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1.0 Introduction

The new and as yet unsolved problems introduced by the production of‘iarge
quantities of fission products‘and radioactive isotopes from fission or neutron
capture present mankind a most complex technical, economic, andvpolitical problem.
On one hand, the possibiiity of using the fission process to produce energ& from
an unexploited and abundant natural source is emerging from large programs of'n
research and development. We are also beginning to see the promise of use of
particulate and electromagnetic radiation for the good of man. On the other hand

we are presented with the problem of controlling the dangerous products of flSSlon

for periods of time measured in terms of many hundreds of years, periods longer

than the effective tenure of any political state in history. We must not only

devise ways of protecting ourselves in the present and for our lifetime but in

Y

addition, we must establish the ba51c technical, social, and administrative

control of vast quantities of artificial radiocactivity that must remain effective
for at least ten to twenty lifetimes.

This status report on radioactive wastes has been prepared as a logical and
necessary part of the Study of the Bilological Effects of Atomic Radiation, spon-
sored by the National Academy of Science, the National Research Council and the

(1)(2)

Rockefeller Foundation.
ﬁadiation exposure to man and to members of man's ecological cyclencomes
from both natural and "manufactured" sources. The naturai sources--cosmic rays
and naturally occurring radiocactive elements--have been with us for periods‘of
time sufficient to have their effects_integrated into the ecological and genetic
equilibrium of mankind. The new source of radiocactivity, the fission process,
promises to produce sufficiently large quantities of radiocactivity to effect

drastically this equilibrium. Many segments of our scientific, industriel, and

governmental establishments must participate in the definition and solution of



o

-the radioactive waste disposal problem.

The'projected.laige-scale production of long-lived radiocactive isotopes by
an atomlc power industry éoupled with the diverse routes by which these elemen-
tary and'highly.toxiclsubstaﬁces maey traverse the whole of our physical, chemical,
and biological environmént presents us ﬁith anAentirély'newAkihd of problem in
industrial pollution. The studies aimed at defining a means of éapaging.thié
unparalleled éroblem mst fi%st'ektend deép“into tﬁe.ﬁési§ 1if§ processés them-
selves. The need fér.measuremenfland knowledge of rates of épread'in nature of |
fhese substancés as waste prpducts éxtends the problem of interest into the -
provinces'of the physical s;iences'which deal with our environmeht.' The interest
aﬁd responsibility.of industrial groups as operators of nuclear reactors and
chemical.plants is obvious. The neceséity for penetrating'and céreful study of
risks involved in atomic energy venturés by insurance and f;nance gfoﬁps is ‘
eggally a part of the whole. A regulatory function over radipacti&e wastes must
be .provided by'agenéies of guaranteed long tenure and by groups whorcleafly protect
the welfare and physical well-being of all, who have foresight and wisdom to
pefpetuéte thié‘protecfion. Couhty, state; national, ;nd intefﬁatibﬁal fegulation-
is implied. | |

In the atomic energy industry ahy waste containing levels of activity in’
excess of éafe limits .for human exposure ié potentially hazaraous throughoﬁt the
period of its rédioacti&ity.: Ultimately, such wastes when released reach man or
his envi:onménf'through one chennel or another. The integrated total of many
small facets of réleaée, ;ach'pOSSibly of little consequence by itself, may be
highly significént. The public interest requires that responsibility be placed .
for recbfding and integrating the curulative effects of these sources Of redia-
tion. This is a joint responsibility of:the industry aﬁd of public regulatbry

officials. .,



The United States Aibﬁic Energy Act of 1954 places resbonsibilityffor~dis;
posal of radioactive wastes on the Atomic Energy Commission. Wisely, the
Commission is seeking to éarry this fesponsibility‘on‘a'cooperative‘basiS~with
established regulatory agencieS'in the various states and territories. It is .
known that many of these agencies feel strongly that they should exercise qéntrol
in matters of public health and safety over industries using atomic- energy:as
they do with dther'industfiés. Indeed, under existing laws unless they do. so
they'may be charged with defsult in meeting their legal responsibilitiés::'dn :
the other hand, in Great Britain under the Radioactive Substances Act of 1948 -
the various ministries of Health concerned are charged with responsibility - Z:.:

"to secure‘that any radioactive Qaste products resulting from [.:i™rs: -
such manufacture, production, treatment, storage or use as
aforesaid are disposed of safely." .
There is need of.study as to how and by whom this respéﬁsibility could best be
administered in the U. S. as the industry expands.

Because of the ﬁgégressive changes in the téchnblogy of the industry based
on research and experience fhere wiil be corresponding changes in processing ahd
products and in use of nuclear energy. Pfogress in this direction will ﬁe re-
flected in the kinds and characteristics'of wastes and -in methods of treatment
and disposal. Because oflnuclear energy industry is unique and in such an early
state of development its ultimate'potentiélities cannot now be measured. : The
dynamics of its development;will, therefore, néed more than normsl scrutiny from
the standpoint of its impact on man and‘his énvironment. |

Solutibns to the:pfoblem of radiomctive waste control and disposal cannot
be proposed at present because of lack of fundamentél data. We are, therefofe,

presenting what information is possible on the more technical aspects of the

problem. We have accomplished little more than the préparation of a summary of

B
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what has been.said about the physical nature of_radiogctive.wastes?_their produc-
-tion and decay, and their equilibrium cpnceptration in & nuclear power economy .
We provide infbrﬁation.on wastes currently produced by Atomic-Ene;gy Commissiqn
_ Operations, predict the nature of wastes resu;ting frbm new prdce§ses that ﬁili:
be required for gconomical powér pféduction,4discuss relative biqlogical haggrds
of fission producfé.énd transplutonic eleménts, discuss varioﬁs proéessés propoged
for isolating certain fission produ;ts, and ;eview current work on processeé.fgr
gross wastes that may precede ultimate regulated dispoéal.' As backgrbﬁnd informa-
tion we have included in appendixes summary infofmatiqn on the nature of reactors
and chemical processes. Discussion of certain aspects of~the‘econoﬁic§ of waste
disposal is included.
We must';oﬁ;ider fhis repbrt‘to have the following purpééés: :
1. To provide a summary of present t§chnical'kﬁowlédge.and data on problems
6f radjoactive waste diéposal.
2. To provide cglcglations of a general nature that will assist-in defiﬁing .
a reference plant upon which to judge fhé'over-allOSignificéqce of the
wéste diqu;al problem and io measure the merits‘of suggested‘solutions.
i 3;' To estimate the megnitude of the waste problem.for the next forty yeé?s,
'based:upon p;edictions of_nuc;ear‘energy éroﬁth._ | |
L. To discuss the few possibiiities for permgheqt waste disposal.
5..- To suggest areas of'deveiopment'and reseﬁrc#.
6. 'To indicaté tﬁose segments of §ur technology,‘busin¢§§; and governmgntal
"structure that will'be»éffected.by production qont£ol and disposal of
radjoactive materials.
TheAreport has been written for scientistS'and‘tééhnolééiété who possess or

will obtain background information on atomic energy; we have assumed familiarity (.

-~
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with nomenclature, calculations, and materials involved in atomic energy work.
However, since understanding of basic units used in the discussion of radloactivity
will be required throughout this report, we include the following definitions:

1. Curie (c): ‘The amount of radiocactive material which disintegrates at

the rate of 37'billion atoms per second (3.7 x lOlO aiEinﬂegrations

per—second)L Latest measurements of the half-life'of‘Ra226Lseem to

(8)

indicate that a gram of Ra220 is slightly less than ome curie.

2. Millicurie (mc): The emount of radioactive material @h&éi'ﬁisintegrates‘

ALt

at the rate of 37 million atoms per’ second (3.7 x lO7 dlslntegrations -----
) (9) - R . _ ) ce, T.‘:._:::.“j, - 1..,.1_ e v .

per second
3. Roentgen (r): The qnantlty of x- or gamma radiation such that.rhhnfwu

'assoclated corpuscular emission per O 001293 gm ‘of air (eqnal to l cc

of air at O C and 760 mm Hg) produces, in air, ioms’ carrying 1 e of

quanfity of electricity of either sign.

L.  Roentgen equivalent physical (rep): The amount of ionizing r"a‘d:i.a’'t:i"ﬂonT:'w

T SN

of any type that loses ehergy at the point 'in question in soft flssue

- .
WL

to the extent of 93 ergs per gram. It is approximately eqnal to a

roentgen of about 200 kv x-radlation in soft tissue.( ) This uni%

.. e, R N ]
AT L weatha e g

has been replaced by the rad.

5. Roentgen equivelent man (rem): The amount of ioniiing‘reoiéfioniof:ﬁj

any type‘fhatfproduces tne same daﬁége to man as one éééiééén offabout
200 kv x-radiation. 1 rem = 1 red in tissue times RBE.

6. Millirem (mrem): (&) 1 milliroentgen,"inlthe case of x-radiation of
gamma. radiation; (b) 1 millirad (0.1 ergs per gram) in the case of beta
radiation; (c) one tenth millirad for protons of energ& below 10 Mev.

One twentieth millirad for alpha rays and heavy recoil particles.

4
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7. Relative biological effectiveness (RBE) means the biological effectiveness

of any type of energy of ionizing radiation in producing a specific bio-
logical damage (e.g., leukemia, enemia, sterility, carcinogenesis,
cataracts, shortening of life span, etc.) relative to damage produced

by X-or gamma radiation of about 200 kv. It is given frequently as an
average value in the common energy range of a particular type of ion.(8)

-~

8. Rad means an ionizing'radiation unit‘correspbhding to a loss of energy

8)

in any medium of 100 ergs per gram. (1l rad in tissue = 100/93 rep).(

Definition of Problems in Radioactive Weste Disposal

In this introductor& section it seems appropriate to attempt to define tﬁe
objectives of radioactive waste manegement and disposal. We chose as definition
that the objective of managed diéposal'or contaiﬁment of radioactivépﬁastes is
to prevent serious biological demage to maﬁ, or to the c&mplex ecoloéical, bio-
logical, and genetic equllibrium in which men exists with his environment, this
to hold for the present and for as .long as:a.rgdioactivity-haza;d ex1sﬁ§-from the
waste materials. This definition, when considefed in ?arts; poinfs to‘ceftain
important aspects of the waste disposal problem. First, for proper perspéctive
of the weste pro#lem, it must be reaiized that radioactivity release or release

potential comes not only from the waste fission products, but from many other

. existing and potential éources, which we have divided categorically as -follows:

1. vRadiation which exists in the environmént. .This'wiil cbnsisf of that
which occurs naturélly (cosmiq rays, naturally radioactive eleménts) and
that which has been and will be released in an uncontrolled manner so_that
it acts subsequent to release as part of the natural environmental redio-

active potential.

a. Natural radiation.

Cosmic rays ~ 0.6 mrad /week

-6- |
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Netural radioactivity ~1l-2 mrad /week -

K#O in the body " 0.3 mrad/week

Total 2 - 3 mrad/week.

'(Neturel tritium, c%g, and'Ra, etc., 1nfthe hody add insignifi-
cant contributions) . o
This‘is.the radiation which results from natural;causes:(coemic
rays; naturally occurring radium; etc ) not under*ourlcontrol.
Each person in the U s. receives on the -average ‘a total accuml-
lated dose of about ' 3 roentgens to the gonads over a 30—year

- period. At high altitudes this dose is greater;*because“of'the
increase of cosmic rays. Thus, this'bachground’is'aé‘hiéh*a§3

5.5r in some places in the United States . (2) - "'7if«:v

{ Zgsme

b. Estimate of radioactivity released to the environment" e

and probablyQVill continue to

 Meny sourceé have”contribated
contribute, to. release of- radioactivity to the environment

(l).,Atomic Energy Commission production and research oper-

ations and counterparts in. other countries.u L

(2) 'ReactOr accidents‘i'* £

R St Lot 2a fs2 ok

E
IR §

)

T (3)- Release of experimental radioisotopes

" (4) Nuclear weaponS»fall-out In partial evaluation -of this

*I‘contribution, we quote from the. NAS Summary Reports.(lo)

"With certain understandings[as enumerated in the
reference] it may be stated that U. S. residents have,
on the average, been receiving from fall-out over the
Past five years a dose which, if weapons testing were
continued at the same rate, is estimated to produce &:
total 30-year dose of about one tenth of a roentgen;
and since the accuracy involved is probably not better .
than a factor of five, one could better say that the 30-.
year dose from weapons testing if maintained at the

-7l



past level would probably be larger than 0.02 roentgens
and smaller than 0.50 roentgens.

"The rate of fall-out over the past five years has
not been unifporm. If weapons testing were, in the future, ¢
continued at the largest rate which has so far occurred
(in 1953 and 1955) then the 30-year fall-out dose would be
about twice that stated above. The dose from fall-out is
Toughly proportional to the number of equal sized weapons
exploded in air, so that & doiibling of the test rate might
be expected to double the fall-out. "
(5) Operation of power reactors. As yet the general.population
has not received radiation from atomic power plants or from
the disposal of radioactive wastes. These are future sources
of radiation that might become dangerous.
2. Intentional and controlled low-level radiation exposure of limited numbers
of people for medical diagnosis and treatment, for occupational purposes (reactor
and chemical plant operators; nuclear-powered vehicle crews, waste disposal
crevs). _
(10)

a. Medical and dental X-rays

Accordlng to present estimates, each person in the United States !
‘receives, on the average, a total accumulated dose to the gonads which
is about 3 roentgens of xradiation during a 30-year period. Of course,
some persons get none at all; others may get more.

b. Occupational exposures ' -

It is our understanding that limits for occupational exposure mey
be set as follows: Individual persons should not receive a total accumu-
lated dose to .the reproductive cells of more than 50 roentgens up to
age 30 years, and not more than 50 roentgens additional up to age L4O.
(About half of all U. S. children are born to parents under 30, nine-
tenths to parents under 40.)(10):

"The International Commission on Radiological Protection recently
reviewed the regulations perteining to radiation protection. The gener-
al recommendations of this group resulting from a meeting in April, 1956,
have been summarized by Dr. Morgan as follows: (7)

1. The ba51c permissible absorbed dose rate will continue to be
0.3 rem in a week for occupational exposure. In exceptional cases, this
veekly absorbed dose may be increased by a factor that might be as large
as 10 provided the integrated absorbed dose during the 13 week period s
following the beginning of the higher rate is not greater than 3.0 rem. C

+~
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2. The absorbed dose to each occupationally exposed individual is
not to exceed 5 rem per year averaged over a 1lO-year period. This is
intended to limit the absorbed dose to penetrating radiation to 50 rem
by the age of 30 and to 200 rem by the age of 60.

3. The permissible exposure rates for prolonged exposure in areas
in the neighborhood of the controlled areas are to be 1/10 of those
permitted within the controlled areas.

" 4. Until more data are available and general agreement is reached,
it is considered prudent to-limit-the -permissible genetic-absorbed dose
to large populations to be of the order of nmatural background in present-
ly inhabited regions of the earth. It should be stressed that the fore-
going statements are not the exact wording of the ICRP committee report
but rather a paraphrasing of them with special emphasis on changes from
recommendations previously given in publications of ICRP and NCRP.

- The recommendation of the National Bureau of Standards for
maximum permissible dose is as follows: - v

1. Accumulated dose. The maximum permissible accumulated dose,

in rems, at any age, is equal to 5 times the number of years beyond
age 18, provided no annual  increment.exceeds 15 rems.- Thus-theraccumu-
lated MPD =.5 (N -.18) rems where N is the age and greater, than;18:;-
This applies to all critical organs except the skin, for which the
value is double. -~ - 2 mem Af

- . 2.. Weekly dose. The previous permissible weekly whole-body" dose
of 0.3 rem, and. the 13-week dose of 3 rems when the weekly limit is ex-
ceeded, are still considered to be the weekly MFPD, with the above re-
striction for accumulated dose. - .- -

Experience with occupational exposure can be taken from carefully kept
exposure records at all AEC sites. At Hanford, for example, ‘Dr. H. M ,
Parker reports.that a safety factor of five has been maintained under"* the .
previously used O. 3 rem per week maximum permissible exposure and annual
exposure limited to 3 rem. The experienced average annuel exposure is in
the range of 0.1 to 0.2 rem. The average exposure probable in 12 years
work at. Hanford would therefore be 2 to 4 rem. Since current medsurements
do not determine the actuasl dose at the gonads from internal depositions -of
radioisotopes, this range might more. properly increase to.’3-to 5: Tem:: -

Statistics on occupational exposure control at Hanford may be of

~=-interest. In attempting to-control-average- exposures-to~an-annual limit of

P s

3r, it was found that:
1. If 0.05% to 0.2% of the force exceeds 3r in any one year, 3% to 5%
will exceed lr, and the annual average will be about O.2r.
2. If 0.0% #o 0.01% exceed 3r in any one year, about 0.1% will exceed
1lr, and the annual average will be about O.lr.

