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In this report we consider the hazard associated with the
release of cesium in a hypothetical event in the transportation
of spent reactor fuel. We find that release of Cs presents
a very grave problem, much more important than the release of
‘ kryptoh and iodine considered in previous studies. An accident
in the transportation of light water reactor fuel to the
reprocessing plant 1is assumed'whiéh‘reéﬁits:in loss of the
cooling water from a cask. This évéﬁtualit&?has been previously
consn’uiered,l’2’3’)L but detailed attention wés"testricted to the
gases krypton (Kr85) and iodine (Ilsl).,,fhe loss of coolant
will also lead to escape of some volatile‘aﬁd soluble fission
products. The most important fact/which‘bftught us to the
present study is that the Cs migrates in the fuel pellet during
irradiation and substantial guantities escape and are deposited
on the cladding. Furthermore, the cladding of the fuel pins
in the postulated accident would experience much higher temper-
atures than in normal reactor operation. In this report, we
estimate the amount of release of Cs from the fuel, from the
fuel pin, and from the cask into the atmosphere, and find it

~to be substantial. We then consider the exposure to which a

population might be subject at a distance from the cask. The



134 137’ are among the most potent

isotopes involved, Cs and Cs

known. The ensuing somatic effects and implied effects on

land use are briefly discussed,

Quantity of Cesium Released from the Cask:

One metric ton, MT, of spent IWR fuel (33,000 MWD/MT average

burn-up) contains, after cooling off 90 days, 2.3x105 curies

134 ! 85

of CsT3%, 1.1x10° ¢i of cso0, 1.1x10% Ci of Kr

131

, and 381 Ci
of 1 in addition to other radioactive materials.5 Under
typical licenses, the fuel must cool off at least 90 or 120
days depending on the cask. Spent fuel may be sent for repro-
ceésing by road or rail. Typical large cagks are water filled
band contain .5 MT and 3.2 MT respectively6.

An accident in transit could result in various degrees of
damage to a water filled cask: 1) There could be zero release
or no substantial release of cooling water (or radiocactivity)
in a period of, say one day. 2) There could be seepage of
coolant or flow of coolant through a small orifice or pressure
crack such as might result from damage to a pressure release
system, to distortion of the cask in the neighborhood of a
gasket, or to excess heating of the coolant, resulting in
substantial loss of cooling water over an hour to a few hours.
This would typically result in drying out the cask as steam is
released via some pressure release mechanism. 3) There could

be a major breach leading to rapid loss of coolant.



It is difficult to predict what kinds of accidents or
impact, with what probability, would characterize the various
possibilities mentioned above. The major cask test standard
involves impact against a flat surface. Impalement at sub-
stantial velocity, as may occur in rail accidents, or broadside
impact at substantial velocity against curved objects, such
as a bridge abutment, may be important. Accidents may involve
multiple impact. In other words, there is a significant
differénce between test and design conditions and real accident
conditions. In addition, we stress that quality of actual
casks and the handling of these casks will not correspond to
theoretically considered systems. Failure of workmanship, such
as failure to secure bolts properly on loading, may result in
substantial loss of cooling water in a minor accident or even
in the absence of a road or rail accident. In the latter case
the loss would in many cases be unobserved, especially in the
case of rail transport.

An important possibility is fire with or without assoclated
impact. Fire could distort the cask or it could heat the
coolant, causing its release. It could cause fuel rod rupture.
It could heat the spent fuel. Combustion gases could transport
radioactive materials. In this report we are principally
interested in the consequences of loss of cooling water.

To put this study in perspective, consider at turn of the
century the typical prediction of 1000 LWR's in the 1000 Mw

region which will involve about ten million miles per year of



rail transport of large casks containing spent fuel, and/or
50 million miles of truck transport. Probabilities per mile
of accildent at various velocities and with various times

of duration of fire have been reviewed by the AEC7. In a
ten year period surrounding the year 2000, several rail ac-
cidents and/or several tens of road accldents 1nvolving casks
woﬁld be expected with fires lasting well over one-half hour
ahd/or impact at well over 30 miles per hour, as shown in
Table I. Considering this and the possibility of faulty
workmanship we conclude that accidents resulting in damage
of category (2), as defined three paragraphs above, will not
be unusual 1in a ten year period8. Furthermore, the loss of
cooling water 1s a design basis accident considered by the

)
L,2,4 The results of loss of

AEC for water cooled casks.

cooling water accidents are the subject of the rest of this report.
One uncertainty in an accident is the extent and degree

of breakage of fuel pin cladding. (We are not interested in

fuel pins which were perforated before transportation to the

extent the available Cs was removed in core or storage pool.)

