
food will reduce the contamination level, e.g. the grinding of grain to flour.

This study will be limited to estimating the size of the areas where special attention has to be
given to contamination of food by direct deposition if an accident occurs directly before the time
of harvest. This area is defined as the area where a committed effective dose equivalent greater
than 0.1 mSv is obtained if the annual food consumption is produced on newly contaminated
land. In practice the doses may be reduced by various practical measures or restrictions.

Two limiting accidents have been studied: a Scenario 1 accident with UF, involving a fire, and a
Scenario 1 accident with UF, without a fire. In the first accident the greatest total release of
uranium is expected, and in the latter the highest ground level contamination. In Table 16-1 the
total ground deposition level resulting in a committed effective dose equivalent greater than O.I
mSv if the annual food consumption is taken from the contaminated land is presented. Further-
more, the area with a deposition level exceeding this values is shown for the two chosen type
accidents.

iable 16-1: Total ground deposition level resulting in a committed
effective dose equivalent greater than 0.1 mSv if the
annual food consumption is taken from the contaminated
land, and effected area in the case of a Scenario 1
accident with UF, with a 60 minute fire and without a
fire.

Deposition level Area affected [ha]

[mgU/m2] Fire 60 min No fire

3000

60

500

The year after the accident, the contamination is assumed to be transferred to the soil. In this
case the dose from ingestion of contaminated food may be calculated according to the methods
used in Chapter 15. The resulting doses will in the subsequent year be considerably lower than
those obtained from directly contaminated food.

16.2 Recovery of lost packages

In the estimation of the source term to water (Chapter 10) it has been assumed that damaged
transport packages sinking to the bottom can be recovered within a month. It is further assumed

Cereals/
Vegetables

Milk

Meat

0.29

8.8

1.4

4400

450

5800
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that the uranium dioxide powder that escapes from the package can not be recovered, since it
may distributed over large areas of the lake bottom.

It should be noted that undamaged packages for UO,-powder will float on the surface. The same
will also be the case for the transport packages for UO2-fuel. as long as the outer package is
intact. The MTR-packages, however, are perforated and will probably sink, even if they are
undamaged.

The largest radiological problem is expected to be caused by the recovery of severely damaged
UF.-packages. In this case precautions must be taken against the reiease of UO:F, or hydrogen
fluoride.
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17. DISCUSSION

This chapter contains a discussion of how the assumptions used and input data affect the results
obtained. The most severe radiological consequences of an accident involving a uranium
transportiiig airplane is the exposure from inhalation of uranium released in connection with the
accident. Thus, the discussion below will focus on this topic.

17.1 General

An airplane accident is unique regarding location of the accident, impact velocity, impact angle,
amount of aviation fuel remaining etc. Since it is not possible to look at all combinations of
circumstances, two accident scenarios have been defined, one representing a more severe
accident. Scenario 1, and one a less severe. Scenario 2. For both scenarios the effect of fires
with different duration has also been estimated. These accident scenarios are defined with the
intention of evaluating the consequences of severe accidents and not because they are more
probable than others.

Some of the combinations of transported uranium material and accident conditions studied, will
give negligible release of material available for dispersion to the surroundings. These combina-
tions were not studied further. The cases that were not further studied are those involving
uranium dioxide fuel and MTR-fuel, when the crash occurs on land without a fire starting, or in
water.

Number of packages failing

The source term, defined as the amount of material released from packages damaged in the
accident, is dependent on the number of packages damaged, but also on the type of damage. No
specific information regarding the behavior of uranium transport packages involved in airplane
accidents have been found. It has therefore been necessary to postulate the number of packages
damaged and the type of damage obtained on the package. For each material type, a number of
damage classes are defined. The purpose is to cover a wide range of possible modes of release
from damaged packages and to identify the type of damage that will give the most severe
consequences. A major uncertainty will be introduced in the definition of the damage classes and
also in the assumed number of packages belonging to a certain damage class. A conservative
approach has therefore been applied. The importance of the different damage classes on the
estimated inhalation doses are discussed below separately for each material.

Amount transported

For low enrichment uranium an amount of 15 to 20 tonnes is assumed to be transported in a
single shipment. It should be noted that the actual shipments normally involve smaller amounts
of uranium. In general the UO2-powder and UOi-fuel shipments consist of only a few tonnes.
For NfTR-fuel the maximum amount considered for a single shipment has been used in the
calculations.

If the fraction of packages damaged is assumed to be independent of the number of packages in
the transport, the consequences of an accident will be proportional to the amount of uranium
transported in the crashing airplane. Inertial crush by other packages may be an increasing
problem if a large number of packages are shipped, and would thus enlarge the consequences of
an accident with a large shipment. However, the actual shipment arrangements, such as position
of cargo in the airplane or the nature of other cargo present, as well as the actual crash
condition will probably be of greater importance. Since these are not analyzed in this study it is
not possible to draw any definite conclusions on the effect of the shipped amount.
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Enrichment

A ^U enrichment of 5% was assumed for the UF,, the UOrpowder. and the UO,-fuel. This
corresponds to the maximum enrichment used at present in Sweden. During the enrichment
processes also the fraction of the isotope 2MU will increase. Since this isotope will give rise to
the largest dose both from inhalation and ingestion, the value used for the enrichment will have
an effect on the result. The influence is roughly proportional to the degree of enrichment.

Recycled uranium

Due to contamination of the enrichment facilities low concentrations of the isotope n iU may be
present also in non-recycled uranium. In proposed standards of the American Society for Testing
and Materials, ASTM, a limit value of 0.1 ppb is given [ASTM, 1989]. The presence of 0.1 ppb
m U would increase the inhalation dose to bone surface from soluble uranium (UF,) by 9% and
the inhalation dose to lung from insoluble uranium (UO2 fuel, and powder) by 0.5%.

Recycled uranium may contain up to 50 ppb of DIU according to the proposed ASTM specifica-
tion (ASTM, 1989). At present recycled uranium is not used for reactor fuel fabrication in
Sweden. However, it may be used in the future. Calculations made within the present study of
the possible effect of an accident with recycled uranium indicate an increase of the inhalation
doses with a factor of 40 for soluble uranium and a factor of 6 for insoluble uranium. The
crib'cality risk is not higher with a fuel comprising recycled uranium compared to a fuel
containing virgin uranium.

17.2 Release to air

Atmospheric dispersion modelling

In the atmospheric dispersion modelling an inherent uncertainty will be introduced due to the
fact that the actual weather situation or the location of the accident is not known. This uncer-
tainty in input data justifies the use of a rather general model such as the Gaussian plume
model.