Dr. XK. Z. Morgan summarized radiation exposure experience in hOOO employees
at ORNL as shown in Figure 11. (7



Comparatlve Summary of Accumulated Exposure of ORNL Employees

to Ionizing Radiation

VL L

1.6 rem = Average accumulated occupatlonal exposure of all employees now
*(2.6 rem) - . at ORNL :
- 49.1 rem = Accumulated exposure of the single em@loyee at ORNL who has
*(76.8 rem) accumulated the highest recorded exposure - _

98 rem = Accumulated exposure the person would receive who worked at
#(196 rem) ORNL for the average employment period of 6.3 years and

‘received the absorbed dose rate of O. 3 rém/wk to the entire
body or 0.6 rem to the skin for the entire period as present-
ly permitted by HB-59 and HB-52.

31.5 rem = Accumulated exposure the person would receive who worked at
*(63 rem) ORNL for the average employment period of 6.3 years and
' received the .average absorbed dose rate of 5 rem/yr to the
entire body or 10 rem/yr to the skin for the entire period
as proposed by the ICRP.

*Values given in parentheses indlcate the dose to the skin - The. other values
are for the penetrating ‘component- of dose. S

-10-



3. High-level radiation exposure to large segments of'the'world's'population
from intentional or accidental release of activity from fission and fusion

weapons (used either for test or warfare), stationary or mobile power reactors,

radiochemical process1ng plants or flSSlOn product processors, transportation

1
of 1rrad1ated fuel or concentrated fission product wastes liquid waste tanks

Y ~rr—1'r1‘.
y~.7"\ .-

that are part of the reproce551ng plant, or from the ultimate disposal of
wastes to the env1ronment

One of the most Significant questions to be answered early in the consideration

st Cloas YLy

of problems associated with radioactive wastes is whether or not _gz of the fission

e B
« RO SRR Tu % 140 Sl M ge e

products and transplutonics produced by the growth of a nuclear power economy can

e et s e

- . - Thee ool I L SIEILS.

be by plan freely released to the environment in view of the radiation exposure

dooteznl Inmrovion
D P ) aa An

'potential from all sources other than.high -level wastes as compared to the pro-

&! - '(.

posed maximum permissible dose for the general population. As a partial answer

g e m--’--\fn

to this important question we must conclude, in view of the recOmmended general

population radiation 1imits of 10 roentgens from conception to age 30(3), that

high-level wastes cannot be released directly to the immediate environment in

Benat

- . . L De el omilm

which man exists

[ ' e Lo ' i BVORCS S 5 s 1

With this conclusion the definition of what is safe for ultimate -disposal

2 .
-.-«"".AA a.._x .A-(L‘ e

becomes difficult, since we are presented with the paradox of hav1ng only our

environment in which to dispose of radioactive waste. The problem thus becomes

one of (1) defining how much is safe in our immediate environment allowing for

possible accidents; and (2) finding either means of containment or remote natural

sites that will retain radioactive wastes until their hazard no longer exists.



The Dual Nature of the Radioactive Waste Problem . . R
We must consider the disposal of‘radioactive wastes as two separate problems:

1) the problem of management and dispersal of small quantities of radioactive : -

materials that are greatly diluted and possibly w1de1y distributed geographically,

2) the problem of almost perpetual containment of large quantities of radioactive

elements that have high biological hazard and long radioactive half life.
The first problem will involve the control of a large number of distributed

small sources of radioactiv1ty, such as result from the use of radioisotopes in

research and med1c1ne,.the use of radiation sources, and the 1ndustr1al applica—

tion of radioactive materials. Radiocactive isotopes will appear in highly di- |

luted form in gases, liquids and solids from radi0chem1cal separations plants,

analytical laboratories and reactor cooling c1rcu1ts Control of the distributed
low-level hazard may be difficult because of the large number of source and the
number of people involved. A partially satisfactory control will exist, however:
since the total quantity of radioactivity issued to these channels can be moni-
tored. :
The high level wastes'clearly present a problem of containment. There is
a faint possibility that certain radionuclides of low biological hazard and '
short half-life can be bled into easily accessible natural diSposal systems,
such as rivers, oceans and surface formations of the earth ) ‘
In the evalumstion of the.possibilities of routine discharge to accessible
natural disposal systems, 1t w1ll always be necessary to consider the effects
of an accidental release of fission products and heavy elements from the large
sources of radioactivity activity circuit such as power reactors, cooling systems, .
chemical processing plants and ultimate high-level disposal systems. A reserve ',
potential must be mrintained in the environment, and of course in the total L

-

-]12-



exposnre of people who receive an accidental release of large radiation sources.
The possibility of military use of fission and fusion_weapons is another factor
thet may limit the quantities of activity that will routinely be discharged to tie

- readily accessible environment.

* The Problem of Low-Level Distributed Hazard -

The presence of radioactive westes in quantity will have a*profound effect

on certain non-nuclear industries and on other important segments ‘of* our lives
which may be damaged by air or water contaminated with rediocactive- wastes~~*There.
are numerous wet-processing industries which are likely*to he"deterimentally:%x'
affected by redioectivity, even in trece concentrations:- -Among-this-vilnerable’
group are those requiring water of the highest purity, such'es*fof the}ﬁenufgcture‘
of photogrephic f£film. “COther industries which should be alerted to ‘the froblen '
are pharnaceuticalvmenufecturers and food processing‘companiesis'Itfisfnotfpossibie,
at this time, to enumerate with assurance the industrial processges whichfcén?he.>_
completely eliminated as subjects of this potential ‘hazard,’ without the assembly
of extensive research and statistical data“ applicable to specific operations

For example, with’:espect"to the“photographic £ilm industry,fstudiesfmustfinclude
the effect of radiomctivity upon all materials entering'into-the?finishedTproduct

such as gelatine, sensitizing chemicals, paperlfor the.mappinglofzfilms,iet~cetera.



It will be necessary to catalogue those industries which appear to be most
- vulnersble to the presence of radioactivity and to define the level of activity

which may be tolerated. In the preced.ing paragraph, there were méntioned indus-
tries vhich might be affected by trace concentrations of radioactivity. Other
industries may be safe vith respect to these levels of radioactivity, but may

be serious]y affected by accidental release of waste in greater concentrations.
'Such concentrations may be brought about by inadequate dilution or by an accidental

discharge. - o c e

- There is the constant threat that low=-level concentrations of radioactivity
may be interznittentibr raised beyond permissihle tolerances because of _concentra-~
- tions of radioactive isotopes tn.rough .th.e action of aquatic plant life .. Such )
growths are knovn to .be capa‘ole of accumulating ._radioactivity to 'a‘:le‘vel_cof e
one thousand times that of the river water. Similar concentrations can be .

affected by selective adsorptian or absorption. )

o C e e

. It may be entirely impr_actical for the in‘s_tal]ation creating the.waste to ¢
remove completely all radioactive material before discharge from the site. .Al_l. '
‘that may be reasonably required is to redute the wastes to levels assuring.no .

- environmental exposure of significance ’ assuming that significance levels can
be defined. Industries' needs for vater and air of specified ¢quality can be met,
- only by an:".‘in:fo'rmed—'managernentvho should be.made avare pf the potentia.l_ problems.
The particv.ﬂ.sr. in&xstries'..needs can then be met by adeqliate_mmiitormg and -.
supplementary treatment within the 'indnstry.i .. |

It is quite possible (in fact, it seems probeblg) that there will be regu-
latien .controlling radioactivity for different parts of the"cov.mtry and world
which vary great]y, possibly as nmch as several orders of magnitude. It is:also
brobable that the regulations regarding allowable dispersal quentities of radio-
activity will .‘cna.nge from time to time, being dependent upon accumulations of

activity in small geographica.l areas and exposure experience in ldmited popu-

[RALY 3 )

lation segnents. _ ‘
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Because of the long-term nature of the hazerd of any dispersed 'a.ctiw'ri.tjr,‘ 1t
1s obvious that city, county, state, and mational records of all radicactive
materials released to environment may become & part of our governménta.l"‘ -

control structure, Similarly, a record of individual rediation exposures for

all people from birth mey also necessarily become part of our"':g‘overnmenta.l
and social st'ructu.re It 1s proba.ble too that responsible su.rvey a.nd ccntrol

agencies which measure ra.dioa.ctivity in the environment routinely and by

reguler general surveys will be required. )
‘As a part of the problem of control of low-level exposures to ra.dioa.ctivity,

the development of instm.menta.tion, sampling techniq_u.es s, a.nd measuring devices

.. sensitive to the, low levels of radioa.ctivity that is of consequ.ence “is~.required.

It' is most desireble that these dangers from’low-‘iévei’ra.dioactivity be

publicized, after mature ana]ysis, to assure ewareness. and control of the :

- problem, So far as industry 1s concerned, a.deq_ua.te dissemination of essentia.l '

v

infomation can be a.ccomplished best through group a.ssociations for specific.

lc.\

‘ indnstries. These educeational programs should be guided a.nd directed by the

— - - - - ea G ——

appropriate governmental agency.

The educa.tion of the general public to Il_iving safely with radiation will -

certa.inly be a much more difficult problem." -

We shall proceed no further than to point out the necessity ’for consider-
ing the problem of. disposal of the distributed low-level wa.stes in this report,
but defer the _ana:lys_i;s,:of.”the.problem for: la.terstudyby 'county, state, and
fed.era.l,regula.tory agenciess Most certainly ca.reful consideration of local

disposa_.l—‘"factors end informed technicel analysis will be required.

. - High-level Waste Disposel and Conteinment .

'To provide information on high-level wastes, we have prepared data based

.on uncertain predictions of the g;rowth of.our nuclear power economy; of the type

P . - o T W s . R T S S LI
P P .. - . - - N - - L . . R N T R
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: of nuclear reactors; and particularly on the nature of chemical processes that

discharge radioactivity in great quantity. The accuracy of many of the

predictions and extrapolations is q_uestionable, but the over-all waste picture

obta.ined by so doing has real value.

Many factors must be considered- to frame properly the waste d.isposal

picture. In this report we will consider the following:

(1) The Chemical, Physical and Rediochemical Nature of Nucleer Wastes

(a)

)

(c)
(d)

(e)

(£)

Influence of reactor type

Wastes fronr operating reactors

Influence of radiochemical processes

Chemical and phys1cal nature of highly active process wastes
1) For liquids

2) For solids

3) ‘For ga.ses

Influence of specific fission products and their decay ha‘l.f-lives

Radiochemical nature
1) Heat production

2) Concentrations

s
e

(2) Megnitude of the Waste ‘Problem in & Growing Nuclear Power Economy

(a).
()

Rate of nuclear power growth

Estimation of the magnitude .of . the rad.iochemical waste - ‘

-production for growing nuclesar power economy

1) Equilibrium quantity of each fission product

2) Estimated physical volume of wastes

- 3) Calculated decay rates for individual fission products

and gross waste

~ 4) BHeat production by radioactive wastes

' 5) Estimated production of transuranics and transplutonics

6) Distribution of fission prodnct and - transplutonic activity
in the power reactor complex
~16-



(3) Relative Biological Hazard of FiSSion Products and Heavy Elements

(4) Hazard Potential Due to Accidents

(5) Processes Associated with Waste Disposal

'(a) Specific fission product removal and concentration

(b) Processing of bulk wastes for disposal e

(6) Transportation of Active Wastes

(a) Optimum cooling period determination befofe'shipmeptﬁ‘”

(b) Costs versus shipping distances

(c) Estimation of trensport for irradiated fuel and for
high-level wastes S I

(7) Possibilities for Ultimmte Waste Management or'Disposal;

(a) Oceanu ' | - v,.,,;w Y
(b) Land .

1) Salt deposits

2) Dry caves and-sealed faults

3) Surface pits - retention in surface soils-or solids burial

-2 °4) Deep wells

5) Tanks-cr~lagoops - o TE

(c%<&ﬁce'

(8) " Economic Considerations and Data

(2) Absolute Hazard Potential of Wastes Lo

(a) Source strength, fission product spectrum, and heavy element
concentrations

(b) Chemical form of disposed wastes
(c) Accessibility of gross waste deposit
(d) The natural of the environment in which wastes are deposited

“(e) Accessibility of radioactive components



(f) Effect of decay on hazard reduction
(g) Probability of exposure of humans or humen environment to waste
(h) Effect of radiation exposure on rec1pients

3.0 The Nature of High-level Radloactive Wastes as Deflned bz;Reactors-and

Chemical Process Techniques

The definition of the'physical chemical and radiochemical nature of wastes
must start with a con51deratlon of the types of reactors that may be represented
in a nuclear power economy. Figure 1 graphlcally simplifies the reactor picture.
A more thorough discussion of reactor types and an extensive bibliography on
this subject appear’in Appendix I.

3.1 Radioactivity Release from Reactors .

(1) In circulating fuel reactors, such as the aqueous homogeneous reactor
(Appendix I, page 10) the liquid metal fuel reactor (Appendix I, page
8) the primery fission geses may be obtained free of the circulating
fuel as fast as they-are formed by the fission process. These gases

235

are - (for U thermal‘fission).shown in Table 1. Since it is desir-

135

able for reasons of neutron economy to continuously remove Xe ,

5 g

all gases may be bled from the reactor circuit; Xr -~ is discharged

o the let-down systems along with Xe S”. Radioactive iodine iso-
Atopes present the most serioas-btological nazardﬂto reactor opera-
ting personnel in case oflevenmninor'leaks';n the reactor and in its
protective enclosure.

(2) In solid fuel element reactors fission product5<ane contained by pro-
‘tective metallic skins; gases are released only when ruptures occur,

and then usually only‘in small quantity.

(3) 1In reactor cooling systems the following examples of induced activities

-

-18-
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can be produced by neutron capture:

In HEO:
Coolant Active Isotobes Produced

(a) Na 150 Na2¥, 60s Na2?

(b) 0, 29s o (activity negligi‘ple) A

(c) N2 T.3s Nl6 A
In gases:

(a) Air Clh, Nl6, 019, et cetera:

(b) co, 5.58 x 105y ct¥, 29s 0%
In liquid metals:

(&) Na a2, Na2’

(b) NeK N 21‘, Naes, 1.8 x 1o9y Kl‘o, 12.4h

, etc.
(c) Bt 138.3d Po" 0 (5.3 mev @, 0.78 mev 7)

Radiocactivity induced by thermal neutron cepture on water coolants

is of relatively short half-life. After short decay ﬁeriods, induced
activity in water (e.g., due to activation of dissélved sodium, etc.)
probably can be discharged to ground water under controlled conditions.
Carefully treated reactor cooling water 1skrecirculated 1nfclosed
circuits for most reactofs. Accidental release of fission prodﬁct“
activity through ruptures in fuel element cladding is hendled as an
emergency céndition, for which processing provisions are made. In-
duced activities in gas coolants are expected to be insignifi;ant
factors in disposal. A discussion of induced activity in reactor
cooling water ﬁas been given by Mbeller-(6)

However, activities produced in liquid metal coolants, e.g., Na, NaK

-20-



or Bi, may provide rather severe problems due to 1l5hr Nazh, 138.34

PoElO, etc. Assuming a liquid metal fuel containing 1232 at 600 ppm

in bismuth, Po210 has an effective yield of 5.7% per fission.

After 180 days Po210 activity would be 33 times that of Sr9oz and

R

thus would constitute a very dangerous biological hazard in either
the reactor or fuel processing cycles. This ratio would still be

9 to 1 even after three years operation.

s o e vt 4 e ot AL et M 9 o A

(4) For all reactors, the potential hazard of accidental release of a&gi:
vity due to a catastrophic accident exists. As an indication of

how much fission product activity is contained in a reactor, it
(12) '

has been pointed out that a 500 MW (heat)-electrical:-power unit

which has operated for three years cbﬁtains as much §;90 as now

-

exists in our'strétosphere.

-21-



e N
e T

Table 1

Gaseous Fission Products fr0m“U235'Thermal Fission .

other very short half-life

. I Absorptien . Total B & 7
Nuclide . Mass No..  Half-life : Cross.Sectioﬁ".'-_'Yield o DecayiEnefgy- '
T e ommems 4w
3557 g2 35.8h - 3.8x107° 3.8
83 2.4h - | 0.48 . 0.36k
8k ' 30.0m - 7 T 1a 3.5
A 85 3.0m - : 1.5 0.83 - -
- ' other verﬁ'short half-1ife T . . -
- 36KT 85 . 10.2Ty 5. 0.3 . 0,232
87 78.0m . 470 2.7 157
88 . . 2,TTh - . C 3T 0.36 .
89 " 318 - - . . k6 1.3
other very short half-life o | . S
53T 129 L 1,72 x 100y 11 1.0 009
131 8.05a 600 2.9 0.58
132 2.kh - bJh 2,43 "
133 20.8h - 65 1,01
| 13+ . - 52.5m - 7.6 1.92
135 . . . 6.68n - 7549 " 1.85
. other very short half-life = ‘ ' : ‘
- ouXe Ca™ 208 - " 0403 - 0,163 .
133" S 2.3 - 0.16 © 0,233
133 5.27d - 6.5 0,196
135" 15.6m - - 1.8 0,52
135 913 3.5 x 10° 6.5 0.5T6
137 3.9m 5.9 1.33
138 17.0m (7.6) 1.0
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The Chemical Processing Cycle .