The cladding is brittle after irradiation. An impact such

that the cask 1f breached may or may not impart considerable

physical shock to the pins. It is not surprising that different

2,k We assume that 10% of

authorities differ on this point.
the pins will be fractured at the time of the accident. (This

number is not critical in our final result.)



Table T

Expected Number of Serious Accidents in Transport of Spent Fuel
*
Casks in Ten Year Period Surrounding the Year 2000
(Based on reference 7)

Accident Vehicle Speed Fire Expected Expected

Severity at Impact Duration Road Rail
Category (mph) (hr) Accidents Accidents
"Moderate" 0-30 1/2-1 150 8
30-70 < 1/2
"Severe" 0-50 > 1
30-70 1/2-1 i 0.2
> 70 < 1/2
*x

Very severe and more moderate accidents have been omitted.
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In addition to possible damage to cladding upon impact
and shortly afterwards, fuel pins which remain intact are
aub ject to crecep rupture at the high temperatures which develop
after the cask 1s substantially dried out.9

Routes for Cs release associated with the two types of
breach of cladding are shown 1n Figure 1. Of major interest
is the amount of Cs which had already escaped from the fuel
during irradiation. In typical LWR experience 30-35% of the
noble gases escape from the fuel., Laboratory tests and cal-
culations are the main source of information on escape of Cs.
These can be correlated with rather limited direct evidence
from actual reactor experience. The diffusion of cesium in
sinterecd UO2 1s slow at temperatures such as characterize
the outer curved surface of the pellet, but is comparable or
grecater than that of the noble gases in irradiated fuel at
higher temperatures as shown in Figure 2.10 Some Cs will
diffuse out of the pellet; most will remain in a cylindrical
distribution very near the outer curved surface. See Filgure
3.11 The migration of Cs to the surface shown in this figure
would be even greater at higher, typical burn-up levels. In
one experiment it is stated: "The Cs™O! migrated both radially
and axially and in the case of the highest rated rod it is
estimated that about 30% of the total rod inventory of Csio'

nl2

1s deposited on the cladding. As remarked here, the Cs

which escapes from fuel pellets during irradiation condenses
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on the relatively cold pellet surface and inner wall of the
cladding. The fraction escaping is sensitive to temperature
and thus to location in the reanctor. We assume that 200 of
the Cg produced in the fuel coccapes from the fuel pellet into
the interior of the rod before transportation. Our final
recult scales with this number.

A further source of Cs escape from fuel is leaching of
the fuel in those pins which are breached at the time of impact.
"If the outer 1.2x10™° inch of the fuel pellets is leached,?2
0.01% of the pellet volume is involved, and we conclude that
about 1% of the Cs 1s leached on the basis of its high surface
concentration. (This number is not important in our final
result.)

Under normal conditions in a large water cooled cask the
temperature of the cladding may be in the range 320-46OOF.13
After substantial loss of coolant, the temperature of the
hottest rod will ultimately rise to 1250—15000F depending on
the cooling off time of the fuel at the reactor and other

9

considerations. Similar calculations for the large IF 300

cask indicate the even higher hottest-pin temperature of
1576%, *»13

The fraction of intact pins which ultimately rupture
under these conditions, and the time to rupture, is discussed

in the Cask Designer's Guide.9 If the cooling off period has

been short, e.g., 90 days, most pins are expected to rupture.
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If it is longer, e.g., 150 days, a substantial fraction of
Zircaloy clad pins are still expected to rupture within
10 hours. For the hypothetical accident to be discussed, we
assume 1/2 of all pins creep rupture.LL

Two release routes appear most interesting: 1) For
those rods breached at impact, Cs released from fuel during
irradiation will dissolve in the cooling water and some more
will be leached out of the pellet surfaces. Some of this
Cs will be carried out of the cask with the steam and enter
the atmosphere. 2) For those rods that creep rupture later,
Cs releaéed from the fuel during irradiation, if in volatile
form, will enter the cask cavity as gas or an aerosol. The
metallic Cs vapor pressure is high at temperatures well below
ite boiling point of 12530F at one atmosphere. Some of the
Cs free in the cavity will be carried out of the cask with
further pressure releases by the cask.