The parameter study made in order to assess the effect of varying weather conditions shows that
the long-range concentrations affecting large areas and thereby giving rise to a collective dose is
most sensitive to weather conditions such as atmospheric stability and wind speed. If stable
atmospheric conditions are assumed to prevail the collective dose will roughly be 30 times
higher than under neutral atmospheric conditions. This is due to a smaller vertical dispersion in
the stable case. Thus, high level concentrations will affect a larger area under stable atmospheric
conditions.

The maximum concentration obtained at short range, used to estimate the dose to an individual,
is less sensitive to the weather conditions. Instead the effective release height will be the
dominating parameter. In the case of fire accidents the lifting of the contaminant plume by
thermal effects is taken into account by as tuning an effective release hight. Different methods
have been used to estimate the plume rise, however, due to the large uncertainties involved low
values for the effective release height caused by thermal plume rise were conservatively chosen.
A release height of 100 meters was used for neutral atmospheric conditions and for stable
conditions a value of 50 meters.

Deposition

The collective dose will be sensitive to the chosen deposition rate, especially if a stable
atmosphere is assumed. With a higher deposition rate a reduced collective dose will be obtained
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due to depletion of the plume. The ground level contamination is directly determined by the
deposition rate. In the case of an accident during rainfall a decrease of the inhalation dose will
be obtained, but on the other hand the ground contamination levels will increase.

Exposure time and distance

Also in the dose calculations a number of important parameters can not be known in advance
for an accident situation, e.g. exposure time and distance from the accident site.

In the calculations of dose to an individual from the public a minimum distance of 100 meters
downwind from the accident was chosen. It is not considered likely that a person would remain
closer than this for more than a short period of time in case of a severe accident For personnel
on the aircraft and for rescue personnel the exposure distance may be shorter than 100 meters.
However, due to the difficulty in calculating air concentrations at distances closer than 100
meters only very rough estimates have been made.

At distances longer than 100 meters the concentration is calculated using the release from all
damaged packages, i.e. a point source is used in the dispersion calculations. This will result in
an overestimated concentration, since the damaged packages may be spread over a large area.
When estimating the dose to personnel at shorter distance: the spreading of the damaged
packages have been considered, but the area has been conservatively estimated.

The maximum dose obtained during the fire period is calculated at the distance where the
highest concentrations are obtained, i.e. at a distance of a few kilometers.

The exposure time of an individual at a distance of 100 meters is assumed to be 15 minutes
directly after the accident and 5 minutes for the ground level release after the end of the fire.
The assumed exposure time will have an effect only for the continuous forms of release, e.g.
UF«. in the case of UO,-powder the major part of the release will be in the form of a puff
giving high concentrations for a period less than a minute, thus an increase of the exposure time
would only give a minor effect on the dose. At longer distances the population is assumed to
be exposed to a two hour release. After that time actions to prevent further release could be
taken. The limitation of the release time to two hours will have an effect mainly on the
aerosolization of spilled powder.

Population density

The collective dose w»U be directly proportional to the population density if a uniform distribu-
tion is assumed. The effect of a non-uniform population density on the collective dose will
depend on the atmospneric stability. As a base case neutral atmospheric condition are assumed to
prevail and a uniform population distribution of 50 inhabitants/km2 was used. If the accident is
assumed to occur in a more densely populated area (1000 inhabitants/km1 closer than 10 km
from the accident site), the collective dose will increase. The part released at ground level
becomes more important and the elevated release becomes less important This will decrease the
effect of the fire duration.

If stable atmospheric conditions are assumed to prevail, the effect of a higher population density
at the accident site is less pronounced. The increase of the collective dose will depend on the
distribution between ground level and elevated release, and will thus be material specific.

Area considered

A cut-off concentration is used when calculating the integral concentration so that the collective
dose is only considered in an area stretching out 130 km from the accident site for the neutral
atmosphere and 450 km in case of a stable atmosphere. The highest individual doses at the cut-
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off limit will occur in case of a Scenario 1 accident with UO2-powder, giving a committed
effective dose equivalent of 15 nSv. This cut-off will tend to exaggerate the importance of the
atmospheric stability giving an overestimation of the dose in case of a stable atmosphere. The
assumption also implies that the atmospheric conditions will remain stable for a period of several
days, which is highly unlikely. On the other hand a considerable fraction of the released material
will remain in the plume when the cut-off is made, 93% in case of a neutral atmosphere and
50% in case of a stable atmosphere. This fraction is not considered in the collective dose
calculations, since it is difficult to estimate the exposed population. A conservative estimate of
the effect from the entire release assuming neutral atmospheric conditions would give a
collective dose less than the reported values for a stable atmosphere. For a stable atmosphere
twice the reported values would be obtained considering the entire release. However, this would
require stable atmospheric conditions to prevail for an unrealistic long period of time over a
large area.

Other parameters

When estimating the dose due to inhalation, dose conversion factors for particles with a mean
aerodynamic diameter cf 1 \ua have been used. The particle diameter of the oxidized UO2-fuel
or UO2-powder is expected to be in that range. In the case of release of UOj-powder without a
fire particles of a larger size is expected, which would result in a lower dose to the lung.

Another parameter which may influence the results of the dose calculations is the breathing rate.
In the calculations a higher breathing rate corresponding to heavy work have been used for the
calculation of inhalation dose to an individual. In the estimation of the collective dose a two
times lower breathing rate has been used based on the assumption that a part of the larger
population will be involved in lighter activity or resting.

Uranium hexafluoride

In the case of a Scenario 1 accident with uranium hexafluoride the highest dose to an individual
is obtained if the crash is not followed by a fire, with an effective dose of 29 mSv in case of
neutral atmospheric conditions and 58 mSv for stable atmospheric conditions. The individual will
then be exposed to a plume of hydrolyzed UF( which has been vaporized from packages with a
damaged inner cylinder. The assumption that an individual remains at a distance of 100 meters
from the accident site for a period of 15 minutes is a conservative assumption since the
individual also will be exposed to intolerably high concentrations of hydrogen fluoride. Thus it
is highly probable that the person will escape from the plume within a shorter time.

A major uncertainty in the source term lies in the number of packages assumed to belong to
damage classes a) and c), where the inner cylinder is assumed to be damaged. The release rate
to the air will be proportional to the area of the opening in the inner cylinder, which also
introduces a significant uncertainty. The major part of the release (80%) will be due to packages
in damage class a), which have the largest openings. Other important effects are temperature,
wind speed and the length of the flow path around the solid.