_23-

A large chemical complex is required to supply fuel to reactors and to

recover from them partially depleted and new fissionable materiel as ii.]nstréted

by Table 2 showing various types of fuel processing which are either in operation

or might be feasible based on present knowledge:

Table 2

PRINCTPAL TYPES OF FUEL PROCESSING

Fuel Fabrication

Ore Processing Separations, Refining, Waste Treatment
Mining Solvent Extraction. - R
Placer Recasting TBP (Purex, Thorex) PR )
Strip Shaping Hexone (Redox) ‘ S
Hard-rock Coating Ethers (diethyl dibqu, .. S
Decoating . diisopropyl, -
Pickling ‘ - Cellosolve) Tt
Ore Dressing Canning Diisopropyl Carbinol S
Dibutyl ‘' Carbitol (Butrex) : R
Crushing and Chelation (TTA) N 5+
grinding Decladding Triglycol Dicholride - (Trigly) R O
Flotation Dioctyl Pyrophosphoric - Acid B
Roasting Dissolving (OPPA) i
leaching Machining , : ) o
Precipitation and . Precipitation R — 4
Waiilizzation . giz?uthI;Phospha‘ie ) ‘
+ Sodium Diiuranate .
Calcining .. Scavenging (NiEFe(CN ) 6 5 .
MnO ) T '
Redissolving : i a
htf:iii::;ign snd - Volatilization Miscellaneous - -
Washing .. Iiquid media Ion exchange
Drying _ . Fused salts Permeeble mewbranes |
Substitution (€1, F Fluorides Electromagnetic
NOg, 02014-) Evaporation
: Cealcination
Electromagnetic .
Gaseous Diffusion gig‘ze'gzg’geratum Electro@epout_ion
Reduction to metal '
Slagging
Molten metal or salt ex‘cra.ctlon
Electrolysis
Distillation

Modified deBoer

Fusing (ceramic, glass )



FIGURE 2
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The':unctioning»of this complex can be affected at'many’points by changes in
allowable radiation exposuresito'operating-personnelg exposure potentials com-
parable_or greater than those provided by a.single reactor are possible. The
,'steps?in the‘recycle for a nuclear power economy for each of the fissionable
4elements is shown schematically in Figure 2. . ;

| The reprocessing of irradiated fuel elements produces’tne high-level fission'
product“wastes as raffinates. ‘?he nature of chemical processes for accomplisﬁing
the similtaneous separation of fissionable and fertile material from fission ,
products and from each other is discussed and refarenced-in‘Appendix i;. Our
processing experience, based on solvent extraction for plutonium.production or for
the recovery of enriched U235 from U-Al alloy used for MIR- fuel elaments, is not

representative of processes that will be required for proposed reactor fuels,

Because of the varied nature of reactor fuel elements for power'reactors, adaptions

1
B +

of known'process techniques .or the development of- entirely new processes will

be required. The state of process development for reactors that have been

U T S

proposed for power production does not allow an accurate estimate of the chamical
. and physical nature of wastes Figure 3. shows the status. of development for

generalized fuel types. : - e

. . + ~
-~ . . -~

Wastes from a chemical reprocessing plant appear as solids, liquids (fission
’ product salts in aqueous solutions) or,, gases (fission product gases and/or part-
iculateé suspended in a non-radioactive carrier gas such as air or nitrogen)

is probable that for many years the high-level wastes will be aqueous raffinates
from such basic processes as solvent extraction ‘let usAthereforejturn our

‘ ‘attention to high-level aqueous wastes produced as. first cycle raffinates from

solvent extraction processes.



Fig. 3. Btatus of Reprocessing Methods for Various Reactor Fuel Types
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3.3 Nature of Wastes from Radiochemical Processes

The Idaho Chemical Processing Plant processes enriched U-Al fuel by a
solvent extraction process using.hexone. In addition to raffinates from process-
‘ing of this type of fuel the Idaho Plant will produce wastes fron:other fuels
as shown in Table 4. All wastes described will contain high concéntrations‘of
ions other than fission products (i.e. Zr(IV),‘Al(III) ) whichlwill limit their
concentrations by evaporation. The processes which will produce?the.wastesﬁ

described are those required for recovering highly enriched U 35 from inactive :

—~ :.._.

T

diluent and cledding metals. A summary of the approx1mate nature of high—‘

(28)

level wastes from other solvent extraction processes is given ln Table 5.

= " ,»,\r

An attempt has been made to estimate the characteristics of“the wastes

-emanating from the processes for proposed stationmary power reactor fuels.’:,;':;..w N
!r‘} S

First, an estimate was made of the number of reactors of a given type by the
i

year 1980 for the United States only, based upon the maJor types:of power I

e

reactors under consideration today. The distribution assumed (broken doﬁdi}

by total power) was approximately 23% fast reactors of_which the.Detroit

g o

Edison type is used as an example; 23% homogeneous reactors, such as Wolverine LN

and ORNL-TBR; 13% heterogeneous- thorium breeders, such as Consolidated Edison,

9% seed and blanket type, such as the Rural Cooperative and the remainingﬁ

32% were assumed to be slightly enrlched heterogeneous reactors, such as that

N \,ﬁ

of Commonwealth Edison. Table 6 lists the distribution of reactor types by

1980. (29)

Although this distribution is arbitrary, it does cover the currently pro-

posed major types of reactors and possible chemical processes which will yield

(29)

aqueous wastes. Table T lists the waste volumes and waste characteristics

for each of the reactor chemical process combinations which are under study for

é

processing power reactor fuel elements by agqueous chemistry. Table 8(29) lists

- o7
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TABLE k4

“TCPP FIRST TYCLE AQUEOUS WASTE FLOWSHEET COMPOSITIONS (UNCONCENTRATED)

Hexone Extraction

TBP Extraction

" NO

Aluninum AT Alloy AL Alloy R 80, Acid HF Zircaloy  Sodium PWR
‘Alloy - A MIR (TBP) (TBP) " Stainless Graphite Seed
Specific Volume M 515 825 592 " 545 L7 223 2500 415 7.2 960
liters/kg 25(1) -
i M . 1.06 0,96  3.37 0.45 2.1  0.70 1.37 2.1
'ttt M 1.h2 1.50 1.5 1.51 0.70  0.75 0,70 0,43 0.75
Zr (IV) M - 0.55 0,03 0,55
;A M 1.31 0.82  0.05 0.39 0.78 1.9
Hg' M 0.012 0.0012 0.011 0,005 '
Other Metals M y 0.l 0.108 0.01 0.007
3 M 5.34 5.07  5.63 5.50 2.73 2.59  3.59 2.88 4.5 k.3
F- M - 3.00 0.18 3.0
Acid Deficiency ‘N 0.25 0.25
50),= M 0.h7
Sp. G. M 1.255 1.250 1.094 1.216 1.15
<l)Per kg 0235

after burnup



Table 5

CHARACTERIZATION OF FIRST CYCLE HIGH LEVEL AQUEOUS WASTES FROM SELECTED SOLVENT EXTRACTION PROCESSES

: Waste Approximate (2)
Chemical Properties, Constituents (M), Approximate, Exclusive of Fission Products and Heavy Elements Volumeé Approximte Concentration Waste Act.ivit.y
. gal/g U2l Specific of U in Feed (3)
Process ] AL Fe Cr NI 2Zr Na N, NH, &n W Mg Hg NO; F so, Po, ci1 Consumed Gravity g/liter curies/gal vat.t.s/@l BTU/hr/gal
Redox 0.2 1.2 » * * 0.46 : - L .0.27 1.18 450 1720 8.6 29.4
2.5 to : 2.5 to .
Purex 1.0 » * * * . 7.0 » 0.3% 1.07 300 1320 6.7 22.7
¢ -
Thorex 0.1 0.5 * - * * ’ 0.01 1.4 0.05 . 0.34 1.12 350 (Th) 81 o.4 1.37
0.31 to
Hexone-"25" 0.2 1.5 © » * * 0.5 0.01 4,5 0.13 1.23 2-5 1620 to 39%0 8.1 to 20.2 27.7 to 69.0
0.22 to
TBP-"25" 0.5 1.6 * * » 0.01 5.5 0.02 = 0.11 1.29 . 3-6 2580 to 5160 12.9 to 26.0 LY.l to 88.6
Zirconium-HF 0.8 to )
for enriched U 2.0 .8 0.1 0.5 ' 0.02 2.3 3.0 ~1.50 ~1.1 0.3 350 1.75 6.0
Stainless . -
Steel-HoS0y for .
enriched U-235 2.6 0.25 0.05 0.01 003 » 0,001 2.4 0.30 ~0.135 ~1.3 2-3 1500 1.5 25.0
Notes (1) Wastes are untreated; they are essentially as they leave the solvent extraction plant and are subject to furtber treatment such as evapomtion, neutmlization,
chemical treatment for fission product remva.l, etc.
(2) Basis for activity numbers: Irradiation period 4000 Mwvd/t for patural uranium
5 x 10 n/(cm) (sec)
4000 grams U233 chain per ton of thorium :
53% burmn-up for 1?33 1n enriched fuel elements ! '
N 100 days decay cooling from time or reactor discharge
(3) After 100 days' deca,y, the distribution of energy is approximtely 50% y and 50% B.
(4) Waste volume per gram 1235 consumed is an inverse function of bumup, i.e., for hexone-25 at 20% burnup, the gal/g T 5?)(0 lh)
(s) ] .

Waste activity varies approximately as the (irradiation level)o‘e_ S . i,

e
L

el

v merer

[P,
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TABLE 6

DISTRIBUTION OF REACTOR TYPES BY 1980

IN UNITED STATES ONLY

BASED ON POWER BUILDUP CURVE OF J. A. IANE

Power Level No. of Total Power Processing Burnup or .
for Each Each for Type Rate for Type Irradiation Initial
Reactor Type (Heat Mw) _Type (Hent Mw) (tons/yr) Level Enrichment
Consolidated Edison 560 25 14,000 200 (Th) 57% 122 >90%
Thorium Breeder L4o% U255 -
(10,000 g/t) Th
Commonwealth Edison 720 25 18,000 36k 12,200 Mwd/t 1.5%
Detroit Edison 400 62 24,800 342 (c) ~ 4% I 2T%
Fast Breeder 2040 (b) - Ax.76 Mwd/t Dep.
Rad 984 Mwd/t Dep.
Consumers Public 300 25 7,500 610 4,250 Mwd/t 2.27%
Power 16.2% U255
Yankee Atomic 555 15 8,000 330 7,000 Mwd/t 2.49% .
Electric 24% Bu 7
Seed and Blanket Type ) 235
- (Modified Version 360 25 9,000 1.10 (c) Lo U > 90% St
of Rural Cooperative 182 {b) ~10,000 Mwd/t Nat.
Reactor)
Homogeneous
Wolverine Electric
HModified 480 25 12,000 2.2 ("25") 400% U2 Lg% (Eq.)
ORNL-TBR 480 25 12,000 550 (Th) 6,000 g/t Tﬂo?(b)
1.3 ("23"C) ~33% "23"C)
Total Power 105,300
Totel Th Processing Capacity 750 7,000 g/t
Total Nat. or 51. Enriched
Uranium Capacity 3,526 3,600 Mwd/t
Total Uranium Core Capacity
(Highly Enriched) 46
(10-30% Enriched) 3h2



TABLE 17 )
VOLUMES AND CHEMICAL COMPOSITION OF WASTES FROM VARIOUS REACTOR FUEL PROCESSES

Fuel Element Process Description Feed Conditions Waste Vol Waste Vol Vaste Vol Waste Conditions Estimated Vol

and to HA Column From HA After Evap. After Evap. for Final Dis~ of Final Waste
Reactor Type Sub-Assembly - . Col gal/kg gal/kg U gal/gm "25" posal of Each Type Comments
Type U or Th or Th consumed gal/yr By 1980
Consolidated Core & Blanket Dissolution . 280 g/1 Th .
Edison . Plates 1) HC1 Gas Phase 0.94 0.94 0.10 0.33 M Al(N03)3 188,000 Either of these
Thorium Breeder Core - U-Zr 2) HNO o 0.3 M HNO or any combi-
Blanket Th 3 - 3 nation - not
Clad - 2r-2 Modified Int 23 420 g/1 ™ all three
- Alternate Plates ORNL-MR-HEP - 12 g/1y #% gals/gm "23"
32 Core - 33 0.5 M HNO produced. Has
Blanket : -3 Long Cooled No Pa additional
Irradiate to . : 1.36 0.39% 0.0k 2.0 M AL 79,000 ZrCl) waste
10,000 g/t Th Thorex . 350 g/1 Th -0.38™M 1o
: ORNL-MPP 10 g/1u =3
: -0.1 M HNO Pa Recovery - Final Waste
- 0.56 M 13 0.59 0.39h 0.0k ~0.6% i HNO, 79,000%
: . 2.5 M A
Commonwealth U0, Pellets Dissolution 324 g/l U
Edison 1.38% no5" 1) HCl Ges 1.15 g/1 Pu 1.24 0.12h 0.0135 ~ 7 M HNO 45,000 Purex Type Waste
Tube Sub-Assembly 2) HNO3 2 M HNO3 - 3 gives advantage
25 Sub-Assemblies > o ' of 10:1 volume
per Assembly Purex ] ) . reduction
3600 g Pu/T U ORNL-MR-HEP : '
Zr Clad-S5S ends : .
(Alternate) 24 gf1 y 1.6 M Al Conditions
Idaho FAN 0.093 M zr 1L.1HF based on opti-
2.4 M B+ 13.2 5.0 0.55 6.3 M H* 1,850,000 mistic volume
0.5 M HF. . ~0.5.MF-,0.75 MAL . . e e - 0.21M 2r. .. . . reduction may
0.7 M ANN hasH No3 10.8 M noz have extensive
S 3N HNO3 : ‘ -3 evaporator

- L " 7. corrosion

-Ig-



Fuel Element Process Description Feed Conditions Waste Vol Waste Vol Waste Vol Waste Conditions Estimated Vol
and to HA Column From HA After Evap. After Evap. for Fimal Dis-  of yaste of
Reactor Type  Sub-Assembly col pal/kg pal/kg U* gal/egm "25"  posal Each Type by Comments
Type U#* or Th # or Th consumed Year 1980
gal/year
Detroit Edison
ast Breeder
ORNL-MR-HEP (2)
Core Pin (Swaged at 1) Dissolution 12 g/1 U 33.6 33.6 3.1 5.8 4 HNO4
ends) 1-6 M HoSO0y, 0.048 g/1 Pu 1.06 HOoS0) 0.3 - 0.5"M ANN 11,500,000 Has SS Waste
144 Pins Sub- 2) HF & HNO3 6 M HNO3 Waste 0.03 M F~+ Zr from HpSOY
Assembly Mo~ Centrifugation Some ANN - dissolution
2.16 Kg Mo (a)criticality
20.16 Kg U(27% Limitations
0.86 Kg 2r gives low
4.8 Kg sS concentration
Core ORNL-MPP
AMternate Scheme Dissolve with 237 g/1 U 1.71 1.71 0.158 3.97 M HNO 585,000 Indicate
to above HNO5(13 M) B46 L 2.44% g/1 Pu 0.033 ¥ Zr advontages of
Not in addition AL(NOR) :‘ 13.12 Kg 5 M HNO3 0.23 E—Al(l~'103)3 designing
Hp0 133 1 - - 0.05 M 2r 0.2 M F~ process in
KF  1.7h Kg 0.35 ¥ A1(l03)3 terms of
(18 Assemblies) day 0,3 M F criticality
36h.5 kg U ' - limits
Axial Blanket  Rod (ends re- ORNL-MR-HEP 324 g/1 U 1.22 1.22 0.113% 2.3 M HNO High S§S con-
cessed) Aq. Regia Dissolu- - 88 g/1 ss 58 g/1 ss tent makes
16 Pins/Sub tion 2 M HNO volume reduc-
' -Assembly 0.13 g/1 By 2,080,000 4100 arfricult
13.97T Kg U
0.03 Kg Na
3.8 ¥g S8
Radial Blanket Rod ORNL-MR-HEP 324 g/1 U 1.22 1,22 0.113% 2,3 | HNO *Based on Core
25 Pins/Sub Assembly Aq. Regia 1.3 g/1 Pu ’ ‘ - 48,6 g/1 sg burnup since
71.25 Kg U Dissolution 2 M HNO ' ’ blanket is de-
0.15 Xg Na T g/1 sg pleted Uranium
16.3 Kg SS .