1) Release from pins breached on impact: We have assumed
above that 10% of the pins are breached and that 21% of the
total Cs burden from these pins is taken up by the cooling
water. As this water boils, a fraction of this Cs will be
contained in particulates and escape from the cask and be carried
off in the atmosphere as the steam escapes. Unlike guiescent
vaporization, the bursting of bubbles results in an aerosol
which has roughly the same content of solute as the body of

14

liquid. The fraction of Cs compounds entrained in the steam
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in the boiling process and escaping into the outer atmosphere

is taken to be 10%. This may be a significant underestimate.

(Our final result is not sensitive to this number.) The

remaining 90% will be left on surfaces in the cavity. The

product of these factors implies an escape of about 2,200 Ci

of Cs into the atmosphere from a cask containing 3.2 MT of fuel.
2) Release after creep rupture of pins: We have assumed

above that 50% of the pins creep rupture at high temperature,

Aamd thét 20% of the total Cs burden from these has escaped

the fuel pellets. We further assume that 1/2 of this available

cesium is’in'volatile chemical form. The chemical situation is

complex and is the subject of current research.l5 Thus 10%

of the total Cs inventory of ruptured pins is assumed to go

into the cask cavity atmosphere as a gas or aerosol. We do

not cxplicitly consider further outgassing of the fuel as a

source. There are three sources of mass flow out of the cask

at this time: boiling off of any remaining cooling water,

ultimate increascs in temperature, and the gases released

from the ruptured pins. The available fission gases per

metric ton are about 300 liters STP which implies over 1/2

atmosphere partial pressure at conditions under consideration.

The mass flow which will carry some Cs out and into the atmosphere

will depend on particular conditions such as cavity pressure and

the pressure release mechanism at this stage. On the basis of

these three sources, we estimate that 10% of the Cs available

in the cavity atmosphere will escape from the cask in pressure

releases into the outer atmosphere. The product of these factors

implies an escape of about 5,300 C1i of Cs.



~10-

‘Digpersal of Cesium and Its Somatic Effects

In a loss of coolant accident involving a railroad cask
containing 3.2 MT of spent fuel we have estimated a combined

134 and 1/3 Csl37).

release of 7500 Ci of Cs (roughly 2/3 Cs
This release may take place in intervals over a time of some
hours. The problem of estimating the damage due to such a
roiease is difficult because it depends in detail on conditions
which will differ widely from case to case. Rather than
examining all kinds of weather conditions and all population
distributions we will examine two simple interesting cases.
First, we consider an individual 1 km downwind from the
accldent, reﬁaining there while the radiocactive cloud passes,
ér in a building with ventilation such that the exposure 1is
the came. We consider stable weather conditions with a wind
speed of 1 m/sec (about 2 mi/hr) and a low degree of gustiness
such that at 1 km there is a vertical spread o, = 8m and a

16

horizontal spread Oy = Jom, Thus the cloud would sweep out

a volume like a long narrow plume (subtending an angle of about
1/10). We assume that the release is not carried high into the
air by fire. (If it were, our second case below would be more

applicable.) We assume that particulates are small and weather
conditions are such that the Cs is not largely deposited out

closer to the cask. The concentration of the cloud downwind

at 1 km is then
Q B curie-sec

ol el

z %y m
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We Only consider the dose to an individual assoclated with
=1
inhalation. Breathing at a rate of 3.5x10 ' m3/sec an

individual would have an intake of 2.5}(10_3 Ci. Assuming

17

1L
and dose conversion of .86x10 : millirem

l
for each picocurie uptakel8 (i.e. body burden) of cst3t 4 ggt37

5% uptake of Cs

we find a dose commitment to the individual at one kilometer
of 160 rem. Assuming subsequent evacuation, we do not consider
further exposure. Nevertheless, the radiation dose calculated
is notkreceived all at once, but 1s governed by a biological
half-life of roughly 70-100 days.