In the case of a fire occurring, the highest individual doses are obtained close to the accident
site at the end of the fire period. It is almost entirely due to the UF,-packages of damage class
c): the protective overpack is partly damaged and a minor opening has formed in the inner
cylinder. During the fire period the UF, in these packages will vaporize and be released as gas.
However, the thermal plume lift caused by the fire will reduce the air concentrations obtained at
ground level. After the end of the fire both the release rate and the thermal plume lift will
diminish, but it is expected that the heat stored in the UF,-packages can give a continued high
release several minutes after the end of the Tire. Since the thermal plume lift may diminish
quickly, this release could give high air concentrations at ground level during a time of several
minutes. Higher doses are obtained after a 20 minute fire compared to the 60 minute fire, since
more UF, will remain in the cylinder when the fire stops, an effective dose of 22 tnSv and 3.8
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mSv, respectively, for neutral atmospheric conditions. Stable atmospheric conditions will result in
about two times higher doses.

Since these doses are entirely due .0 lise release from packages in one damage class, c), the
number of packages assigned to that i&nage class becomes very important. The actual degree of
damage assumed wiii also influence tbe result. If less damage is assumed on the overpack the
release rate and the resulting concentration will be lower. Only if there is UF, left in the
cylinder at the time tbe fire is ended, will an overpack damaged more than assumed for damage
class c), give a higher concenrration. The size of the danage on the inner cylinder is not so
important, unless the opening is e^treraely small and a critical pressure may develop during a
long fire. This would, however, correspond to the damage class d; and result in a lower
concentration at 100 inters from the accident site.

The UF,-packages which rupture due to pressure build-up, damage classes b) and d), may give
rise to short peaks of high concentration at distances of a few kilometers from the accident site.

The collective doses obtained from inhalation are dependent on the total amount of UF, released.
Thus the highest doses will be obtained in the case of a 60 minute fire with a collective dose
roughly 5 times that of an accident without fire (1 manSv and 0.2 manSv respectively). If the
accident is assumed to occur in a more densely populated area (1000 inhabitants/km1 closer than
10 km), the part of the uranium hexafluoride released at ground level will be more important.
The collective dose will increase by a factor 4 to 9, but the effect of the fire duration will be
reduced.

If stable atmospheric conditions £ue assumed the major part of the collective dose will be
obtained at distances far from the accident site. Thus the influence of the population density near
the accident site will be reduced. A maximum value of 35 manSv is obtained for the 60 minute
fire.

In the Scenario 2 accident the only damage class considered is that when the protective overpack
is damaged, but th* inner cylinder is intact, damage class d). Release is assumed to occur due to
rupture caused by internal pressure build-up in case of a 60 minute fire. The individual doses
obtained will have a maximum a few kilometers from the accident site. The collective dose will
be lower than for the Scenario 1 accident (0.3 manSv), due to the smaller source term.

Uranium dioxide powder

The highest individual doses from the release of UO,-powder are obtained in the accident
without fire (effective dose of 1900 mSv and 3800 mSv for neutral and stable atmospheric
conditions, respectively). This is due to the instantaneous release of large amounts of powder
from the severely damaged packages in damage classes 3) and b). Peaks with high concentra-
tions will appear at close range, immediately after the accident. The estimated concentration will
depend strongly on the source term for these two damage classes and the number of packages
assigned to each class. The source term is evaluated from conservative estimates of release
fractions and bounding calculations of aerosolization fractions. Also the number of packages
assigned to each damaged class is judged to be conservative. It is estimated that the uncertainty
in the source term is greater than in the atmospheric dispersion calculations. The initial peak will
affect persons present at the time of the accident but not persons arriving a few minutes after
the crash, for example, rescue personal.

The high initial peak is followed by a lower almost constant concentration caused by the wind
entrainment of UO,-powder spilled from the packages. The amount of material entrained by the
wind depends on the surface and the ». id speed. In the calculation of air concentrations, the
highest value foui.d was chosen. For lower wind speeds and other surfaces, less material will be
aerosolized.



136

A fire in connection with the accident will have a greater effect on the dispersion of the
material than on the source term. The effect of the thermal lift will considerably reduce the
individual dose obtained from the initial release for the cases involving fire. A maximum
effective dose of 26 mSv for neutral and 53 mSv for stable atmospheric conditions will occur at
close range after the end of the fire. This will be due to wind emrainment of spilled material
combined with a diminishing thermal lift.

If a uniform population distribution is assumed, the collective dose will be almost proportional
to the total source term, giving the highest value for the 60 minute fire (3 manSv for neutral
and 99 manSv for stable conditions) and the lowest for the accident with no fire (1.7 manSv for
neutral and 43 manSv for stable conditions). If a higher population density is assumed in the
neighborhood of the accident site the accident without fire will give the highest collective dose
(IS manSv and 160 manSv for neutral and stable atmospheric condition*, respectively).

The source term is a factor of 10 lower for Scenario 2 compared to Scenario 1 for all damage
classes, except f), and consequently all estimated doses are a factor of 10 lower.

Uranium dioxide fuel

The only release scenario considered for UO2-fuel is oxidation to U,O,-powder, which is
subsequently aerosolized by the wind. The source term is largely due to the packages damaged
to such a degree that the fuel rods are broken and fuel pellets liberated, damage class a). The
dose will therefore be strongly dependent on the number of packages assigned to that damage
class, and to the fraction of fuel pellets assumed to be liberated. The value used for the wind
entrainment will also be important as for UO2-powder, see above.

Since the wind entrainment gives a continuous form of release at a low rate, assumed to
continue for two hours after the accident, (he release after the fire period will give the highest
doses. The individual doses will be higher in the case with the 60 minute fire (effective dose
46 mSv for neutral and 97 mSv for stable atmospheric conditions), compared to the 20 minute
fire (17 mSv for neutral and 33 mSv for stable conditions) due to the larger amount of material
oxidized.

The collective dose will also be higher for the fire of longer duration, 2.4 manSv for a 60
minute fire and 0.6 manSv for a 20 minute fire. The collective dose will increase by a factor of
5 to 6 when assuming a higher population density within 10 kilometers of the accident site for
neutral atmospheric conditions. For stable conditions the collective dose will be higher, 17 and
76 manSv for the 20 minute and 60 minute fire, respectively. The effect of higher population
density at the accident site gives an increase by a factor of 1.5 to 2.

In the Scenario 2 accident the source term will be 10 to 20 times lower, due to the smaller
number of packages assumed to be damaged.