~
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Fuel Element Process Description TFeed Conditions Waste Vol Waste Vol Waste Vol Waste Conditions Estimated Vol
and to IA Column From HA After Evap. After Evap. for Iinal Dis- of Waste of
Reactor Type Sub-Assembly col gal/kg gal/kg U gel/gm "25"  posal Each Type by Comments
Type Uor Th or Th consumed Year 1980
; gal/year
nsumers Slug - 0.455" . Remove ends by 32k g/1 U
Wblic Power 2,27% "25" . . Sawing 0.81 g/1 Pu -
leactor 2500 g Pu/T(Final) 28 g/1 s8 1.24 1.24 0.354 2.3 M HNO4 757,000 Has Solid Ss
10 elements per Aq. Regia Dis- 2 M HNOq 18.4 g/1 s8 Waste
Sub-Assembly Nak  solution ~ 34 tons/yr
bond 19 Sub- on assumed
Assemblies per basis
Assembly SS
Structure. ,
’ )
w
w
1
Yankee Cylindrical Pellet
somic Electric Sintered U0, Sawing “32h g/1 U
“Reactor 2,494 "25" 67 &/1 sS 1.24 1.24 0.182 2.3 M HNO3 410,000  Has Solid SS
- 128 Sub-Assemblies Aq. Regia Dis- 1.72 g/1 Pu 4 g/T ss Waste
per Assembly solution 2 M H.'NO3
Pellet in tubular Tt
Sub-Assembly (Alternste)
131.6 Kg U, 0.7 Kg Ideho SS. 35.6 g/1 U
Pu 0.4 7/Day © 3 M HNOy- 9.15 2.30 0.34 7 M mNO 760,000 Only Approx-
27 Kg S8 , 0.75 M Rps0y, ~ 2.5 M Ep20, inate waste
SS pis, in 7.3 g/1 S8 o g/1 ss condition
6 M HaS0y - ' This Volume
Ly, 6 g s5/1 in is Alternate
4.8 H stoli' ‘ 10 that above -
UOs Dis, in T . not additionsal
3 M imos R |




Fstimated Vol

Fuel Element Process Description Feed Conditions Waste Vol Waste Vol Waste Vol Waste Conditions
and to HA Column From HA After Evep. After Evap. for Final Dis- of Waste of
Reactor Type Sub-Assembly Col gal/kg gal/kg U gal/gmn "25" posal Each Type by Comments
Type U or Th or Th consumed Year 1980
: gal/year
(Seed)
Seed and Blanket iate Type Seed  geparate Streams, 3 g/1 U 106 10.6 0.026 7.0 M HNO3 11,700
Type Highly Enrich.  geeq: HC1 Gas 6 M HNO3 1.2 M A1+
(Rural Cooperative 2> FPlate Type  pjggolution - - 0.03_1_Fe(NH2503)2
Reacbor) Nat U Blanket ZrClu ZrO> Waste
Both Clad in Zr Removal (Ble.nket)
6 Seed Plates/  pygnket HCL Gas 1.08 0.11 0.046 " 7.0 M HNO 20,500 " Based on Core
Assembly Dissolution - 32k g/1 U (Purex) 3 Burnup
L Blanket Plates Z!Cll} & Zr0o waste 1.3 g/l Pu
per Blanket Removal o M HN03
Assembly (20,000 de/t) -
Based on 1.25 Kg ORNL-MR-HEP
Seed per ton
Nat. U
Homogeneous
- U02S0), 1n D20 Dissolution of 0.28 M HoSOy Have Solid
Wolverine 7 g U35 /g D0 U & SS Container 6 g/iu 18,2 18,2 b.5* ~ 0.2 M HyS0), 40,000 Waste Sludge
Electric Co. " 1in Aqua Regia 6 M HNO5 (u235) (u235) 5.3 M HNO3
- Highly Enriched 0.003 M Fe(NH2S03)2 *Equivalent to
(Initially) 400% Burnup
Ship in S8 as
slurry in light
wvater
Q(éRNLRe—T?.Rn) U02S0Y, in DO éC) HNO3, F- Dissolu- 1.5 M Th
-Reglo Th O2 in Dp0 (B) tioh of Th Op 0.5 M A1 0.48 0.48 0.10 1.87 ¥ A1 264,000 This type best
Add Hydroclone -0.1 M HN03 -0.35 4 HNO3 suited for on
underflow from core 2.8 g U/l site processing
(ORNL-1761) ~.2 g Pa/l Processing of

single region
slurry reactor
would yield
simlilar waste
conditions
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Reactor Type

Fuel Flement
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Sub-Agsembly

_Type

v . .
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Proceés Description Feed Conditions Waste Vol Waste Vol
to HA Column From HA After Evap.
1y o1 Col gal/kg . galfkg-U

o

Waste Vol

After Evap.
gal/gm ’125u
consumed

Waste Conditions
for Final Dis
posql

Egtimated Vol
of waste of
Each Type by
gal/year

Comments

1search

MTR Type

Forelign

Plate Type

U-235 in Al .

MRT Highly,
Enriched

Foreign 20% T
25" (356 U

in Al)

* UorTh ' 't or%h

M .
V. e N . .

- 135
(68 Avg)

HNO, Dissolution 5
of 2U-Al Alloy 1.0 M HNO,
ORNL-MPP 1.8 MAL (NO

Ratios ‘and"I',hfolug,b- 3 ' ‘3
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<t - Nt 2 i b
. vy .-, AL Content., . L, L
. : LN S I B R SRS 2
[
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'
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108,000

30,000

Based on 800
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Uf¥r + 4oo
Kgﬂ ||25ll 20%
Em‘ich/Yr

!
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TABLE 8

ACTIVITY OF WASTES FROM VARIOUS REACTOR FMUKL PROCESSES AS A FUNCTION OF DECAY TIME

Flux Irradietion Activities Activities Vaste
$p = fast flux Level (1) curies/kg or pgal (1) curies/kg or gal Volume
= thermal (and 1rradi- (2) total watts/kg or gal (2) total watts/kg or gal gal/kg U or Th
flux ation Time) (3) Btu/hr/kg or pgal {3) Btu/hr/xg or gal for Rasis
Reactor Type (n/cn?/sec) (1std units) At Decay Times of (Units/kg At Decay Times of (Units/gal of waste) (see Table 2 )
U or Th)
1 day 10 days 60 days 200 days 500 days 1000 days 2000 days 3000 days
consolidated 9!P =2,2 x 10113' 10,000 g/t (1) 1.13 x 105 (1) 7.0 x 10" (1) 3.29 x 101' 1.10 x 10,‘ 4,38 x 103 1.98 x 1o3 9.1 x 102 .0 x 102 0.94
“HEison p =6.5x10 5% Bu {25) (2) 566 (2) 350 (2) 164 55 21.6 9.9 L.5 3.0
Thorium Breeder ) (360 a) {(3) 19u0 {3) 1200 {3) 564 188 15 33.8 15.5 10.3
Commonvealth ¢F =1,1x 10}13‘ 11,400 Med/t (1) 1.1 x 101‘ (1) 6.3 x 103 (1) 2.45 x 101‘ 1.08 x 10'0 4,95 x 103 2.79 x 103 1.62 x 103 1.20 x 103
“Bdison ¢T =1,6 x 10 624 (25) (2) 48 (2) 26 (2) 91 36 4.4 6. 3 2.9 0.124
(1020 d)  (3) 164 (3) & (3) 30 123 49 24 13 10
Detroit Fdison '
Fast Breeder
Core By =5x 107 ~4dpu (1) .3x 10° (1) 8.1x 10* (1) 1.52 x 10" 3.9 x 103 1.01x103 300 219 137 1.71
(104 d) (2) 660 (2) ko (2) Ked 19.7 5.1 1.55 1,11 0.69
10 (3) 2200 (3) 1370 (3) 257 66 17.1 5.1 3.70 2.29
Axial Blanket ¢r =3 x10 Lo g/t (1) 640 (1) 400 (1) 105 27 7.0 2.1 1.51 0.95 1.22
(104 4) (2) 3.2 (2) 2.0 (2) 0.53 0.1h4 0.035 o.o11 0.0076 0.0043
Radial " (3) 1.0 (3) 6.8 (3) 1.8 0.46 0,12 0.036 0.026 0.016
Blanket ¢P =3 x 10 3-h000 g/t (1) 870 (1) 600 (1) 252 117 57 33 18 11.9 1.22
(1435 4) (2) Ly (2) 3.0 (2) 1.3 0.6 0.30 0.17 0.093 0.062
(3) 14,8 (3) 10,2 (3) 'R 2.0 0.97 0.57 0.31 0.20
consumers . 13 L . 3 3 2 2 2
Public Power ¢T =2 x 10 16,24 (25) (1) 1.96 x 10" (1) 1.1 x 10" (1) 3.36 x 10° 1.3 x 10° 4,78 x 10° 2,2 x 10 1,10 x 10 78
Reactor (395 4) (2; 87.3  (2) k2,5 (2) 13.7 4,55 1.4y 0.56 0.25 0.17 1.24
3 298 (3) 145 (3) u7 15.5 k.9 1.9 0.86 0.58
Yankee 1 4 4 3 2 2
Atomic Electric ¢T =2 x 10 3 8400 Mwd/t 1) 2.2 x 100 (1) 1.2 x 107 (1) .0 x 10 144 x 103 5.25 x 10° 2,37 x 10° 1,21 x 10 86
Reactor (365 4) (2) % (2) u6.6  (2) 15.1 5.0 1.58 0,61 0.27 0.19 1.24
(3) 328 (3) 159 (3) 51.5 17 5.4 2.1 0.93 0.65
Seed & Dlanket gy = 3 X 1013 (1) 1.19 x 10° (1) 6.4 x 10° (1) 3.14 x 10" 9.44 x 103 3.5 x 103 1.55 x 103 7.4 x 102 5.2 x 10°
Type  (Seed) 40% Bu (2) sk (2) 2620 (2) 9.5 33.2 10.6 b1 1.7 1.2 10.6
(365 4) (3) 18,700 (3) 9000 (3) 330 11k 36 1k 5.9 5.1
8. =3 x 1083 10,000 wa/t 51 1.02 x 10* (1) 6.2 x 103 (1) 2.9 x 10* 1.75 x 10" 864 x 103 5.1 x 103 2,98 x 103 2.4 x 103
T(blanket) 2 6 (2; 24 () 8 16 23 12.5 7.5 5.6 0.11
(6-8 Yr) (3 157 (3 g2 (3) 293 1£0 19 43 25.6 19.1
Homogeneous
1h 5 5 3 3 3 3 3
wolverine Type ¢, = 1 x 10 40oo% Bu (1) 7.0 x 107 (1) 3.5 x 107 (1) 9.6 x 10 6.4 x 10° 3.2x10 1.6 x 10 1.0 x 10 800
T (3000 ) 2 0 e () u8 32 16 B 5 i 8.2
3) 12,000 3 6000 3 164 110 55 28 18 1k
ORNL-TBR Type fp = 3 x 10 ic) 2605 Bu (1) 8.0 x 10° (1) 5.6 x 10° (1) 2.8 x 10 7.0 x 103 3.0 x 207 1.k x 103 20 475
@ = 6-8 x 101 (190 d-c)
T (b) 6000 g/t (2) b0 (2) 280 (2) 1o 35 15 7.1 b1 2.4 0.48
(320 d-b)
(Th Basts) (3) 1370 (3) 956 (3) 4715 120 52 24 14 8.2
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- the activity level of . 1) the material. to be processed from.each reactor~,typ_e

and 2) the chemical process waste streams as a f‘unction of - decay. time.-_ Table -

7 also lists research reactors from which f‘uel probably will be processed by?
aqueous methods. . No mention has been made «of liquid metal reactors, fused :salt. ;
reactors or rea_ctqrs vhich might be »;roce_,ssed ‘by fused salt method_s_ »since Banzbann

there is insufficient data on the nature-of ‘these wastes.: .. .-.

TR R R T S A 4
o wsheay | aaen oy ’\.us- Ja L

These -tabular values of concentrations, volumes or activities are: not firm
but are only estimates of the conditions which would ‘occur, if groups orv these m,.**
several reactors were processed by those methods listed . Process:‘flowsheets“areo
either in the laboratory development stage or are extrapolations of existing )
technology. None of the flowsheets have been demonstrated on an engineering |

scale with the assemblies for which -‘they are‘ prop‘osed.»"' o ' SoLE -

32, Nedare of - kbey ] F:Lssi‘en “Produck %ms\ & Waste < [ LEEET “33 o

From a chemical reprocessing plant the fission product gases appear, in the

s "M f.-"\'mu? v..: .d‘
m

off-gas systems.of sealed processing vessels, highly diluted with diluent gases &

=
k“ "

such as air, nitrogen, wvater vapor and oxygen. A list of radioactive gaseous

i . - e ey e ,~
...... ks _»J.-.t.r-'»-'

fission products from U235 thermal i’ission would include the elements previously

PRSEL SIS SRR e A0S LAV
P

listed in Table’ 1 LoET T e e i~

~
-~ "

s T L ’ \ .
The important gases from a long term waste disposal standpdint are K'r85 ~and

much less significantly 1129 . From the standpoint of- hazard during reactor

131 is by far the most si@ificant It

P v.—-t 1 s 3
1':“" .L.L«.;..*-J

operation and short-cycle processing, I

will always be necessary to remove- iodine continuously from the gas discharge

streams which can be accomplished by processes previously mentioned(h)i(s), but

possib]sr not to a complete enough degree i’or use in areas addacent to highly

.Lhc s

productive land or metropolitan living areas. The solution to the problem of
complete: iodine‘removal and its isolation-will require further: development and

research. = ' ; S LT
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Hazard from the i'elease of xenon and krypton is slight and confined to the
vicinity of the reactor. However, because of its long half-life of 10.27 yéars
Kr85 builds up to a significant concentration as a result of an expanding nuclear
pover economy, possibly to 90 megacuries by 1980 when lO5 megawatts of heat may be
produced by fission.  In Table 9-a rough estimate has been made of the buildup of
rare gases in the atmosphere by the year 2000 A.D,, assuming the growth curve for'
a nuclear power economy predicted by Lane in which 700 000 Mw of nuclear heat
generation capacity is predicted.

The effects of release of the nable fission product gases to the atmosphere
are roughly as shown' below:(l3)

| TABLE 9 . . C el

. ESTIMATE OF Erl) AND Xelo?

RELFASE FROM PQVER REACTORS.TQ,THE ATMOSPHERE,.2000 A.D.(13) . .. -

Lot L

Assumptions . : .
1. Kr85 production, ﬁ;S. alone . .o 700 megacurie%
2, Xe12? production, U.S. alone , C 37,000 megacuries’
3, IEntire world pfoduct,'B times above .
4, Uniform distribution of the atmosphere ' Q‘él s
5. Mass of air in atmosphere or b ? 19 grams ' ;
3.1 x lO cubic meters STP
6. Mixing time for complete mixing . 2 weeks
7. - Background radiation, atmosphere at o
sea level S o 0.015 mr/hr i
 Calculations L | | |
1. ﬁ;85 activitj o ’ T x>iO-lo'cuiiés/métef3uin
2. Xt activity | : ' 3.6 x 1078 curies/me‘ber3
3. Dose from S for which biological op 03 107% mwr/ht
tolerance of 2 x 10-6 c/cc is'assumed ' 4.2% of background
(for totel body irradiation) '
4. Dose from Xe™>> for which tolerance, 1.6 x 10~2 @ir/br
based on‘total body irradiation, is o 107% of background
4 x 10" c/cc of air ‘ :
5. Total dose KrO) and Xel?? = - . . 1.66 x 10° mr/hr
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Thus , even with complete mixing, the contribution of released fission gases
is appreciable. If mixihg'is not. complete, and assuming adverse meteorological
conditions, concentrations‘ can be high. The contribution to genéral atmospheric
activity by Xel33 can be eliminated by trapping eand storing this gas for about

60 days or ten decay half-lives. Kr 5would requlre’ storage: “foxt. much 1onger periods

e

of time since it decays with an aPPI‘OXimate ten—year half-1ife = “T7
We conclude that K'r85 probably will require isolation and’ con'l‘ainment for

decay before release to prevent a slow-build-up of atmospheric background count,

700 megacuries of Kr85 accunmlated in the air surrounding the earth to a height

s B3 3

of ten miles, could increase air background by 4.2 per cent or greater (background

vl e :’17«' T2 “'Yrv"

assumed to be 0.015 mr/br). | : .;‘l”ll“__wea

The release of noble fission product gases to the’ atmosphere without decay

may be possible for’ the earl:,r periods of nuclear power generation, buta ;na;imum

cut-oft allowable quentity to be reldased mist be estabiished, & quantity:;hich

probably will be’ lower than “the equilibrium accumilation of‘ »Kr by 1975 uandllatgr.