At the'dose\level calculated, serious 111l effects and
some fatalities can be expected. A 300 rem sudden dose causes

19

50% fatalities. The extended dose considered here would be
much less lethal. Fetusesgo and young children and other
susceptible people21 might be stricken. The ultimate dose
of 160 rem implies a dose of about 1 rem/day for some time.17
This would have significant impact on health with depression of
bone marrow and lymphatic system and changes in immune responses.
The probability of induced cancer within 25 years would be
about 2%.20

The second case we consider 1s a windy, gusty day. Here
it is most significant to consider the somatic effect of small
doses of radiation suffered by people over a wide area and over
a long period of time. Assuming the linear hypothesis, the
BEIR reportgo concludes that the effect with respect to cancer
of the sum of small doses averaging 0.1 rem/year to the popu-

lation of the United States would be roughly 3500 cancer deaths/

vear (within 25 years).



. . 137 A .
According to analysis of Cs 37 from weapons testing the

]
dose commitment conversion factor is 1.4/ mrem/mCi/ng.gL

137

That 1s, deposition at one time of Cs at the level one

mCi/km2 results in a typical person 1living indefinitely in
that environment acquiring a dose of 1.44 mrem from external
decays. To calculate the dose due to Csl37, factors for shielding

by buildings and body tissue and for internal decays must be

22

included.” The net result is a dose commitment factor of

0.67 mrem/mCi/kmg. The internal decay dose depends on particular
food chains and might not apply at the site in question; about

50% of the deaths quoted below are due to the external exposure

134)

alone, The dose from (1/3 05137 + 2/3 Cs is less than for

137

Using an effective mean

23

life of 14 years for 08137 for external irradiation, we

137

the gsame number of curies of Cs

: L
calculate that the Csl3L—Cs mixture is 0.80 times as effective

08137

per Ci as alone. The dose in man-rems is thus .80 x .67 pQ

where Q 1s the total Cs release in Ci and p 1is the average

population per kmg.

Assuming a suburban population of 1000 persons/Km2
distributed over a very wide region downwind from the accildent
the dose in man-rems resulting from the assumed Cs release
of 7500 Ci is .40X107. This implies roughly 700 added cancer
deaths within 25 years according to the BEIR result quoted
above. We do not consider effects other than cancer. The
calculation in this second case has the virtue of belng related

to empirical evidence from fallout which integrates the dose

from varied pathways under actual conditions.
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Land usage will be compromised by deposited cesium. The
deposit of Cslsu is governed by its half-life of 2 years and that
of 03137 by an cffective mean-life of 1l years on the surface.
The external dose considering shielding effects of buildings
and body tissues assoclated with radiation from ground level
C8137 is roughly 33 mrad per Ci/km2 on the surface,22 i.e., four
Ci/km2 yields an external dose comparable to background. The
impact of deposited Cs on crops is small, but the effect on milk
‘ and on meat from grazing animals is extremely large during the
first six months or so of deposit. A maximum dose commitment
of 8 rems per Ci/km® of Cs13' is indicated for a child via the

!
milk path.2Jr About four times as much Cs 1s concentrated in

23

a kg of beef as in a liter of milk.

Conclusion:

A seml volatile fission product, in particular cesium, has
been shown to present a serious hazard in transportation of
spent fuel. The hazard is greater than that related to the noble
gases and halogens at this stage of the nuclear fuel cycle.
Thus, with rather similar assumptions, a release of 850 Ci of
Kr85 is projected in a loss of cooling water event involving
the IF-300 cask:.LL This amount of Kr85 will have very minor
impact compared to the cesium release discussed in the present
report. There are a variety of possibilities for corrective
action at this time. For example, two aspects of the release

of Cs to which the amount of release is sensitive are the use



’of a fluid under pressure as heat transfer medium and the decay
heat rate, which in turn depends on the cooling off period for
the fuel. This latter aspect would appear to create an even
more serious problem for transport of spent LMFBR fuel. A more
sweeping modification has been proposed to eliminate all problems
associated with long range transport: geographical concentrations
of nuclear facilities.®”
Many of the assumptions made in this report are subject to
gréat uncertainty and to variation from case to case. We have
attempted to strike middleground between underestimating the
probléms'or overestimating them. Some of the numbers estimated
here are subject to considerable refinement through detailed

calculation., It is hoped that these refinements will be under-

taken.