MTR-fuel

As for UO2-fuel, the assumed release scenario for MTR-fuel involves oxidation and subsequent
aerosolization through wind entrainment. In a Scenario I accident, lower doses than for UO2-fuel
are obtained due to the small amounts of MTR-fuel in a shipment. With a neutral atmosphere
the effective dose is 8 - 9.7 mSv and the collective dose 0.3 - 0.5 manSv, and with a stable
atmosphere the corresponding values are 16 - 19 mSv and 9.9 - 17 manSv. For MTR-fuel the
same source term was also used in the less severe accident, Scenario 2. This assumption was
made due to the uncertainty in the thermal behavior of the MTR-fuel. Thus, the Scenario 2
accident with MTR-fuel will have large consequences compared to accidents with the other
ma'erials.
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Long-term exposure

The collective dose commitment from long term exposure will be considerably lower than from
the short term exposure (the maximum is 0.14 manSv). The contribution from external exposure
and intake of contaminated food will be roughly equal, while the contribution from inhalation of
resuspended particles will be less than 0.5%.

When estimating the doses obtained from long-term exposure the greatest uncertainty lies in the
estimation of the removal rate from the soil, the concentration factors to plants, and the
distribution factors to milk and meat. Other parameters such as concentration of suspended
particles in the air, consumption patterns and crop yields are uncertain, but will have a minor
effect on the resulting doses.

17.3 Release to water

In case of an accident occurring in Lake Mälaren a maximum collective dose commitment of 2.6
manSv is obtained. Conservative assumptions regarding the recovery of damaged UF, packages
and released U02-powder is made. The time before recovery will be of minor importance
compared to the assumptions made regarding the number of packages damaged and the release
from the damaged packages.

The water concentration is calculated with a simple compartment model, where it is assumed
that the accident occurs in a bay with a relatively small volume and long residence time in order
not to make an underestimation. The model does not consider any interaction with the bottom
sediment, which could reduce the water concentration, but would only reduce the collective dose
commitment if the uranium is permanently buried in the sediment. Furthermore, no separation of
uranium is assumed to occur during the treatment of the drinking water.
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APPENDIX A. ATMOSPHERIC DISPERSION MODEL

Al. Introduction

This appendix contains a description of the models used in the atmospheric dispersion
calculations. The following models will be described:

the plume model, which calculates the time-integrated concentration from continuous
release

the puff model, which calculates the momentary concentration from instantaneous releases

the wet and dry deposition model

the thermal plume lift model

A2. The plume model

The plume model is based on a model derived for the dispersion of radionuclides at short and
medium range by the UK Working Group on Atmospheric Dispersion [Clarke, 1979]. The model
calculates the time integrated concentration at various locations downwind from short-term point
releases. The maximum range for which the model can be applied with reasonable error is 100
km. However, it must be noted that even within this distance considerable error may arise due to
changes in topographical and meteorological conditions. The procedures to handle wet and dry
deposition developed by the UK Working Group on Atmospheric Dispersion [Jones, 1981) have
been incorporated into the model.

Here will first the mathematical formulation of the problem be given. The model have been
incorporated into a FORTRAN program ATMOS3 in order to facilitate the calculations. A short
description of the computer program will be given in Section A8.

For »he estimation of collective dose it is required to know the area affected by a certain time-
integrated concentration. This is done by determining the area between two iso-concentration
curves. This area is estimated by numerical integration in the computer program ISOCTA3. This
program is described in Section A9.

The model assumes that both the vertical and horizontal dispersion can be described by a
Gaussian distribution. The reflection of the plume from the ground is considered by using a
virtual source placed below the ground. During inversion conditions the aerosolized pollutant will
be reflected at the inversion layer. The plume will thus be trapped in the mixing layer between
the ground and the inversion layer. This is considered by using virtual sources also for the
reflection in the inversion layer. However, the number of virtual sources that can be used is
limited and thus for greater distances when the vertical dispersion coefficient is greater than the
depth of the mixing layer a uniform vertical distribution of the pollutant is assumed.

With these considerations the time-integrated concentration is given by:

where:

C * the time-integrated concentration (kgs/m']
x » distance along the mean wind direction [m]
y * distance across ground [m]
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z = distance above ground [m]
Q » t h e amount of pollutant released [kg]
u10 - the wind speed at 10 m above ground [m/s]
a, = the standard deviation of the vertical Gaussian distribution [m]
o* = the standard deviation of the horizontal Gaussian distribution [m]
h = effective release height [m]
A » the depth of the mixing layer [m]

and

• = e x p I - 1 I" (z - h)2 1 I" (2A - z - h ) 2 1J + exp [ ^ J + exp [ ^ - J

(2A-z + h)2l f (2A + z-h) 2 ] [ (2A + z + h)2]

At a certain distance the vertical spread will be so large that the plume is spread over the entire
mixing layer. When the value of the vertical standard deviation a, exceeds tbe depth of the
mixing layer A, the vertical concentration distribution is assumed to be uniform. The time-
integrated concentration is then given by:

( A " 3 )

In case of a constant release rate and otherwise stationary conditions a constant concentration
will develop after a short transient phase. The concentration can be estimated with the same
equations as the time-integrated concentratiou by assigning the release rate in kg/s as the source
term Q.

A3. Puff model

In the case of a instantaneous release the time-integrated concentration can still be estimated
with the plume model provided that the values used for the dispersion factors o r and 0 , are
based on short-time releases. However, in order to calculate the momentary concentration also
the dispersion in the wind direction must be estimated. This is made by using a so called puff
model [Doury; Pasquill, 1974]. The momentary concentration is then given by:

C(W,t) = 7 Q exp[--U(-^-2+ ^ 1]F(hA^) (A-4)
(2it) O,0yO, r L V °« a r J -I

where

o, = the standard deviation in the wind direction

A4. Dispersion parameters

Since all the releases considered in the present report have rather short duration (less than 2
hours), the numerical values chosen for the standard deviations are for a short-term release both
in the plume and in the puff model. The standard deviations taken from Doury are expressed as
a function of travel time. The horizontal dispersion values are given by:

o, = o r = a, = (A , , ^ (A-5)
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and the vertical dispersion by:

- (A ^

where

(A-6)

A,,,A, » horizontal and vertical dispersion parameten (values given in Tables A-1 and A-2).

kj, k, = horizontal and vertical dispersion exponents (values given in Tables A-1 and A-2).

and t is the duration of the transfer of the cloud which is given by:

t = x/u (A-7)

where x is die distance downwind and u is the wind speed.

Table A-1.

Deration of transfer

[s]

0 - 2.40-10»

2.40-101 - 3.28-1O3

3.28-10»- 9.70-10*

9.70-104 - 5.08-105

5.08 10s - 1.30-10*

1.30 10* -

Table A-2.

Duration of transfer

[s]

0 - 2.40-10*

2.40-10* - 9.70-10*

9.70-104 - 5.08 10»

5.08 10» - 1.3010*

1.30-10* -

Dispersion parameters for

\

[m l /k*s'li

0.405

0.135

0.135

0.463

6.50

2.O1O3

A,

[fn l / k-s']

0.42

LOO

20.