L RET I } e gl
".2: IR e JEREC A

35 MRl o) tls oV g ha Phase T e
There are problems of control of particulates from reactor cooling circuits, S

Fate

from all phases of the preparation of uranium and thorium ‘and” intermediates fo:r

reactor fuels H from radiochemical reprocessing, from analytical chemical and
owelevel isotope use, and particu]araly from the handling of high]y alpha
active mat_erials such as -plutonium polonium, americium, curium,neptunium, e
uranium-23_§ and possibly thorlum - Much attention has been devotedtoparticulate
actilr-ity ; careful study end active research have been sponsored by the AEC as a.

(11)

result of programs initiated by the Stack Gas Committee.'ll’ - The classified

literature contains much data and discussion":’which we shall not review.
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3.6 General Comment About Handling Contaminated Gases

Since the maximum permissible concenﬁrations.for radioactive substances in
air are very low, it is necessa;y‘that essentially all active gases and parti-
culates be removed from reactor and chemical plant effluents. Installations and
processes to remove active gases can be yery'exPensive, require heavy shielding,
remote operation, and«céreful and difficult analytical control.

“ The removal of radioactive particulates from a gas stream is also very
expensive, requires shielding, remote operation and without. present.techﬁiques
is difficult to control either by continuous.monitoring or by.sampling and,
chemical analysis.

The cost of gas cleaning facilities can bé significant in the construction
and possibly the operating costs of any radiochemical facility, particularly ..
a radiochemical rep;ocessing plant. For gkample, in the Idaho Chemical P;oci

essing Plant, the following costs were incurred for the off-gas and ventilaf

tion facilities in 1950-1952. ()
(1) Dissolver off-gas decontamination system | $. 619,300
(2) Disso;vér off-gas collection system . _ 35{400
(3) .Sampler off-gas system (ind. filters). h6,700’
(4) Vessel off-gas system (ind. filters) i ,89,5001t,;,r

(5) Cell ventilation system (no filters installed), TR
including $194,000 for 250 ft.;acid brick lined stack 440,300
(6) Bldg. and cells to house air cleaning and process 897,500
eQuipmént, prorated share of base waste bldg. cost
of $1,33o;ooo total

TOTAL _ $2,128, 700

=4O~
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.(7) Total construction cost of entire plant, exclusive

of engineering, start-up, certain serv1ce fac1lities—$21 hoo OOO

NOTE: Laboratory hoods and certain special filters-not-included,
- ‘These costs do not incTisde filters for general processibg cell ventilation.
‘At Hanford such cell ventilation air cleanup facilities have been instelled
in the form of extensive deep bed sand or gless wool'filtersi One of the

" questions that must be Answéréa'iﬁ'éach"péoéeésing‘ihéféii££ionj”br in fact in
any facility designed to herdle radiocactivity, is Whether or not &ll venti-
lation air must be filtered before discharge. R

F

Another fact that may be overlooked is that most gas‘and ventilation

- [ .,-_.‘-f

‘Ncleaning or processlng systems produce relatively large volumes of low-level

- o e [ . ’4..., B 11.‘

) liquid waste from such equipment as scrubbers, electrostatic precipitators,

.- oy

silver nitrate regeneration solution for I removal towers, or difficultly

-~

hendled solid filters. Facilities must be provided for handling these~

._,‘..s.....e,, vy .1.4:.

LA -4 Land
liquid or solid wastes frOm air or gas cleaning operations
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347 Sodid RedivactimeWastes

Solid radioactivé waste materials have been produced in great variety in

the AEC program.

Others will be produced in the future. A partial list follows:

(1) . Solids of a low-level of Contamination

(2)

(a)

()

(c)

(d)
(e)
(5)

(s)
(b)
(1)
(J)

Laboratory combustibles - incinerated under controlled .conditions,
usually with high efficiency scrubbers or filters on flue gas

streams. : ' : -

‘Redioactive particulate contaminated fibrous or granular filters.

Contaminated glassware - experimental equipment, sample bott;es,
etc,

Inactive portions of fuel rod amnd control rod‘assemblies.
Experimentg; gn;m?;é and enimal residues from destructive disposel.
Certain re;gtéfﬂééé; cladding materials which can be hecﬁaﬁ;cally
separated from fissiéﬂabl@ or fertile material in the fuel.

Certain reactor cooiénts_. : ‘ G
Contaminateé'proceégiﬁg equipment. |
Crucibles, molds; and recasting furnaces..

Gaskets, filter elements, glove boxes, etc.

Solids of High-level of Contamination

(a)

(b)

(c)

Resudues containing fission products from such processeé as the
oxidative siégging of molten uranium; dissimilar metal or fused
salt raffinates froﬁ high temperature fuel element reprocessing. .
Solid residues and scums, slong with filters, filter aids, etc.,
from aqueous-organic fuel element reprocessing.

Metal components pf reactor fuel elements made active b&'
parasitic neutron'capturé vhich cen be removed by mechanical

processing.

4o
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(a) Absorbents and 'adsorbents for process of off-gas streams cir-
| culating fuel reactors or chemical reprocessing plants.
(e) Fission product and transplutonic bearing fused salts from
) fuel element reprocessing using such techniques as fluoride
| volatility.
(£) Oxides for such reactors as aqueous homogeneous breeder éﬁigﬁ"
uses ThO ' ' _ “ J ;. “ ._ t |
(g) Precipitated concantrated fission product mixtures from aqueous
homogeneous reactors, circulating fuel reactors 1ike the liquid

o A '\-u—-

metal fuel reactor, and from fission product isolation processes.
(h) Fixed gross fission products in any of the many»proposed disposal
Achemical and physical forms f ,.limua e
Solid radioactive wastes, such as machine turnings, useless contaminated
equipment and contaminated trash which are generated in all operations, have not
constituted a serious tecnnical problem as yet. The levels of activity associated
with solid wastes for which disposal has been attempted have varied from a few
times background to those requiring"shielding or remote handling. To date,.burial
of such wastes under known, controlled conditions and, in specific isolated AEC
owned locations, disposal at sea have successfully handled the low-level protlem.

Relatively small quantities of radioactivity‘(estimated in the range of hundreds

" of curies, with the bulk coming from UCRL and BNL) have been disposed of at sea.

Established burial grounds exist only at large atomic energy production and
research sites such as Oak Ridge, Savennsh River, Idaho, Los Alamos, and Hanford.

. So0lid wastes, however; originate at all locations where radiocactive materials are
used. At areas other than those noted above which usually encompass comparatively
small areas and are near or in densely populsted sections, it is the generalﬁpolicj
not to dispose of solid wastes on site, but to ship them off site for final

disposition.
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Of some cbncern herev is the problem of locating suitable burial grounds to
" facilitate and reduce the‘ cost of handling and disposal of these solid wastes,
This problem is pa?ticularly acute in the Northeastern United States where, at

present, the only available receivers for these wastes are Osk Ridge and the

Atlantic Ocean. In view of shipping and sea disposal costs, it is obvious that -

a more centralized buria; \fa‘c;,ility is required. There is) of course, every indi-
catioﬁ tha.‘t future operatioq; both in and out of AEC will greétly accentuatev
this need. P o
Experience with handling high.ly active solids as a disposal problem, with
its associated problems of heat genefation and removal, 'particula;te' protection,

container design, receiviné site preparatidn, and disposal media have received

little attention experimentally. Much work remains.
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4.0 Growth Predictions for Nuclear Reactor Capacity and the Magnitude of the . -

Associated Fission Product and Transplutonic Waste Problem -

Many predittions have been mgdg con;ernipg the growth pflg'ngc}ear.pove:
economy in the United States and for other,parﬁs;of the'worlq. Wq“havgibgen.spgqe
what at a 1st to predict‘rates of nuclear réactor_powgr buildgp; but‘hayg attempted
an estimete of the magnitude of the waste, disposal.problem ﬁaseq_uppn predigpipng

of J;.A. Lane.(lS)

ek e A
e o onae &4 TG BIGCL L

Before presenting the results of fission product puildup galqu;atigns, we, |
will present other estimates and data along with which our estimgtg§.can?be con- .
sidered.

et e

Reactors for Central Station Power Generation o R,

- At the present-time there are,nonnuciearareactorsuin-0per§§;op”in‘ﬁhgzgnited :
States whose principél;purpqsegis the generation,of~electrical,power.,ﬁThe;pgyg{L
reactor demonstration program of the Atomic Energy Commission.does proYiQe.fpguv
the building of a number-of such plants;: however. The earliest;of these.is to . .
be in operation in 1957; while the last will-be in operation by.1962.-.In addi-_ .
tion to these;plahts,:tpe;e is a significant group of reqctor;poye:;p;ant§\fqﬂnzf
be cOnStruCted in.the .same period which dre financed in whole or in:large measure
By»private:capital}ﬂnThe total~electricél~generatingfcapacitygof;all¢of;the§qgliﬁ
planned -plants. is: somewhat. over 800,000 -kilowatts: As & first-point.of.reference,
therefore; it may be noted that there. are firm plans in existence_ te .place-in op-
eration in:the,five years from. 1957 to 1962 electrical generating capacity of
ofer 800,000 kilowatts poweredufrdm nuclear reactors. . -

It has Been estimated in the McKinney report(l6) that the. installed-~central
station electrical generating cepacity in the United States, powered from nuclear

reactors will amount to 3 to h-million»kilowattsﬂby-l965-and will range from 20
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to 45 million kilowatts by 1975. The wide variation in the predictions of the

amount of nuclear péﬁer to be expected in the next two decades is due to N

differences in' judgment as to the speed with which technical obstacles can be

‘overcome and competitive costs achieved. e | . R -
Based on present technology, .the cost of nuclear power is very high indeed

compared to the cost of pow'efderived from fossil fuel in a modern, favorably -

located station. The over-all costs -- as they- al;e known today -~ favor fossil

fuels by a factor of from five to tem. It is At':ertain that the devéloﬁine’nt prqgrgms .

presently planned will re'dﬁcle the cost of nlucie'ar"powe'r‘ sharply Despi_te'this-'z_ S

fact, the cost of nuciear power is so high foday that it is by no means clear. .

that nuclear power will become competitive with power derived from fossil fuels.

for at least ten to twenty yéars. R ', A S A S

Because of this situation, it see.ms_reas_onaﬁie to prpjéct‘ihe&nuciéar.‘:poﬁer,

capacity for the next ten years on the‘basié of large experimental plants built.’ .

. zy B

principally to study the technical problems of such units. These: plants will be:
built not only with government subsidy but by private capital as ﬁell;‘:since_ G
many utility companies wiil wish to sltudy the'opérational problems-of nuclear. ;-
pover plants at first hand. On this basis, the pianned electricalgenerafing:.;!?
'capacity of 800,000 kilowatts by 1962 can grow to 3,000,000 kilowatts by_1965‘
with little acceleration in the preseﬁt rate of growth. ‘An‘ﬁpper' éstimate based
on an accelerated rate of growth would be 5 ?OO0,000 kilowatts of. inst.a'l.l'gdm;;::»
generating capacity by 1965. " It might be noted that it is dubic;us-whether the -
industrial capacity for supplying plant equipment could grow sufficiently,. :..
rapidly to provide 5,000,000 kilowatts of msﬁned capacity by 1965 for large,‘
experimental plants.. | | .
The growth in installed plant capacity frém 1965 to 1975 is enti;'ely depen- -

dént on tﬁe technical pfogress made in the next ten years. It seems most likély "
that the technological problem will be overcome slovly. ‘For this reason the o

IR IR A




growth in the decade 1965 to 1975, which will be motivated primarily by economic
considerations, will likewise be relatively slow. An estimste, primarily one of
technical judgment, is that the installed electrical generating capacity based on“
muclear power will grow to 20,000,000 kilowatts by 1975. '
The electrical generating capacity figures must be translated:for“punposes‘

of this study into average fission heat release rate by the reactors. The over—
all efficiency from reactor heat releaSe to electrical output for'ﬁﬁéiéar'pishté’

e

of the size contemplated will range roughly from 25 to 33%. The dnty of these

plants, i.e., the equivalent fraction of time at which they are operating at

capacity, is estimated to be a meximm of 5%. An upper estimate of the average
reactor heat generation rate, using an overall plant efficiency of 25% and a

duty of 75%, is three times the installed electrical generating capacity. Using

S Tl e e s Sy

installed electrical generating capacity figures of 3, OOO OOO kilowatts by 1965’“

srom 7
ShREin LA

and 20, OOO 000 kilowatts by 1975, the average rate of heat release from nuclear

PR A

reactors supplying central generating stations is estimated to be 9,000 OOO

ECR U A A A

kilowatts in l965 and 60 OOO 000 kilowatts in 1975

Ty



Reactors for Marine Propulsion

There hae been some‘Congressional discussion concerning the application of
nuclear power plants for commercial marine prdpulsion., Some.steps are %eing
taken in this direction by the Maritime A@ministrﬁtidngﬂ While the application
is technically feasiole today,'the ecanomic feasibility is qpestionable,
According to the McKinney report, theuin&roduction of nuclear propulsiog foz
specialized application, such as fankers, could lead to the installation of
reactors capable of 15,000,000 kilowatts of heat in the l989,period. It doeeﬂfyﬁ
not seem that such installations'could change the estimates oade here for the‘fx_
next two decades in any.substantiel manner, For this reason this applicatioq‘g_-'

will not be taken into accoﬁnt in the estimated totals,

" Reactors for ILocomotive Propulsion and Other Vehicles

There seems to be little interest at this time in application of nuclear
reactors for locomotive propulsion. While technically the application is '~
, T

probably feasible, the economics do not appear to be favorable.

The application of muclear power reactors to the propulsion of automotive
vehicles seems highly unlikely. For much the same reason, epplication to
military vehicles, such as tanks, gun carriers and prime movers, seems equally

unlikely for the immediate future.

Research Reactors

Nuclear reactors for research purposes have alreedy had widespread application
in development of nuclear energy. Such reactors are now being utilized by several
universities and'institutes of technology as teaching and research aids. Indus-
trial leboratories have announced plans for research reactors for a variety of

research and development purposes.
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The power level of research reactors generally ranges from 100 to 1000
kilowatts. At the present rate of growth, there will probably be fifty or more
installations by 1965 and perhaps several hundred by 1975.... Without considering the
fraction of time that such reactors may be operating at full pgwer,‘--it 1is clear that
they can contiibute only a small increment to the fission heat: release rate of

power reactors.

Test Reactors

© ‘Test reactors are used principally for isotope production, tests of devélop-
mental fuel elements for power reactors, as well as. for general restearch purposes.
The pqwer rating of such reactors ranges from 10 to 50 megawa.tts..va;yer;ﬂ._{such
reactors will be in operation by 1957 and it is probable that 10 to 20 may be_ ..
in operation by 1965. At an average power level of 30,000 kilowg.tts, this might
represent 300,000 to 600,000 kilowatts of reactor hga.t rele"a.se. by 1965.-- These .
reactors have , in general; a very high duty. It is~‘not likely that there will
be a spectacular growth of test reactors from 1965 to 1975 because of-the special-
ized nature of their application. It is possible that the numbher of test reactors

xha.y double in this period. Such reactors will represent then, at most, a sma.ll

fraction of the hga.t_ Ijate of power producing reac‘lj,ors.

s e . - L e e -

Rea.ctors for Chemica.l Processing

| Nuclear reactors have a possible applica.tion in chemical processing to
'supply hea.t or nuclea.r radistion. At tI%e present time, nuclear rea.ctors do no1';'
appear to be economically attractive as a source of heat. Some development work
is being cerried on at present in the spplication of nuclear radistion to chemical
processing. No industrial application:.is presently planned even on a pilot plant

basis. While such applications could lead to very substantial reactor plants,



there is no basis at present on which tq estimate the possible.magnitude of such
plants. It seems likely that there will be no significant installations. for this
purpose by 1965.

A related use of nuclear reactors is for the production of fissionable materials
for weapons purposes. There is no basis available for estimating the instalied
reactor capacity presently devoted to this purpose or likely to be devoted at

some future time.

Package Power Plants

A military application of nuclear power which is receiviné attention at
this time is the development of package power plantg for remote military bases.
At least two such are under development and this will prSSably Jead to the
construction of a number of such plants. The capacity of the plants is fairly
Jow -- of the order of 1,000 to 10,000 kilowatts. The total number of such

plants which might be installed will probably be limited.’