Acknowledgements

The author acknowledges with thanks discussion with
T. Cochran, D. Geesaman, C. Kikuchi, G. Parker, E. Radford,
L. Shappert, and G. Yadigaroglu. These people are however, not
responsible for the manner in which any information was handled.
He would also like to thank Joan Anderson and John Davidson for

their help and John Gilligan for many essential contributions.



1'

no

7

9.
10.

References
A. Reinking, M. Mishouil, G. Yadigaroglu, and V. E. Schrock,
"Transport of Nuclear Fuel", Appendix V of "Public Health
Risks of Thermal Power Plant" UCLA-ENG-7242, May, 1972, and
G. Yadigaroglu et al., "Spent Fuel Transportation Risks",

Nuclear News, Nov. 1972, p. T1.

Environmental Survey of Transportation of Radioactive

Materials to and From Nuclear Power Plants, USAEC Directorate

of Regulatory Standards, Dec. 1972.

Environmental Survey of the Nuclear Fuel Cycle, USAEC

Directorate of Licensing, Nov. 1972.

"Safety Evalﬁation by the Transportation Branch Directorate
of Licensing", General Electric Co., Model IF-300, Shipping
Cask, USAEC 1973.

"Siting of Fuel Reprocessing Plants and Waste Management
Facilities", ORNL 4451 (July 1970).

The Safety of Nuclear Power Reactors, USAEC Wash 1250,

July 1973.
W. A. Brobst, "Transportation Accidents: How Probable?',

Nuclear News, May 1973, p. 48.

L. Shappert, private communication, Nov. 1973, confirms
that a loss of the cooling water is to be expected from
time to time with many large water-cooled casks.

L. Shappert, Cask Designer's Guide, ORNL-NSIC-68, Feb. 1970.

G. W. Parker, et al.,"Out-of-Pile Studies of Fission Product
Release from Overheated Reactor Fuels at ORNL, 1955-1965,"

ORNL 3981, July 1967.



11.

13.

16.

17.

18.

-16-

J. L. Bates, "Fission Product Distribution in Irradiated
UOQ", Battelle Northwest Laboratory BNWL-58, March 19065,

J. ll. Davies, R. F. Boyle, J. F. Hanus, "Fission-Product
and leavy-Iklement Distributions in High-Performance UO2
Fuel Rods", ANS Winter Meeting, Nov. 1965.

General Electric Co., Reactor Fuels and Reprocessing Dept.
Report on IF-300 Shipping Cask, NEDO-10084-1 and Docket
70-1220., We single out this cask not because we know it to
present the most serious hazard, but because extensive
information is available. A great deal of painstaking

design and analysis has gone into the IF-300 cask.

C. E. Junge, Air Chemistry and Radioactivity, Academic Press,

1963, Chap. 2.
J. D. B. Lambert, L. A. Neimark, and R. V. Strain, "A Failure
Mechanism in Mixed-Oxide Fuel Elements'; I. Johnson and
C. E. Johnson, "Cesium Interaction with Irradiated Oxide
Fuel Pins"; and M. G. Adamson and E. A. Aitkin, "Chemical
State and Thermomigration Behavior of Fission Product Cesium
in Oxide Fuel Systems', in American Nuclear Society Trans-
actions, 1973 Winter Meeting, San Francisco, p. 193-195.
This is the most gusty of class D of M. E. Smith and I. A.
Singer, "An Improved Method of Estimating Concentrations
and Related Phenomena from a Point Source Emission',

Journal of Applied Meteorology, 1, October, 1966, p. 631.