20.

20.

20.

Dispersion parameters for

A,

(m -̂s-'ll

0.405

0.135

0.463

6.50

2.010s

A,

0.20

0.20

0.20

0.20

0.20

neutral

k»

[-1

0.859

1.130

1.130

1.000

0.824

0.500

a stable

K
[-1

0.859

1.130

1.000

0.824

0.500

atmosphere [Doury].

K
[-]

0814

(V 685

0.500

0.500

0.500

0.500

atmosphere [Doury].

k,

[-1

0.500

0.500

0.500

0.500

0.500

A5. Dry deposition model

The dry deposition model incorporated is a source depletion model [Jones, 1981]. In this model
a total reduction of air concentration;; at all heights of the plume is assumed.

The mathematical description of the plume depletion is made by replacing the source term Q
with a modified source term Q'(x) given by:
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(A-8)

where

V, = deposition velocity [m/sj
u = wind speed [m/sj

F0(x) is an integral of the average concentration at ground level from the release point to the
point x. While the vertical standard deviation o,(x), is less than the depth of mixing layer A, FD
is defined as:

FD(x) = - (2/K)" I i - { exp [- ^ ] + exp [- < h - ^ ] + (A-9)
0

When a, exceeds A, Fo is given by:

FD(x) = FD(xc) - ^ 3 - (A-10)

where

x« is such that o^x.) = A

The value of Fo is determined by numerical integration in the computer programs ATMOS3 and
IS0CTA3.

In the integration o, must be evaluated for values close to the point of release. Although these
values can not be detennined with any greater accuracy, the effect on the amount deposited is
very small.

A6. Wet deposition

The wet deposition is modelled with the help of a washout coefficient. A, defined as the fraction
of material removed from the plume in unit time. Thus in the case of a continuous rainfall at a
constant rate the removal rate i? given by:

^ = - A Q ' (A-l l )

The depleted source is then given by:

Q' » Q • exp(-At) (A-12)

where:

Q s» the original source [Bq]
A = the washout coefficient [s']
t • travel time [s]
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A7. Thermal plume lift model

A number of plume rise models have been developed for different types of release and different
atmospheric stability. Here the models developed by Briggs will be used as described by
D'Auben and Lawler [1982].

The elevation of the plume due to thermal buoyancy has been evaluated by a combination of
conservation equations and empirical data by the so called "2/3's Law":

Ah = 1.6 F"3 u1 x w (A-13)

where F is ti*~. initial buoyancy flux of plume [rn'/s3] defined as:

F = 3.12Vf(AT/T.) (A-14)

Vf = initial volume flow [m3/s]
AT = temperature difference between release and the atmosphere [K]
T, = temperature of the release [K]

Equation A- gives an infinite rise at long distances which is not realistic. In order to obtain a
finite plume rise the plume rise is terminated by setting a maximum distance to the final rise, x,.
This is defined as:

x( = 3.5x*

where

x* = the distance where atmospheric turbulence begins to dominate over the buoyancy.

x" = 14 F3* for F < 55
x" = 34 F w for F > 55

The "2/3's Law" gives a good approximation for high industrial chimneys. However, for releases
at lower level the mechanical turbulence due to wind shear and surface roughness will be of
importance. A widely used measure of the mechanically produced turbulence is the friction
velocity, u*. Direct measurements are difficult, but under neutral conditions the friction velocity
can be approximated by:

u = (u-k)/ln(h/zo) (A_16)

where

u = the wind speed [m/s]
k = the von Karman constant (0.35 on smooth surfaces, 0.40 on typical ground cover).
h = the height above the ground [m]
Zo = the roughness length of the ground surface fm]

Typical values for the surface roughness is about 1/10 of the height of the surface elements such
as trees, houses, grasses, or crops. The reported values are from a few centimeter for long grass,
0.5 meters for forests, and several meters for built-up areas.

The effect of mechanical turbulence has been added to obtain the "Break-up" model:

Ah = 1.3 F / (uu ' : ) ( l + h/Ah)M
 ( A I 7 )
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where

h, = the release height [m]

The "Break-up" model will generate substantially lower thermal plume lift at higher wind speeds
than the "2/3's Law". However, at low wind speeds the "Break-up" model gives the highest
plume lift. In practice the thermal plume lift is calculated by both methods and the lowest of the
obtained values is used.

A8. The computer code ATMOS3

The computer program ATMOS3 calculates the unit time-integrated concentration at ground level
on the axis of the plume for different distances down wind according to Equation A-l. The o
and o, values are evaluated for neutral and stable conditions by Equations A-S and A-6.

The dry deposition is calculated by Equation A-8 where the integral in FD is solved numerically
by the fMSL subroutine DCADRE.

The wet deposition can also be calculated with Equation A-12.

The input data to ATM0S3 are:

1. Name of file with unit time-integrated concentrations [.DSP] text

2. Name of file with relative amount remaining in plume [DEP] text

3. Name of plotting file. Concentration vs. Distance [.ACD] text

4. Atmospheric stability class [D or F] text

5. Wind speed [m/s] float

6. Height of release point [at] float

7. Dry deposition rate [m/s] float

8. Depth of mixing layer [m] float

9. New run with new parameters [Y/N] text

The output given is:

Unit time-integrated concentration as a function of distance

Fraction of released material remaining in the plume as a function of distance

A9. The computer code ISOCTA3

The computer code ISOCTA3 is basically an extension of ATM0S3. Included in the code is
also the possibility to calculate the size of the areas affected by a time-integrated concentration
higher than a given value, so called iso-dose areas. The code also calculates the integral
concentration as a function of distance.
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The size of the iso-dose areas are estimated by solving the lateral extension of the plume,
variable y, for a given unit time-integrated concentration from Equation A-l. Thus y is obtained
as a function of x. This function is then numerically integrated with the help of the 1MSL
routine DCADRE. The limits of integration, i.e. the extension of the iso-dose area downwind are
calculated with the IMSL routine ZSPOW. The program calculates iso-dose area for a unit
concentration from MO'2 to MO* s/m} in a maximum of 64 steps.