Summarz

The preceding discussion indicated the princiﬁal source of fission products
from nuclear reactors in the next two decades will arise ftom the generation of

electricity at nuclear‘power central stations. Other sourteé are ccﬁparati#ely'

small and amount to substantimlly less than the uqéertainty inw%he estimates of the
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principal uses,
Zeitlin, Arnold end Ullmann have predicted processing requirements and the
buildup of fission product wastes.(l9) -The following calculstions and deata .are:

teken wholly from their report. .
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4.1 Processing Reguirements, Buildu§ of Fission Product Activity, and Liquid

Waste Volumes in A Predicted Nuclear Power Economy 4
Based oﬁ g'predictea nuclear power economy growth rate made by J. A, Lane(ls)}
calculations have been made to determine as a function of time the magnitude of
several quantities of prime importence to the radiochemical processing and waste
disposal industry. Included are such quantities as required processing capacity,
buildup of activity of importent fission products, and accumlated volume of high
activity liquid wastes. |

If it 1s assumed that the installed electricel plant capacity of the United
States will increase eight-fold during the next 50 years, that there wiil be 500
MW of installed muclear electric capacity in 1960, and that half of all néw plants
built in the year 2000 will be nuclear plants, the installed nuclear plant capacity,
N, in megawatts, gt time T, in years after 1960, will be given by the expression:

N = 5,800 (1.09T -1) + 5000 (1)
Agsuming a thermal efficiency for the reactor system of 25 per cent, the above
equation becomes, for heat power requirements:
N(MW heat) = 23,200 (1.09T -1) + 2000 (2)

A curve representing this equation for the period from 1960 to 2000 A. D. is
given in Figure L.

Differential equations were set up for the simltaneous growth and decay
of various fission products being produced by the expanding power economy. The
solutions give the total number of curies of a fission préduct in existence at
any time between 1960 and.2000, It should be emphasized that the activities
plotted are not only the activities to be found in waste disposal tenks but
include fission products present in the reactors and fuel being stored prior to
processing. This is especially important for the shorter-lived isotopes such

as Balho.
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The following items were plotted aé a function of time:
(l) Processing capacity required (Figure 5)

Note: In Figures 5, 6, 7, the average irradiation level of the

spent reﬁctor:fuel is taken as a parameter.
(2) Total spent fuel processed (Figure 6)
(3) Accumilated volume of high activity waste (Figure 7)
(&) | Total accunnilatqd activity (Figure 8)

Note: The dashed limes in Figures 8 through 13 indicate the decay of
activity from various selséted points along the primary accuﬁu-
lation curve. These lines can be used (as in Figure 8) to deter-
mine the accumlated amounts of activity following any specified
cooling period. By "accumlated activity" is meant the integrated
production of fission product activity with time mimus loss by
,deca& over a like period of time minuéiloss by neutron-capture
over £hat fraction of the perlod of time during which fhe fission
product was in the reactor (the last item being negugibh and !
making the curves essentially independent of the reactér design
and operating conditiéns). The actifity can b;.ponsidéred as
being dumped into &md accumilated in e common "sink". * |

(5) Accumnlaied activity of important fission products (Figuré 10) ;

Note: The dashed lines indicate the decay Qf groés.activity from various
selected points along the primary curve. An infigite famiiy af
curves caﬁ be geﬁerated from these decay lines to indicate the‘
total accumlated activity in the "sink" for any cooling period
preceding discharge of the activity ints the "pink", Selected

members of this family of cuxves have been‘plotted.
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ACTIVITY {curies)
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(6) Accumilated activities of specific mclides (Figure 10 = 13)
Note: For explanation of dashed lines, see note for Figure 9 above.

Table 10 presents the growth of fission produét acﬁvityv in tabular fom
for each of the important fission products, Table ..L'L pr,esentsj tabular data on
gross activity decay after varying periods of accuxlilu.:.lation.e N

The curves obviously show predicted buildups which result from a larger
nuclear power economy than discussed in the first part of this section, where the
first eight to twenty years of muclear power growth in the Un:ﬁ;ed States are dis-
cussed, Although all buildup curves (Figures 5 through 13) are plotted with the
calendar year as the abscissa, the results shown would be usable .(although ‘not
quite as accurate) if predicted nuéle‘ar heat generation estimates 6bta1ned _from
Figure 4 were used. . A‘ctu'alljr, the true variable, and that which establishes the
equilibrium velue of fission product activity, is the total nuclear'hea‘b gener-
ation; or, assuming 25% thermal efficiency and full time operation as we have
cone, the true variable is installed heat generation capacity, as shown in Figuré

L,

Heat Generation in Nuclear Wastes

A portion of the energy released in nuclear fission takes the form of
radiations from the fission products and ultimetely appears as heat; For example,
the fission products from a reactor operating for one year at a heat output
of 1,000 KW after a pexzjliod of 100 days would produce approximately 3,400 B,T.U, |
per h.our. This is equi;valent to ah activity of about 140,000 curies and wbuld
drop to about 20 per cent of its 100 day decay value in one year. The heat
produced by tﬁe wastes of a power reactor operating at 500 MW heat output, a
reasonable power level from the economic standpoint, would amount to nearly

6

2 x 10~ B.T.U. per hour after a decay period of 75 days.

Bl
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TABinﬁﬁigi

EFFECT OF PERIOD OF ACCUMUIATION ON TOTAL

ACTIVITY IN WASTE SYSTEM

Fission Product Activity (Megacuries) at
Accumlation Period (Years)

Nuclide 1 0 . 20 30 40
Cs-137 2.6 k0 710 ) 2,300 6,000
Sr-90 2.8 170 - 0810 - -4 2,600 6,900
Y-91 160 1,500 5,100 13,000  33;000
Sr-89 120 1,200 3,900 10,000 25,000
' 2r-95 180 1,700 5,400 | 14,000 35,000
Nb-95 190 1,700 5,500 14000, 36, ooo‘.ffii
Ru-103 86 770 - 2,500 6,500 »16 000 =0t
Ru-106 4.7, 81 ... 280 . ...:=T30 W§_51‘860" .
Te-129 10 89 w"“"“f é§b T T 50 - 2,000
1-131 89 7300 T e300 T T 76300 16,000
Ba-140 200 1,700 -5, 400 7 15,000 35,000
Ce-1k41 190 1,600 5,100 - 1k,000 34,000 -
Pr-14k3 190 1,600 5,300 14,000 35,000 ‘
Ce-1hk 88 1,500 4,700 “* 13,000 31,000
Pm-147 - 7.8 390 - - 1,500 - L,000 10,000
Kr-85 ©0.37 19 .90 - 1 (¢ ~ 700
Xe-133 210 1,800 5,600 15,000 37,000
Na-147 79 690 2,200 5,900 15,000
Sm-151 © 0.00 ez T a0 T T T T T
Total 1810 17,200 56,700 152,000 376,000
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TABLE 11

EFFECT OF DECAY TIME ON ACCUMULATED ACTIVITY

Period Dﬁring
Which Activity
Is Accumulated
in Waste System
(Years) :

Fission Product Activity (Megacuries) at Decay Time {Years)

- 0 3 5 10 . 20 30
1 1,810 15.57 ~ 8.32 5.07 3.59 3.72 .
10 17,200 593 k12 28l 20k 158
20 56,700 2,523 1,879 1,351 998 763
30 +152,000 7,470 5,690 4,250 33170 2,430
Lo 376,000 19,370 15,080 11,330 8,410 6,440
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Jd., O, Blomel_:e has calculated buildup and decay curves for thermal fission

(20) From these

for all fission product cbains under many conditions of flux,
data he has prepared a heat decay curve shown in Figure 14 for the aqueous
wasfeé , assuming a natural or slightly enriched uranium reactor operated to
10000 17/ on reietivm, -6hd “a8¥BiningsB00 G Tons  of Wi¥tes Peri ton ofitirdniun
processed Ir addition to gross fission preduct beat, ﬂie coxitribu‘ﬁions of

T 4 9q -

and Sr ; rare earths, and rere gases are glven,

~5ijigie. Waste Streams

After irradistion in a reactor iione of the fertile ar fissionable materials
exist as pure lsctopes; they are always accompanied by isotopes produced by.
parasitic meutron capture. .The pcroduction of and the fais of parasitically
produced isotcpes has a profound efi‘ectv upon the activity levels to be en-
countec:ed in the recycle of fuel anii_ fértile material; eny lowering of ragiic-
active exposure limits must consider the effecis upon what are now considered
to be ."cold" cperations, |

In ‘addition, ‘the heavy elements i)roduce'd by neutroa cap'i‘:u're{-‘which appear
in t.he wastes from a processing plant ‘will be among the most controlling ,
hazardous activities in lorg ‘term waste dispcsal because most are alpha emitters‘
of high enargy, short decay half-life, and many with long biological half-lives.
Measurénenﬁé of basic nuckéar constanfc, production calculations, chejmi'cal‘ '
separctions development, and'cczard evaluation for these mate:rials 16 of great
importance ot the evaluation of haiards from waste disposal, and may lJe of
pdssiﬁle controlling significance in 'certain steps in the recycle of reactor fuel,

'.E'ne buildup scheme for these iso‘bopes both during reactor irradiation and

decay may be represented by the react:.on chart shown in Figure 15. (IR Dwg., 13205)

Alpha decay is shown only for 't.he important blological hazards,
-67.
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: : The buildup of ‘ransuranics and ‘transplutonics calculated 5y E, D, Arnold
vas based on 4000 Mwd/t irradiation of uranium having an initial enrichment of
1% U235° Plutonium . losses to the waste stream were calculated on the losses of
0.1% of total plutonium production, while Np237 losses to the waste stresm vere
assumed at 100% of the production (700 g Np237/ton U) based on infinite reécycle
and no U236 removed in a diffusion plant., The cdncentration,of‘the heavy eldmenté
will very considerably with changes in irradiation level, enrichment, diffusion
plant recycle and flux, and af course with the ﬁhemical'prpcesses.’.With the

1h -10%0

exception of fluxes between 3 x 10 n/cm?/séc, the variation of fission

product activity with reactor parameters is insignificant.
The buildup of transplutonics reported herein was obtained from the data

(22) (21)

of Blomeke and Arnold,

The concentrations of important heavy elements at time of reactor dis-

charge are shown in Table 12 for thermal neutron flux of 10t m/cm?/sec.
. N
TABLE 12 g
HFAVY ELEMENT CONCENTRATIONS AT REACTOR DISCHARGE
FOR 4000 Mwd/t 1% U°>° INITIAL ENRICHMENT
P = 10t n/cm?/sec .
- —Concentration
Isotope . e : g/t U
Np2o ! 700 (oo recycle of U220)
NP239 163 ‘ ’
Pu2>9 2920
Pu238 30 (oo recycle of 0236)
Puzto 339 |
P2l 69
an 2.4 x 1071
P22 6.5.
An2H2 1.3 x 1070
Cmghz

3.1 x 1072
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These values tabulated in Table‘ 12 were multiplied by the total quantity
of uranium processed dur:Lng a thirty-year period and then corx'-e"c't‘,ed- fo::" decay
during a thirty-year accumilation and ‘growth period. ' The only significant
activity affected by the decay cdrreétiox}diu-ing ‘this thirtyayea; period is’ |

cm2‘l»2'- ‘Thig effect can be illustrated by the following examplé: '

() ou?*/pu activity ratio in discharged 4000 Mvd/t material = 558.

2L2

() Cm2¥2/Bu39 activity ratio after 30 years accumilation'= 16

After accunmlation, the Cmal" activity decreases rapidly 'ﬂmg, 1t may “be <t

ohp

seen that Cm is a much more important biological hazard for short-term

storage than it is for long-term storage. o s f':‘” I ‘
The total number of curies. of transuranic and transplutonic elements which

could accumilate in high-level wastes by E9O as a result of the above calculations

are sh.own‘ in Table 13.- - The effect of thirty years decay fo].'l.owing the‘“th.‘l.rty-'

“Tr a w.)L»-J«. "i.m'f:r’:» ,é r.t'v '1'4_.«

year accunnﬂntion grow'hh period is shown, also. ’

" PABLE 13 ' | '
Accumumm) mmsumm:tcs AND TRANSPLUTONICS IN WASTE SYSTEM By 1990
. (30-YEARS ‘ACCUMULATION TIME) =~ -5 ™. fweibiile Lo
~AND AFTER 50 YEARS DECAY- - b0 ... 0 ge

el peeve e b
. LU NELTE TESEDTLGGY

" ASSUMING NO. ADDITIONS TO THE 50 YE'-\R TOTAI. VOLUME

- Activity in Waste by - Activity in Waste‘After

, . 1990 30 Years Deca (2020)
Isotope = v SR fcuries) roE s T el '(curiesg
%227 (oo recycle) .. .-lax 107 e eelelx107.

238 (oo recycle) _ 3, 3 x 105. _ 2,6 x 105.'_4
239_ 240 | Lo - 12x105: N l2x105“'¢;

pu2H1¥ e e aexa0® i s 100 .
a2t B T BBx10° . . 513100
Cm2 2 T | 1.42 x 10° o 9.7 x 10°
Am2h2* _ ) L ' - ‘."'1.';'.9_"::101“ T T . 103
| ~5 - TOTAL - . -~ 8.0x1010. o 21+x109

* Not'bioldgicélly.importaﬁt compared to Pu239 and Pu2t0 except for decéy to
‘their respective daughters which are biologically significant.
..71_,. .



238

Pu formed by successive neutron captures from 023 > could also influence

the overall biological hazard of the wastes, especially from highly enriched fuel,

For the case of 1% 0255, loss of 0.1% pu28

to the waste would increase the
total plutonium hazard about 5-10% for once through (pure U227 + 1238) material.
Infinite recycle and no removal ‘Qf 023 6 in a gaseous diffusion plsnt would in-
crease the total plutonium hazard 3-5 fold. However, 25% removal of U236 per
pass through the gaseous diffusion plant wsuld only increase t'hev hazard of ., .
plutonium 20-40 per cent. |

l‘rpe3 7 is not a significant hazard even in the worst case of mf;nzl_te re-

cycle and no 0256 removal in the diffusion plant.

Distribution of Fission Product end Heavy Flement Activity Over the Nuclear

Power Reac'bor Complex

From Figure 4 the prediction was made that by the year 2000, assuming
700,000 MW of nuclear heat generating capacity, approx:lmtely 4 x 10 curies of 0
total fission product activity would exist in equilibrium Arnold(23 )ealistﬂhted
that the nuclear power complex and waste system will con‘tain 5zx lO6 curies of

_oho Ameh , Cmahe

important transuranics (Pu239, ) by that year as shown in
Teble 13. Using these data we have calculated the distribution of the im- =~
portant i'adioacti;(e elements smsng reactors, decay cooling systems, chemical.”
processing plants and waste disposal or containment systems for the forty year
accumlation period ending in the year 2000 A.D, o
Although the buildup of fission product activity in an expanding nuclear
economy depends only upon the rste of buildup of power with time (the reactor
parameters are negligible), the distribution of radiocactivity is strongly de—.
pendent upon the choice of reactor operating conditions and recycle assumptions.®

In this section we have calculated the activity distribution f‘or one set of such
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conditions and assumptions to provide an approximate basis for esti.mating tne
'relative hazard due to wastes to be assigned to each of the general divisions
of .the overall nuclear reactor complex. _ The assumptions that have been used in
preparing this breakdown are as follows
(1) The buildup of nuclesr power will follow the curve estimated by J. A,
Lane, with the nuclear heat power being 7 x 10° Mw in 2600 A -D.
(2) The average irradiation level is kooo de/ton of 1% enriched uranium.l ‘
(3) ‘The average specific power of the reactors is 20 Mw/ton of uranium,
(l‘h) Decay cooling period for discharge ‘Puel elements 1s 200 days.

A g a3 0

(5) Inventory in radiochemical processing plant is 20 days.

WP R e g N i

(6) Loss of 0.1% Pu + 100% of the transuranics and trensplutonics to the |

ca A s PRqUSrSSuul

high-level waste stream.

(7) Number of reactors = 1000 at 700 Mw.of heat production capacity each P ~,

. . - - -

(9) Number of waste disposal or containment sites = 6 to accept 7 x 106- e

(8) Number of procesaing plants = 20 at 7 tons/day each.. - i

gals/yr each. | L o R

Based on these assumed conditions, the calculated activity dist‘ribution R :.n'}

shown in Table 14 indicates that 80-90% of the total activity due:to primar§ L. TR

long-lived fission productsl (05157, 'Sr9o, Kr85 , plus 95% of total Amahl) TR,

would éxist in the waste systems (with the exception of Kr85 , which would . "':*'-;-fj

probably be in the atmosphere). Almost 100% of the total short-lived activities '~ -

131’ Balm,

(1 Lalfho) would exist in the reectors. Only 3-6% of the long-lived

radioactive elenents would exist in reactors, while the short-lived activities
would be almost non-existent in the waste, On.Lv l."{% of total Pu239 + Puel"o
would exist in the waste since only .Q;l% is lost to the waste stream. The
remaining fission products vould distribute mich more uniformly over tne system
as shown in Table 14. Table 15 provides an estimate of the total curies of each

important isotope by 2000 A.D. in each part of the power reactor complex.
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TABLE 14.
PERCENTAGE OF TOTAL ACCUMUIATED ACTIVITY
BY YEAR 2000 A.D. IN VARIOUS PARTS OF THE REACTOR COMPLEX ;

Assumptions. T x 105 MW Heat Reactor Power, 4000 de/ton, burnup, 1% enrichment, Lane curve
20 MW/ton specific power, 200 days decay prior to processing
20 days in processing plant

Pércent of Total Activity of Each Isotope at the Following Points

Avg. Activity Avg. Activity . Avg. Activity in Accumilated
Isotope - In Reactor - . _iln Decay ' Chem. Plant Activity in Wasjbe
ca37 363 | 7.22 : R 88.52
sr0 3.71 7.33 0.75 : 88.23
1131 100.0" 1.8x102 - — .
Bal*0 100.0" 0.43 . -- - .
o 5.1% 9.95 0.97 83.94 )
celth_pp 1t 26,78 37.75 | 2,82 © 30,65
PuB39%4 py ¥ - 46.89 - 46.88 4.70 L LT3
An2*L . 2.48 21 . o025 k.8
T 39.60 25.80 | 1.60 - 3320
Pt 12,00 . 22,10 2,00 . 63.9




TABLE 15

EXTENT OF ACTIVITY IN VARIOUS PARTS
OF
THE REACTOR COMPLEX

..gL..