International Commission on Radiological Protection, Report

of Committee IV, ICRP Publication 10, Pergamon Press, 1968.
134

This is a weighted dose eguivalent for 2/3 Cs and
1/3 Cs137 as a result of short period inhalation or ingestion

event based on the Csl37 coefficient of Ref. 17.



19.

20,

2l.

23.

ek,

25.

-1~

National Commission on Radiation Protection, Report No. 39,
"Basic Radiation Protection Criteria", 1971.

Advisory Committee on the Biological Effects of Ionizing
Radiations, "The Effects on Populations of Exposure to Low
Tevels of Ionizing Radiation", National Academy of Sciences,
Nov. 1972.

In general, particular groups in the population may have a
much different susceptibility than the mean of any test
pépulation. See, e.g., 1. Bross and N. Natarajan, "Lukemia

from Low-Level Radiation", The New England Journal of

Medicine 287, 107 (July 20, 1972).

United Nations Scientific Committee, "Ionizing Radiation:
Levels and Effects", Volume I, United Nations, 1972.

United Nations Scientific Committee, "Report of the United
National Scientific Committee on the Effects of Atomic
Radiation", Official Records: Twenty-First Session,
Supplement No. 14 (A16314) 1966, pp. 62, 67, 85.

Y. C. Ng et al., "Prediction of the Maximum Dosage to Man
from the Fallout of Nuclear Devices IV. Handbook for
Estimating the Maximum Internal Dose from Radionuclides
Released to the Biosphere", UCRL-50163 Part IV, 1968 and
reference 22,

A. Weinberg, "The Moral Imperatives of Nuclear Energy",

Nuclear News, Dec. 1971, p. 33, and "Energy Parks: Selection

of Site for Study and Proposed Scope of Study", Internal
Document, Office of Planning and Analysis, U.S.A.E.C.,

Nov. 1972.






ASVYI NI ONINIYWIY WNIS3D

*2a0doy STUZT UG paJaspIsuc)

(37v2S G3ANVdX3 )
- 3JWI1

S9ssacold T ST

&

INVI003 40 SSOT

140dSNYHL

 ONIHDV3T

na..o.a..vd.c4..0..4.004.40..&01
0.9,%67070,0,0,0.% ©.0,9.90.0,0.%070,0,0.0.9 0 0,
KEOODRNNELR NI NNECRRITRHNAAS

d3HI33¥g A
SNId 13n4 4001

3LYI0A S|
(7%06) |(%01) $I40%05

< 1%,06)
S3dvJS3
LT R+ pz<._oo4u%

4 \ 4

R R R R R R R SIS X
DEOOOOCOOOOOCOCRMOC KRN
RO RS SRR

a33dnLdny-43zygy A
SNId 13n4 40°%0S

WNIS3) 40 %02

INVI007
ALIAV]

INIWNOYIANI 3HL 0L WNIS3) 40 3Sv313Y

>13MN4

dv9
}ONIAavd

}1IVM HSYD



Figure 2.

PER CENT OF TOTAL RELEASED

TEMPERATURE, °C

00000000 O O © o o
DO OO O O O o o o
PO~ IM N = 2 5 ®
Fr1T 1T 1 1 i I H ] I |
100 4000 MWD/ T E
2 IRRADIATION =
i ) o Xe-Kr f
10 & e CsS —
[ \ ]
- o i
: 1000 MWD/ T ;
N IRRADIATION ]
10 O Xe-Kr E
- e Cs ]
01 1
4 8 10
1/2- X 104

Release of Fission Products by Diffusion from Highly-
Irradiated PWR-Type UUp Heated 5.5 Hours in Purified

Flowing belium. Source,

reference 10,



U0, CLADDING INTERFACEW
10° . : ;

—_
o
H

—_

(wo]
W
T

DISINTEGRATIONS /MIN/ ug U

10°2

0 02 04 06
DISTANCE FROM
THERMAL CENTER, Cm

"ig. 3. Radio Chemical Analysis of Microdrilled
UOC, Sample Showing Radial Variation in Cs Distribution
at“Trradiation Level of 1000 to 2000 MWD/MTU. Source,

reference 11.