The input data to ISOCTA3 are:

1. Name of iso-dose curve plot file [.ISO] text

2. Name of output file [.OUT] text

3. Name of area file [.ARE] text

4. Name of plotting file [.PAR] text

5. Atmospheric stability class [Dor F] text

6. Wind speed [m/s] float

7. Height of release point [m] float

8. Depth of mixing layer [m] float

9. Dry deposition rate [m/s] float

10. Washout coefficient [1/s] float

11. New run with new parameters [Y/N] text

The output data given are:

For each unit time-integrated concentration is given:

the minimum distance from the source with that concentration (for an elevated release).

the maximum distance from the source with that concentration

the size of the iso-dose area with the error giveG by the integration routine

the integral concentration for that area given as the area times the geometrical mean of the
concentrations delimiting the area.

the sum of the integral concentrations

Furthermore ISOCTA3 gives a file for plotting of the iso-dose areas.
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APPENDIX B: TRANSFER OF RADIONUCLIDES IN TERRESTIAL FOOD CHAINS

Bl. Introduction

Radionuciides deposited on the ground will be transported downwards by percolating rain water.
Plants grown in the affected area will take up nuclides from the soil. Via consumption of crops
and via intake of milk and meat from cattle grazing in the contaminated area, radionuciides are
transferred to man.

This appendix presents how the calculations of the nuclide transfer has been made and the input
data used. The uranium isotopes considered are U-238, U-236, U-235 and U-234. Calculations
have also been performed for Pa-231, daughter to U-235, and Th-230, Ra-226 and Pb-210, for
which U-234 is regarded as parent nuclide since the contribution from decay of U-238 is
negligible.

B2. Soil concentration

The concentration of the uranium isotopes in the soil at different times is described by the
following equation:

dQ/dt « -?wQ Q = Q° at t = 0

The solution to this equation is:

Q(t) = tf-expC-X^-t)

where Q = soil concentration, (g/kg soil]
t = time, [a]
X̂ u = nuclide turnover in the soil, [a1]

The concentration of daughter nuclides in the soil as a function of time is given by:

dCL,/dt - V Q . - W . Q . . .

where subscript n refers to the nuclide immediately before in the decay chain, and K is the
nuclide decay constant. This equation has been numerically solved to give the concentration of
daughter nuclides in the soil at different times.

The nuclide turnover in the soil is dependent on different processes occuring in the soil. The
processesconsidered in this study are radioactive decay, leaching by downward percolating
groundwater and loss by wind erosion, water erosion and bioturbation. The nuclide turnover is
thus given by:

where \ = nuclide decay constant, [a1]
X, = turnover by percolating rain water, [a1]
X», = loss by erosion and bioturbauon, [a1]
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The loss by erosion and bioturbation is nuclide independent and is assumed to be 10"' a1. The

turnover by percolating rain water is given by:

where K = soil water turnover, [a1]
e - water filled porosity in soil, ]
p = bulk density of soil, [kg/ru}]
K* = sorptioo coefficient in soil, [m3/kg]

In the calculations a water filled porosity of 0.40 % was assumed and a bulk density of 1300
kg/m3. The K*-values were chosen based on data reported in the literature [Bergström and
Wilkens, 1983], [Elert et al., 1988], [Nordlinder and Bergström, 1989], and are given below.

Uranium Protactinium Thorium Radium Lead

K, [mVkg] 0.05 10 20 0.5 0.1

The soil water turnover has been estimated based on data on precipitation and evapotranspiration
near the city of Uppsala [W. Johansson, 1973], and assuming a 30 cm deep soil layer. The soil
water turnover was calculated to 4.4 a'.

The calculated nuclide turnover in the soil, Xml, and the contribution from the different processes
considered are given in Table 1. The table shews that leaching by percolating rain water totally
dominates the turnover of the uranium isotopes, while loss by erosion and bioturbation becomes
important for the daughter nuclides. For Pb-210 removal by leaching and radioactive decay
dominates.

Table 1: Nuclide turnover in the soil layer.

Nuclide

U-238

U-236

U-235

U-234

Pa-231

Th-230

Ra-226

Pb-210

Decay

1.54-Iff"

2.90 i.04

9.72- Iff19

2.8M0 4

2.13-10*

9.21 Iff*

4.28-lff4

3.1M0 4

Leaching
K [a']

2.6910*

2.69-10l

2.69-Iff1

2.69-10J

1.3510-

6.77-10"'

2.7110'

1.3510-»

Bioturbation
Aw. [a1]

llff1

1 Iff1

Hff'

1 Iff1

1 Iff'

l l f f '

1 Iff1

1 Iff'

Nuclide turnover
K» [a'l

2.79-IffJ

2.79- Iff*

2.79-Iff1

2.79- 101

1.1610'

1.08 Iff1

4.14 Iff'

4.56- Iff1

The calculated concentration of the nuclides in the soil at different times for an initial
concentration level of 1 gU/m' is given in Table 2. The values for Pb-210 is the same as for
Ra-226 since equilibrium between these two nuclides is assumed. This is a conservative
assumption because the removal rate of Pb-210 from the soil layer is faster than the removal
rate of Ra-226, see Table 1. Table 2 shows that the contribution to the total activity in the soil
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from daughter nuciides is very small during the first hundreds of years. The decrease in total
activity in the soil with time during this period is therefore proportional to the decrease in
activity of the uranium isotopes.

The nuclide concentration integrated over 500 years Is also given in Table 2. The results show
that the contribution from daughter nuciides to the total activity in the soil during 500 years is
very small. The contribution to the dose rates from daughter nuciides will, due to the low
concentrations, be so small as to be negligible, which is shown later in this appendix.

Table 2: Nuclide concentration in the soil at different times after deposition for an
initial concentration of I gU/m3. Enrichment of S or 20%.

Nuclide Nuclide concentration [Bq/m']/[gU/m']
at year

10 30 100 300 500

Integrated
concentration
[Bq a/m'MgU/m']

U-238
5%
20%

U-236
5%
20%

U-235
5%
20%

U-234
5%
20%

Pa-231
5%
20%

Th-230
5%
20%

Ra-226
5%
20%

1.1-10*
9.6 10*

116
2.8-10*

3.9-103

1.5-10*

1.1-10*
2.2-103

8.4 101

0.33

1.0
2.1

and Pb-210'
2.2 10"
4.4-10"

9.010'
7.5-103

91
2.2-103

3.0 103

1.2-10*

8.8 104

1.8 103

0.72
2.9

9.3
19

>
2.1-10"2

4.2-10-'

5.1 103

4.3 101

52
1.2-10*

1.7-10»
6.8 10»

5.0-10*
1.0 10»

1.7
6.7

21
42

0.15
0.30

720
604

7.3
176

244
970

7.1101

1.4-10*

2.6
10

34
67

0.88
1.8

2.7
2.3

2.810"1

0.66

0.92
3.6

27
53

2.2
8.9

29
58

2.2
4.4

1.0-10'
8.6- Iff1

1.0 10"
2.5 10"'

3.5-10'
1.4-la1

0.10
0.20

1.8
7.0

23
46

2.4
4.9

4.2 10»
3.6-10»

4.3-10*
1.0 10"

1.4-10s

5.710*

4.2 10*
8.4-10*

1.110s

4.4 Iff

1.4-10*
2.8-10'

858
1.7 W

Totat
5%
20%

1.2-
2.5-

10»
10s

10-
2.0-

10s

10»
5
1

7-
.1

10*
10»

8.1
1.6-

10»
104

64
130

27
58

4.8-
9.5-

10*
10*

" Pb-210 is assumed to be in equilibrium with Ra-226

B3. Concentration in plants

The nuclide concentration in plants is given by the plant to soil concentration ratio. The
concentration ratio values that have been used are based on values reported by Bergström and
Wilkens [1983J, Grogan [1985], Mitchell [1987], [Nordlinder and Bergström, 1989] and IAEA
Safety Series No 57 [1982]. The values are given in Table 3.
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Table 3: Plant to soil concentration ratio, [Bq/kg d.w.plant]/tBq/kg d.w.soil].