Assumptions: Year-2000 AD, 7 x 105 MW Heat Reactor Power, Lane growth curve .

4000 Mwd/t average irradiation at 20 MW/ton: specific power

200 days decay prior to processing, 20 days in processing plant
Isotope Curies of Each Activi‘ty"At The Following Points . , )

Activity in Reactor . Activity in Decay , : Avg. Activity Inven- ~ -Total Accumulated Total:

Avg. : AD . Avg. ' At End tory Chemical Plant In Waste Activity
cs™37 2.18 x 10° 135 x 10° k.33 x 100 4,30 x 20° - k29 x 107 . 5.30 | 6.00 x 10°
sr7° 2.56 x 10° - 5.11 x.10 5.06 % 102 5.04 x 108 5.05 x100 6.09 x 10 6.90 x 10°
1L 1.60 x 0™ 1.60 x 10l 2.9 x 10, 4.8x10° 10 ' - 1.60 x 100 ¢
a0 3.5 x 1000 3.5 x 1000, 1.52 x 18 6. .93 x 107 ' 2(33 x 0%, — 3.50 x 100

85 7 L x 107" é.97 % 107 - 7 80w 105 o a0B* - 8 4
Kr - 3.6 x 10 7.1 x 1075, 6.97 x 10 6.8 x 10 6.80 x 10, 5.875 x 10~ 7.00 x 10" 48
Pmlh7 1.1% x 109; 2.26 x 107 2.10 X 109 1.95 x 109 1.92 x 108' 6.07 x 10”7 9.5 x 10°

B R T - : |
P+ 0 3.8 x10° 7.6 x 10°: 7.6 % :10° 7.6 205 | 7.6 x 20 2.8 x 10° 16.2 x 10° g
Arttt .- .. 2.90 x'1o:: 2.90 x 10t 2.90 x 10% - 9o % 107 1.1x 10° 11.16 x 10
KW . i . i Tt . f C . o
2h2 -- %96 X.10.! 2.58'x 106 1.68 X 106 . 1. 54 x 1o5ﬁ - L 3,3 x 100 1.0 x 10"
Z “” . - - “, . .
el | pplhk 8.3 x 100 1. h8 xi 1olo 1917 x 1o 9 16 x 107 p 8. 7 xL108 . % v 1,013 x 100 3,10 x 100
f_:;f *r : ‘:‘-’ lg‘? % i &) ‘i? ;‘» ;5_? I ,‘ <‘ i & T : ’
L :". zs : i £ N .. ‘9 it :§ P LI " e : e
— 7 4" ,a‘ A T L T 5o :
* Probably in atmosphere. A A S S e §f E? 8 :5 SO S N
*%  Agsumes 0.1% loss of.Puito first! cycle aqueous wastes, . S A S S i
¥%  Cm-242 decays rapidly, its activity will decrease b)g factor 'of lOO in 5“years following accumu]ation period
tel.mination. Fup o] sy g :) t'; . ,.J :: . ‘r‘f‘ f:; e;:? "ﬂ .,.’ !.;: _,c,}; _'} " 4_5 3
A Y ] Ryl S : ! dus I (&8 L] HEREE o ) L .
- 5 & Rt e A T
. ," ' £e iy . Ev R S 5 i: 2. . 1 ‘,
2 Heod @ :“g ' [ TRt T - SR TR : B ! (N ;



The distribution of radioactivity per ﬁnit in the total structure of the com-
plex of an assumed 1000 reactors, 20 processing plants, 6 disposal sites, is
shown in Table 16. This table indicated that the radicactivity in each 700 MW

1% ang BalAQ)

heat capacity reactor would be much less‘(vith the exception of
than the total radioaﬁtivity existing in each of 20 decay canals, or 20 processing
plants, or the 6 waste systems. In all cdses? except for the very short lived
isotopes and plutonium, one waste system could contain as much as 4000 times as
mich radiocactivity as existsAin one 700 MW reactof, as is the case for Sr9o.'

We'are the first to recognize that it is possibie to argue with the growth
estimates and distribution calculations and to question the assumptiéns made
concerning the number of unitsbin parts of the reactor-recycle complex, quevéé;
1t is certain that potential long-term radioactive hazerd (to people other than :
those 1n~the immediate vicinity of a reactor catastrophe) is far greater‘iﬁ, -
1) decay cooling systems.for fuel and wastes assoqiated w;ﬁh large multi;éurpbse
radiochemical reproceséing Plants; 2) in the 'chemical plants theﬁseives; and" L
3) particularly in any ulfimaté waste disposal site thaﬁ in anf‘single reactor,

For tﬁis reason we urge that overall hazard ;nalyses,lsimilar to tho;é in ::
progress for single réactor acqidents, be made for the deca&'cdoling, radiochemiéﬁl
plents, fﬁste disposal site sysfeﬁ'is urgéntlj.required.‘ Such an'anAlysis hag -
the possibility of dfastically affecting the wisdom of manufacturing large quan-
tities of fission products and hea?y'elaments.. The cost of insuring aghinst
single total cAtastrophe risks for chemical plants or for a waste dispésal area

may be far greater than the value of power produced.
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TABLE 16

ACTIVITY LEVEL IN ANY ONE UNIT OF
THE NUCLEAR POWFR COMPLEX BY 20004

Assumptions: - l) One thousand - 700 MW (heat) reactors operated to hOOO de/ton of 1% enriched uranium
' © 2) 140 tong U/day processed in 20 - 7 ton/day chemical plants 6
» 5) h} x 10 gals waste/year sent to 6 integrated waste disposal: sites, each handling 7 x 10 gals/year

2

Average Activity (Curies) in a Single Unit

- EaCh(Xieigog)ieaStors ' In Each of 20 Chem. Plants = . In Each of 6 Waste Sites -
8%, .. & .. In Decay* In Process ° S L
: | » x i S . =~ (Average) I » L S
T 8w ¢ ¥ earx10l 2asxa® 883 xad
Sr9o ‘ 2, 56 . 105;7? éf :.F T 2.55 x 197, 2.52 x 106 o ' . L0x 109 ‘
151 Cufoxl i 1k x1® 05 o S -
Bal“O 4 350z - T7.6.% 100 1.16 x 10° T o
3.40 x 100 .. 9.8 x 197

ke . 3.60 % 10" . i3M9x10
W7 C 1. 1h x208~5  C T g 05 x 108 9.6 x 10° 1.0 x 10°
6 i y U 8

Pm
T 830 x20° * ¥ U 5.09x 10 bhx0l | 1.69 x 107
Ant S egi o Ll R g5 x 10 ;15 x10® Lo 18z

@ sg100 1.29x10° & 771100 - 5.5 x10°

puBP9 4 py2t0 3.8 x 1o5 ; i{]..' 3.8 x 107 = gag ioggthd/t) | .. h.66x 10"
¢ :1. Fed " X ’ ; ‘ .: < I "" 'L‘ | . » A :

T 1, -1‘ '. :; ,,;

* Assumed condition of nnnmal distribution for irradiation level in reacfors 'if

6

*¥%  Part of decay may take place at reactor or during transit.\ BT S R SN N
. . ) ! ;,e ' i K ra i R W { B
( L] 13 - " i, ey -
; KON A R FO A £ 3
-1 i v "“:. o5 ' ;‘-: . . N ;:\
2 ed - 0 ) e W ot ;
z N o «e . 13 [ ., B
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5.0 Relative Biological Hazards of Fission Products and Heavy Eléments in

(24) {

Accumulated Radioa;tive Wastes

In this section we shall esti@ate the relative contribution to the overall
radiation hazard to man of the various fission p;oducts and parasitically pro-
duced heavy elements that will accumulate as a result of a growing nuclear power
economy. To understand the results of this study, it is necessary thaf the terms
used be defined.

Relative Hazard - The relative hazard of any radioisotope as‘compared to

another is directly proportional to the guantity of material preseﬁt, in-
versely proportional to its blological tolerance as measured by'the maximum
permissible concentration in air or water; and finally inversely propor-t MH

tional to its half life. This relationship may be expressed mathematically

by the following equation: . . e

Relative hazard = N X '(l)' ' ;' . .
MPC . .. )
lO Zsec - -

curie
where Ni the number of atoms of a specific radionuclide

existing at any instant per gram of flssionable
materials (as charged to a reactor)

:\i = radioactive decay constant, sec™™

MPC = maximum permissibie concentration as given in’
references((7) (36) for water or air,

In the consideration of long-term accumulation and storage of radio-
active wasfés, this relativé hezard can be used to define a more useful
quantity, which we shall'call'potential hazard. Relative hazards, in
conjunction‘with an estimate of the buildup rate of nuclear power and‘the
counterbaiéncing natural decay of fission products and parasitically pro-

duced heavy elements, defines an integrated hazard which results from the
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total quantity of radionuclides produced in any time interval. : Potential
hazard is more carefully defined below.

Potential Hazard - The potential hazard due to radiocactive elements in a

given system is determined by the total-accumulation of activity divided by
the MPC. Thus, the value of the potential-hazard is really the qugntity of
air or water (depending upon the basis used) necessary to dilute the.total
a?cumulation of each %sbtope to the acceﬁted value of the maximum perﬁissibie
concentration.

Thus

Potential hazard = Ai
MPC
where Y -
A (curies) = 8.012 x 105’>\iyi a-7 | 1-e 1P+ y Bt ALt @)

A X Ple-e

where a, B, 7 are constants for an assumed equation used to estimate

(15)

nuclear power buildup, such as that proposed by Lane For our work

we have used Lane's estimated buildup equetion in which the constants are:

a = 2000
B = 1n 1.09
y = 23,200

Ai thus gives the totgl accumilated quantity of any radionuclide ex-
isting in the entire reactor complex of reactor, decay cooling systemé,
chemical planf, and waste systems. We have assumed full time operation of
the installed nuclear power plants.

Absolute Hazard - The absolute hazard associated with a waste system can-

not be defined by any mathematical relationship at this time since only
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rough estimates have been made and a particulasr waste disposal method or
site haslnot been establiéhed. However, the absolute hazard will depeﬁd
on how much of the potential hazard (accumulated activity) can be released,
what is the probability of release, what is the mechenism of release, how
many people will be exposed by what mechanism, and what effects will the
direct radiation and residual coﬁtamination-have on biological systems

exposed.
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The relative hazard of the accumulated waste products was based upon the
dose delivered following a s1ngle exposure We chose this approach because of
the assumption that any catastrophe 1nvolv1ng the waste system will contaminate

the air and water of a given area for a short time only,‘and that if necessary,
the population will be evacuated shortly after an accident in order to 1imit the

1ngestion or inhalation of radioactivity from the environment. We have assumed
without too much Justification, that a comparison of hazards on the basis of e

long-time (assumed to be 70 years) continuous equilibrium exposure may'héf be N

justified at present, since it is doubtful that wastes per se will “be added con-

tinuously to ‘the environment. Wastes will probably not be added directly to sﬂw

B e e R
s ke -]

streams or oceans until the most hazardous isotOpes have been removed if at all.

RS adevn i r NN T S
e T 4 o

Also, wastes that are stored by proposed surface or subterranean methods will

.»-1'._“«-: s

still be carefully contained under normal conditions and presumably will not =

s I el

contaminate the natural water table The princ1pal hazard will therefore be

e PR
w0

that of accidental release of large quantities of activity, which4is most diffi-~

cult to evaluate AR bl

A TR Y

The maximum permissible concentration for air contamination is that quantity

of a radioisotope 1n.4(c/cc of air, which will when this air is breathed at-a“'

Togrednes e,

rate of 2 x lO7 cc/day (normal breathing rate) for one day (or at an eiuivalent

. . - CiTmIY '-—'v

LY Sredls

rate-time relationship if taken for a period shorter than one day) give a lS T

rem dose to the crit1cal organ 1ndicated over the follow1ng year. In a likeu*m

'manner, the max1mum permi551ble concentration for water contamination is that
quantity of a radioisotope 1n-4(c/cc of water, which will when“ingested at a
rate of 2200 cc/day for one day or for an equivalent rate time relationship give
a 15.7 rem dose to the critical organ over the following year A dose of lS 7

‘rem is the accepted allowable dose for one year as determined by (0.3 rem/wk)'
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x 52 wks/yr. (However, this dose should hot‘be used as the allowable dose for each
year during the working years for people employed in‘atomic energy installatiens.)
The maximum permissible concentration of.a radioisotope.depends on sueh
factors as the critical organ involved and its size; fraction of ingested radlo—
1sotope goinglto.the organ in questlon, energy and relatlve biological effective-

ness of the radlatlon emanatlng from the rad101sotope, and effective half- llfe
If it is assumed that radlonuclldes are eliminated exponentlally, the effectlveb
half-life T, is determined by the radloactlve half-life, T biologlcal half life
T, 28 follows T=TT /(T +T_). ’

The maximum permissible concentratien values listed in Table 17 are fbf';-'
single exposure to an indlvidual. These values de not reflect an& genetic-effeets
and at presenththere is no basie for translation frOm.these'values to'alloﬁehle
concentrations for the populetion'as a whole-in terms of genetic effects'due?tej
internal exposure. The 6ak Ridge National-Laboratofy Health Physics DivisionAis‘
investigating by means of speetrographic analysis of tissue the distfibutioh df
trace elements in human tissue. Particular emphasis is being placed on the gehetic
organs and these organs.in close phyeiologiéél'prdiimity to the genetlc oréans.
" The results of this investigation should.permitza mere preciee'evaluetihh.of
maximum permissible coﬁcentratione in air-end;wetef lh tefﬁerf genetic damage:i
This investigation should be completed durlng 1957

The relative blologlcal hazard as used in thls study is; in truth ‘thé num-
ber of cubic meters ot air or water.necessary to dilute the total accumulation'
of activity to their cofrespending maximum permiseible coﬁceﬁtration‘for'a one-
day intake which will then give a 15.7 rem dose durihg the yeat fellowing ex-
posure. | .

The following tables list data and results of our calculations:

¢
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Table 17 is a summary of the radioisotopes which constitute the'important bio-
logical hazards in waste. This table lists the isotopes,Athe critical organ(s) in-

volved and the maximum permissible conCentration in both air and water for a}lS.?

rem.dose following a one-day intake.
Table 18 lists the total accumilated sctivity in the total nuclear economy waste

systems by 1990, and the activity thirty years"later assuming no new activity is

S A ] ;- R, T

added to this waste system o s S e e
Table l9 lists the relative biological hazard of each important isotope in “the

waste system. Figures 17 and 18 describe graphically the magnitude and decay of the

important hazardous isotopes for- both air and water contaminations
The ma jor biologically hazardous radioactive elements in the waste‘afteria'30f

year accumulation period and a 5-year decay following accumilation are shown to be

sr2°, é‘:'l'?’?, Cell*l‘; Pt

231" and Cm?ha

arranged in the following order of decreasing hazard:

147 241 Pul39 240 (+ m238

Pm ', Am~ T, and Pu' in some cases), Np

l
R

Several. assumptions other than those already were necessary before an evalu-

J'.‘_. ,..', s

ation of relative biological hazards could be determined. The hazards of the heavy

elements were based on 4000 Mwd/t irradiation of uranium having an initial enrich-

ment of 1% U235. Plutonium losses to the waste stream were calculated on the basis

-

of 0.1% of total plutonium production, while Np 237 losses to the waste stream were

assumed to be lOO% of the production (700 g Np237/ton U), based on infinite recycle
and no U23 removal in a diffusion plant The concentration of the heavy elements
will vary considerably with changes in irradiation level, enrichment diffusion
plant recycle and flux. The variation in the concentration of the radioactive
fission products will .vary much less with these variables. In'fact, with therex-
ception of fluxes between 3 x 107 L le n/cm./sec, the variation‘of fission product

activity with reactor paremeters is insignificent.