Plant

Pasture

Cereals

Green vegetabl

Root vegetabl

Fniits

Uranium

410*

410-

6-10"*

610-

Protactinium

no1

2 10J

2.5-10l

2-MT1

210-1

Thorium

3 10-'

510*

510-

6104

5ia*

Radium

210-'

0.1

2 101

2101

2-10*

Lead

4.5 10"'

1.7-10»

1.8 IOJ

2.7-10"'

2.7 1O1

B4. Concentration in meat and milk

In the calculations of the concentration in meat and dairy products only cattle has been
considered. It is assumed that cattle consumes contaminated pasture all year round, but no
contaminated water.

The concentration in meat and milk is given by the concentration in pasture, the annual intake
of pasture and the distribution factor to meat and milk, respectively. Beef cattle is assumed to
consume 12 kg d.w./day, and dairy cattle 16 kg d.w./day. It is also assumed that cattle, in
addition to grass, consumes soil at a rate of 0.3 kg d.w./day.

Distribution factors to meat and milk are taken from Bergström and Wilkens [1983], Nordlinder
and Bergström [1989] and IAEA Safety Series No 57 [1982]. and are given in Table 4 together
with calculated meat to soil and milk to soil concentration ratios.

Table 4: Distribution factors tc meat and milk, and calculated meat to soil and milk to soil
concentration ratios.

Uranium Protactinium Thorium Radium Lead

Distribution factors:
meat, [day/kg f.w.j 3 1OJ 3-I0' 7 10- 7 10* 4104

milk, [day/LJ 610- 5 10* 5-10* 3 10* 2.610-

Coocentratioa factors:
me*?1 2.3 101 1.3 1O1 2.4 10- 3.8 10- 1.4-10-
milk" 5.6-10- 2.3-104 1.7 10* 1.91O3 9.0-1O5

meat(f.w.)]/lBa/kg soil(d.w.)j
nulkVlBq/kg sotl(d.w)]

B5. Activity intake by man

The activity intake by an individual is given by the annual consumption of food and the
concentration of radionuclides in the food. The average diet is based on Swedish agricultural
statistics during the years 1977-1981 [Bergström and Wilkens, 1983] and is given in Table 5
together with calculated annual intake of activity for a contamination level in the soii of 1
Bq/kg. The activity intake given in the table are conservative since it is based on the assumption
that only locally produced foodstuffs are consumed.

An individual is also assumed to consume 0.1 kg soil per year inadvertently, which will give an
additional activity intake of 0.1 Bq/a for a contamination level in the soil of 1 Bq/kg.
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The activity intake by the population living in the contaminated area is calculated based on the
amount of foodstuffs that can be produced in the area. The land use of the counties of
Västmanland, Stockholm and Södermanland were used [SCB, 1982] together with crop yields
given by Bergström and Wilkens [1982] to calculate the production. The values are given in
Table 6. The activity in cereals, vegetables and fruit are calculated from the production rate and
the plant to soil concentration ratios given in Table 3. The total activity in these crops produced
on an area contaminated with 1 Bq is presented in Table 8.

Table 5: Consumtion data and intake of activity by an individual.

Food Annual Activity intake. [Bq/aV[Bq/kg soiKd.w.)]
consumtion Uranium Protactinium Thorium Radium Lead

Milk

Meat

Green v

Root v.

Cereal

Fruit

320 L

53 kg

. 35 kg

79 kg

74 kg

25 kg"

0.18

12

1.4-ia2

4.7 I a2

7.4-1O1

1.510'

7.410^

6.9 la2

0.88

1.6

1.5

0.5

5.4-KT

1.3 10-'

1.8-10-'

4.7 ltt'

3.7 10'

1.3 W1

0.61

2.0-1<T'

0.70

16

7.4

0.5

2.910'

7.4-10°

63W1

0.21

1.2

6.8-la1

Grass

Cereals

Vegetables
fnnt

and

0.15

0.03

0.002

Total 1.5 4.6 0.13 10.8 1.6

" Total annual consumption is 70 kg of which 25 kg is Swedish fruit.

Table 6: Land use and crop yields used in the calculations.

Crop Land use [m2 arable/m3 total] Crop yield [kg/a.m2 arable]

0.5 (dry matter)

0.4 (dry matter)

3 (fresh matter)

Data on meat and milk production per cattle and year [Bergström and Wilkens, 1983], the grass
consumption by cattle given in Section B4 and land use and grass yield from Table 6 have been
used to calculate the meat and milk production per square meter contaminated area and year.
Meat and milk production data with different entities as a base are given in Table 7. The
activity in animal products is calculated from the production data and the concentration factors
given in Table 4. The calculated total activity in meat and milk from catties grazing in an area
contaminated with 1 Bq is presented in Table 8.

Table 7: Meat and milk production.

Foodstuff [l/cattle,a] [I/kg grass] [I/m2,a]

Meat 200 kg 0.046 kg 0.0034 kg

Milk 5500 L 0.94 L 0.071 L
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Table 8: Total activity in foodstuffs produced in an area contaminated with 1 Bq.

Foodstuff

Cereals

Vegetables and
fruit

Meat

Milk

Total

Uranium

3.110'

9.2 10'

2.0-10'

1.0 10-'

3.4-10-'

Activity,
Protactinium

6.2 10"'

3.8-10'

ii ia*

4.21a"1

1.0-10*

[Bq/aJ/TBc;
Thonum

1.5-10*

9.2 10*

2.1 10*

3.MO10

2.710*

Radium

3.1 10-*

3.110'

3.310'

3.4 10'

3.710*

Lead

5.2-10'

4.1 10*

1.210»

1.610*

5.810'

B6. Dose calculations

Effective dose rates at different times after deposition of 1 g of uranium per square meter
ground surface have been calculated using the nuclide coocentrations at different times presented
in Table 2, intake of activity by an individual according to Table 5, and committed effective
dose equivalents per intake of unit activity by ingestion [ICRP 30, 1980] presented in Table 9.
The result of the calculations is given in Table 10 for an enrichment of the deposited uranium
of 5 %, and in Table 11 for an enrichment of 20 %. The tables show that the total effective
dose rate is decreasing with time, and that the contribution from the daughter nuclides is
negligible up to more than 100 years after deposition. From that follows that the decrease in
total effective dose rate with time is directly proportional to the decrease in uranium
concentration (Table 2) at least up to 100 years after deposition.

The collective dose rate per kg of uranium deposited in the area considered as a function of
time is presented in Table 12 for the case with an enrichment of 5 %, and in Table 13 for the
20 % enriched uranium. The dose rates are calculated using the nuclide concentrations at
different times from Table 2, the total activity content in agricultural products from Table 8, and
committed effective dose equivalents per intake of unit activity by ingestion according to Table
9. The collective dose commitment, which is the collective dose rate integrated over 500 years,
is also given in Tables 12 and 13.

The maximum collective dose rate is obtained 1 year after the accident. The contribution from
the daughter nuclides to the dose is negligible. The contribution from the daughter nuclides to
the collective dose commitment is also very small and can therefore be neglected.

Table 9: Committed effective dose equivalents per intake of unit activity by ingestion [ICRP
30, 1980].

Nuclide [Sv/Bq]" Nuclide [Sv/Bq]

U-238

U-236

U-235

U-234

6.3 10'

6.7 10*

6.810'

7.1-10'

Pa-231

Th-230

Ra-226

Pb-2!0

2.9 10-*

1.5 10'

3.1 10'

1.4-10*

" values for soluble uranium. U(VI)
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Table 10- Effective dose rates a t different times after deposition from an initial ground
contamination of 1 g,U!m\ 5% enrichment.

Nuclide

Total

Effective dose rate [fiSv/a]/[gU/mJ]
at year

10 30 100 300 500

U-238

U-236

U-235

U-234

3.1

0.033

1.1

34

2.4

0.026

0.86

26

1.3

0.014

0.49

15

0.19

2.0-10°

0.069

2.1

7.2- ir
7.7 10*

2.6-Iff4

7.9-10°

2.7-10*

2.9 10'

9.9 Iff7

3.0-Iff3

Pa-231 2.9 10' 0.025 0.058 0.091 0.078 0.061

Th-230 9.210s 8.110" 1.8 Iff' 3.0-10° 2.5 10° 2.010°

Ra-226 1.910* 1.8 10J 1.3-Iff3 7.7 Iff3 0.019 0.021

Pb-210 1.3-10* 1.3-10* 9.2 Iff4 5.4-1O1 0.013 0.015

38 29 17 2.5 0.12 0.099

Table 11: Effective dose rates from ingesuon at different times after deposition for an initial
ground contamination of 1 gU/m1, 20% enrichment.

Nuclide Effective dose rate [jiSv/a]/tgU/m!]
at year

10 30 100 300 500

U-238

U-236

U-235

U-234

2.5

0.78

4.4

67

2.0

0.61

3.4

52

l.l

0.35

1.9

30

0.16

0049

0.28

4.2

6.0-10"

1.8-10*

1.0-10°

0.016

2.3 JO*

7.010'

3.9 10*

6.010'

Pa-231 0.012 0.099 0.23 0.36 0.31 0.24

Th-230 1.8-10* 1.610° 3.7 Iff1 5.9 10' 5.11O1 4.1-10°

Ra-226 3.810* 3.6-Iff4 2.6 Iff' 0.015 0.038 0.042

Pb-210 2.7-10* 2.6-104 1.8 Iff' 0.011 0.027 0.030

Total 75 58 34 5.1 0.40 0.32
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Table 12- Collective dose rates from ingestion at different times after deposition for an initial
contamination of 1 kg uranium in the area considered. Enrichment of 5 %.

Nuclide

1

Collective dose rate, [manSv/a]/[kgU]
at year

10 30 100 300 500

Collective dose
commitment
[manSv]/[kgU]

U-238 2.510' 1.910' 1.1 10"' 1.6-10* 5.910" 2.210" 9.210"*

U-236 2.7 10* 2.1 10' 1.2 10' 1.7 10'° 6.310" 2.410" 9.9 10'

U-235 9.0-10"* 7.1 10* 4.0 10* 5.7 10' 2.110" 8.110" 3.410*

U-234 2.710* 2.1 10' 1.2 10* 1.7 10' 6.51O10 2.4-10" 1.0-10*

Pa-231 2.5-10'° 2.110' 5.010' 7.8-10* 6.6-10* 5.2 10 * 3.210"

Th-230 4.2-10" 3.810" 8.4 10" 1.4-10'° 1.2-10'° 9.410" 5.7 10*

Ra-226 2.5 1O:1 2.410" 1.7 10" 1.010' 2.5 1O* 2.8 10' 9.9-10'

Pb-210 1.810" 1.7-10" 1.2 10'° 7.110" 1.8-10* 1.9-10' 7.0 10'

Total 3.01O* 2.410* 1.4-10* 2.0-1O' 1.2-10* 1.0-1O* 1.2 10*

Table 13. Collective dose rates from ingestion at different times after deposition for an initial
contamination of 1 kg uranium in the area considered. Enrichment of 20 %.

Nuclide

Total

1

Collective dose rate. [manSv/a]/[kgU]
at year

10 30 100 300 500

Collective dose
commitment
[manSv]/[kgU]

U-238 2.110' 1.6-10' 9.210* 1.310* 4.9-10" 1.9-10" 7.7-10*

U-236 6.4-10-* 5.010' 2.810' 4.0-10' 1.510" 5.8 10'* 2.4-10*

U-235 3.6-10' 2.8-10' 1.6-10' 2.2 10' 8.5 10" 3.2 10" 1.310'

U-234 5.510* 4.310* 2.4 10* 3.4-10' 1.3-10' 4.9-1O11 2.0-Kr1

Pa-231 9.9-10'° 8.5 10' 2.0-10* 3 110* 2.61G4 2.1 10* 1.3-10'

Th-230 8.41O" 7.5-10" 1.7 10° 2.7 10'° 2.310'" 1.9-10'° 1.1 10'

Ra-226 5.110" 4.810" 3.5-IO10 2.010' 5.110' 5.610' 2.010*

Pb-210 3.6-1O11 3.4 10" 2.4 10'" 1.5-10' 3.610' 4.0-10' i.4-10"1

6.1-10* 4.810* 2.7 10* 4.1-10' 3.610* 3 1 10' 2.4-
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