é
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TABLE 17 o
SUMMARY OF RADIOISOTOPES CONSTTTUTING IMPORTANT BIOLOGICAL HAZARDS IN WASTE

Maximm Permissible Maximim Permissible
Conc. in Air for 15.7 Conc. in Water for 15.7
’ ' ’ rem dose in 1 day rem dose in 1 day
Isotope Critical Organ (curies/cubic meter) (curies/cubic meter)
5209 _ Bone . ' 2 x 1070 2 x 199?;;;w
v 0 _ Bone ‘ 2 x410-7 | 2.x 10f3,
e Lungs, Bone o o hx 107 —
| GI Tract | - : _ 1x 1oj}d
M’ Lungs ‘i 6 x 10'6 ij
| Bone g _ | . L x 1oj1 .
3t Thyroid AA 8x107T .6 x 1073
cs3 T Lungs | - ‘ | lO"6 | _
Musélé N .. _ | _ | 6‘#_10%} A
' atHO_pa1H0 GIATract. _ | L ;‘10‘6 | 6_x(lQi? »
Ce:"l'LLI'—APrlLlJ‘L Lungs, Bone .‘ 8 X iO—Y o | e ‘W
| GI(Traét . o ' | hvx 197?'“ ‘ :j-
Pmlh? Lungs 4. . h . 10;5 N .. o ‘.
GI Iraéti:  ii | - .8 x~16;lf,f o
3T  Bone a ' “ <2.§ ;ulo’si | B,M‘x 1072 )
Pu239,‘Pu2]+O Bone ’ .6 x lO'?
” GI Tract i' | | 1073
a2t | | angs 4 o 108 . ]
GI Tract ' | 1of3
Cmehz Lungs 2 i 16’8 -
-k

GI Tract 9 x 10
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TABLE 18

ACCUMULATED ACTIVITY IN WASTE SYSTEM BY 1990
(30 YEARS ACCUMULATION TIME) R,
AND AFTER 30 YEARS DECAY

Activity in Waste By Activity in Weste After
1990 30 Years Decay (2020)

Isotope (curies) (curies)
559 " 1.0 x 10%° ’ T ”Elfi
sr° 2.6 x 107 1.2 x 107
¥t 1.3 x 10%°
mo° 1.4 x 1070 v
131 6.3 %107 | ;
cst37 2.3 x 107 1.2 x 10°
Bat*0_1a1% 1.5 x 101° - .
Celhh_Prlbrh 1.3 x 10%° o w
P 1.0 x 107 C o 13x1b
%5 (co recycle) 1.1 x 10° 1.1 % 107 )
Pu?38¢o0 recycle) | 3.3 x.10° S 2.6x10°
Pu39_pyH0 . Lex10° . 12x107
pu*¥ 2.4 x 10° 5.4 x 105
AL 4.8 x 10° 5.1 x 10°
Cm?ug 1.43 x 106 9.7 x 103
AP ' 1.2 x 10" 9.7 x 105

TOTAL 8.0 x 10%° 2.4 x 107

*Not biologically important compared to Pu239 and Pu2i: except for

decay to their respective daughters.
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TABLE 19

RELATIVE BIOLOGICAIL HAZARD

Hezard in Waste

Hazard in Waste

by 1990 After 30 years decay
In Adr In Water In Alr In Water
cubic meters cubic meters cubic meters cubic meters

Isctope x 1077 x 1072 x 1071 x 107
Sr89 5 p
s 0 13 13 6 6
ot 3.25 1.3
Vb 2.3k 0.35
331 1.9 10.5 .
cst3T 2.3 3.83 x 1072 1.2 2.0 x 1072
palt0 110 3.75 2.5
ot prt 16.2 3.25 ‘
o7 0.k 5 x107 1.3x 107" 1.6 x 107
Mo 3.8 x 1073 1.3 x 1077 3.8 x 1073 1.3 x 1077
py238* 5.5 x 10™° 3.3 x 1073 4.3 x 1072 2.6 x 1073
Pu239-Pu2hO 2 x 1072 1,2 x 1073 2 x1072 1.2‘x 1073
pucs 4.8 x 1072 4.8 x 107> 5.1 x 1072 5.1 x 1073
szhe 7.2 x 1072 1.6 x 1072 4,9 x 10'1L 1.07 x 1072

¥Based on oo recycle of U
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RELATIVE BIOLOGICAL HAZARD OF WASTE PRODUCTS FOR AIR CONTAMINATION x 10
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90 137

and Cs

It is obvious that Sr -present the most serious long-term waste

hazard in both air and water. In air the Sr9o~is about 300 times more hazardous than

L1

the third most hazardoﬁs isotope, Am? In water Sr9o is 3000 times more hazardous

b1

than Am? As has been suggested}by all workgré and commentators on waste disposal

it is desirable.undef some circumstaﬁces to remove Cs and Srﬁfrom bﬁlk,ﬁaéte Sﬁreams,
provided: - . V . ;. »
(a) That there.is a.safe way ‘to permanently store Cs and Sr once they‘afé;
removed. | | ) ? ;:

(b) That satisfactory heat removal techniques can be developed to regov%ﬁheat.

from the fission product concentrates. ' . ;5

(¢c) That the hazard of the bulk waste streams be sufficiently reduced to

Te

T

employ disposal or containment measures that requiré'lesé control and

H
I

are less expensive. This will be true if: : i ;5 K

1) The decontemination féctors for Cs and Sr removél é&é’high‘egpuéﬁ'
(DF = ;Oh, or greatér) to aliow release to certain:chosen portiégs
of our environment. W. A. Rodger(aé)-at Argonﬁé has'bﬁserveé;tgét
the removal of strontium must be quantitative to mate;ia}ly_gffe¢f
the diséosal picture for the bulk of fission product wastes.ﬁ'Hié
calculétions are reprodﬁced in‘sumﬁary in the fqll;;ing Tables ?b

e - 3 -

and 21.

L
E
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TABLE 20

50-YEAR ACCUMULATION OF LONG-LIVED ISOTOPES AND REQUIRED DISPERSAL VOLUMES

Basis: 2.2 x lO6 MW Instelled Reactor Capaciﬁy =3 Tons Fission
. . ‘ Products /Day
o Maximum Permissible® Volume Required to Dilute
Accumulated Concentrations in . to Tolerance
Quantity in - Water Air Water .-+ Air
Isotope 50 Years, curies chml 'chm . cubic miles cubic miles-
7r° 1.3 x 107* b x 1073 b x 1077 7.8 x 105 7.8 x 107
celtt 1.1 x 100 h x 1072 7 x 1072 6.6 x 105 3.8 x 107
Ru'0® 1.0 x 10™* . 0.1 3x 1070 ~ 2hx1®  8x1°
Pt 5.1 x 10%° 1 2 x 1077 12 6x10
sr P 8.6 x 10%° 8 x 1077 2 x 10720 2.6 x 10 1 x 10"t
cs137 8.1 x 10™° 1.5x103 2x10 7 1.3 x 10" 9.7 x 107
pe?? & 2.0 x 107 3 x 1072 3 % 1070 0.2 1.6 x 103
eI P 2.8 x 10° 1.5x10°% 2x10"® u5x10° 3.4 x10°

% Taken from IDO-14363 (Pt I), p. 328, by W. A. Rodger, Argonne Natiqnal'laborafory.
a Decay Neglected- .
b Based on a lLoss of 0.1% in Processing

¢ From National Bureau of Standards Handbook 5t (1953).

s



TABLE 21

EFFECT OF RESIDUAL Sr9-o ON DISCARDABILITY OF WASTE

' Per Cent: ' ' .Decontaninetion ‘ N . Yeers"Sfofege"'
Sr Remaining = . . . _Factor o -Required.
o : . S . . ... 13 years - . .
0.00001 0l | 13 years
o.001 10 T 90 gears
.~0.001 ‘ 100 . - -180 years” T i
0.01 TR th.‘ R Coe 1270 years . ...
0.1 100 . 360 years
1.0 o R T .,.' héﬁkge;rs i i,
10.0 . o ’ - 10 - o . N i..ﬂ.5hoiyears:.*i}t IR AT
00.0 . - X R fﬁiﬁiouyearsiﬁﬂﬂ lnavr

*  Taken from mo-1u363, (Pt I), P 329, by W.A. Rodger, .. .
Argonne National Laboratory. '~ w

a -To point where 1 cubic mile water will dilute activity =
~ to tolerance.

Rodger further observes that processes that achieve separation fa;t;;g of

6 to 107 such as solvent extraction have been oe;:io;edr;:;-“>&%
plutonium end urenium. e states that 1t 1s Possible for cesiun;s;;;nbi;nk =
removel but that the costs of such processing may be com;e;e%ie;ég;:E;Lésgdiwa

Fooat e GELY Founus

incurred by the" initial separation of uranium and plu‘bonium 'from fission

the order of 10

R T
JICRA M i) T AT R PRRTE

products. It is possible thet income from sale or use of fission products
could partially offset this separation cost.

-, That the nuclides which remain decay rapidly fo levels safe for disposal.’
This condition may not be possible because of the presence in bulk wastes

of transuranics and transplntonics, assuming that these trace elements

report to the high-level wastes.

L dme e
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The most significant fact revealed by the plots ofirelative biological hazard
is the marked significance of Am h 239 Pueho, Np237, and Cmeue.‘ We should
note here that the production calculations for these heavy elements have, just been
made, and that a full evaluation of their significance has not been completed. -
It is also significant that the best recovery processes allow sufficient plutonium
to report to the waste streams to control hazards in waste after Sr and.cs:_ There
are no developed processes for removal of Am, Np or Cm.‘ <;'u

Another factor that siweilld be recognized in discussion pertaining to relative
biological hazard is that the determination of the relative biological effective-
ness, MPC values, and the critical organs for almost all radioisotopes are not
vell established, nor is sufficient research in progress to establish better
understanding. Very little experimental data eéxist to define the effects.of. the
simultaneous bodily retention of two or more radioisotopes.. A definite cyner-.h
glstic effect has been observed for radioisotopes that produce the same sytomatic
result by affecting different organs in the body: i e, blood cell production ) t
impairment by effects on'bone marrow simultaneously with damage to the spleen.;
Dr. K. Z. Mbrgnn currently estimates that this cynergistic effect where it : |
exlsts, may not change the MPC values by more than a factor of two (27) ﬁe nust

S

expect this effect to be important in considerations involving potential ex-

~ e ~

posures to mixed fission products and heevy elements.
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SECTION 6.0 Hazard Potentials Due to Accidents

An accidental hazard occurs whenever radioactive materials are unintentionally_

released in dangerous amounts to the environment The hazard is due to possible '

biological effects caused by irradiation of the human body by neutrons, alpha, or

b

beta particles, and by gamma rays emitted by the radioactive materials as they

- e

undergo various nuclear or decay processes.

o~ o, st
PR .l ESNg B «vl»-i...

Potentially, accidents involving release of radioactive materials may occur e

PEEEVIFS YIS e b

whenever such materials are present Accidents may occur with release of hazard-

PRI S S S 4 ~,.j.:~: PRSP

ous amounts of radioactive substances from nuclear reactors, plants manufacturing ,

LILen ves

e I

fuel elements, plants decontaminating and recovering unburned fertile and fission- 4

able materials removed from nuclear. reactors, handling and transportation of all";

e ey om o o s A

types of radioactive materials, manufacture and use of all types of radioisotopes,

DLLT A aATREL L

and waste storage areas. Thus, accidental release of radioactive materials may

TEoLLa Ll ) \.,t_' .

occur wherever natural radioactive substances,_such as radium, or. materials irra-;
diated in a nuclear reactor or accelerator are utilized

jrey .‘.A‘—:“Iilﬂ;»il Ty EoiT S A

90 08157

The accidental release of long-lived hazardous isotopes such as Sr ) id.

Am?ul, and Cm h while possibly confined to limited areas (and to. limited numbers

poleters 6 M e .-‘ u»@-_\-‘J'..-Eeeu -

of people) at the time of the accident _can become generally distributed over

,--‘a- —«'I«A

PR S S

the period of the hundreds of years during which their hazard persists. The prob-

Lrod LS el e I ;.,,,,.

ability of population exposure to such a distributed activity varies markedly with
the system in vhich activity is contained i.e. whether it 1is in the reactor, a -
chemical plant or a vaste disposal system. . | o
We will not discuss at length the _aspects of accidents involving radioactive_
materials, but it is very evident that the accident potential of all parts of th.e_=
reactor complex must be,better defined This:rather obviously cannot be done by

collecting statistics on accident frequency, since the effects of one major acci-

dent are long lasting and.so serious.
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For example, a flash flood which flushed 1 megacurie'of mixed fission product
activity from a waste storage tank could easily deposit this over a square mile of
land, One megacurie of 2 year old fission product wastes per square (assume aver-
age of 0.7 Mev gamma energy) would give a dose rate of between ) r/hr and 10 6
r/hr depending upon the roughness of the ground People in this flood area would

necessarily be required to evacuate in great haste if dose rates were this high,

PR
o

since an exposure of several hours would equal the allowable lifetime dose. bIt
is probable that the results of such a deposition of radioactivity over an in-

habited area would prevent land use for many years, and that effective cleanup -

would be very costly. -

£.1  Major Release from a Reactor Accident

Accidental release of activity has been considered primarily from the stand—
point of reactor accidents. The magnitude of an accident which occurs with a |
large nuclear reactor‘may'be catastrophic due to the possible release and dis—%‘:‘-
sipation of hundreds of pounds of both fission products and uranium-233 or'plu-}ﬁz.
tonium. Aside from what reactor technologists say or think can be done to insure
higher probabilities of normal reactor safety per se, one hazard study group
points out that an abnormal maJor disaster may occur despite all human effo;t; B

- and that’ the probability for same cannot be proven as zero. " One might "guess‘ :
that its probability may range from a lower limit of perhaps 10 /reactor-yr. a
(sabotage) to ‘an upper limit of 10~ /reactor-yr (present statistics) Thus the ;
"ma jor release" potential must exist for a reactor economy.el) S

The few reactor accidents which have occurred have involved reactors of:
relatively low'power generation capacity. In Appendixjiziwe have extracted re-

(30) -

ports of the‘following reactor exoursions:

1l. Borax Destructive EXperiment(ag)
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2. Canmadisn NRX Reactor Incident in 1952(33)
(3 ) oL L

3. Experimental Breeder Reactor Incident

Since problems of reactor safety and reactor site selection are covered

(37)(38)(39)(40) ve will not

-

rather extens1vely in the declaSSifiedliterature

discuss this subject further

oy
T

6 2 Qualitative Description of Hazards in Ore and Feed Materials Processing of

lemeta w8 RS

Virgin FiSSionable and Fertile Material

et e TR

6.21° Natural uranium - the hazards associated With radioactivity from the

s Ay - -

.1’,..
processing of natural uranium to all the classes or population will be

'slight since the activity associated with the decay chain of U 3? and U 235

R .5

is not great. The actiVity exposure to plant operating personnel will be

- ST mnit o gy

s ,,'-1_..,4, s

eaSily controlled by a minimum of protection from ingestion and inhalation
e b . .Z,“.T."T.}.'ti)
of particulates. In the case of a serious accident such as an explosion,

RN

in a natural uranium proceSSing plant the exposure to the surrounding

LT e
It

and general populace will be slight and the area of contamination limited
R B r o
to-the plant site itself Transportation hazards With natural uranium are
) 3, '*.“ T T
negligible, assuming normal handling precautions. Wastes will contain

S

S Tl R 4
products in the decay chains of U238 U235 and U23u _

: =l s e Qz‘ >

6 22 Natural uranium - the decay chain of thorium contains B and 7y emitters

- . e, ~ R
a7 ‘\ . R TR D oy

| that Wlll increase the hazard of handling natural thorium above that for

- = ~

w‘-‘-‘_.-.i

natural uranium. If very low exposure limits are established some prob-

lems of control of exposure to plant operating personnel will arise, al-

-

.<‘

though limited exposures can be obtained by proper handling and Operation.
Wastes will contain small quantities of the decay chaeins of Th232.

In the event of an accident in a thorium processing plant, exposure of the
surrounding populace would be slight, and to'the general populace, negli-
gible. The transportation of natural thorium can be accomplished with

normal packaging control.
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6.3 Potential Sources of Hazard from Handling of Fissionable and Fertile

Materials After Irradiation and Decontamination from Fission Products

6.31 Natural, depleted'and slightly enriched uranium - Handling uranium after
' 237

irradiation in a reactor is made more hazardous by the productioniof U

The U237

activity depends upon;irradiation history and decay coolingnperiod,
assuming complete‘decontamination from‘fission products, plutonium'and other
heavy elements For 10,000 de/ton irradiation and infinite recycle; approxi-
mately 180 days decay cooling are required to allow U 237 to decay to the .

background actiVity of ngaturgl uranium. For short decay cooling periods

237

U actiVity will make limited thickness shielding necessary for operations

subsequent to the fiss10n product separation step. Transportation of uranium’

237

containing appreciable concentrations of U Wlll require shielding ‘An

237

acc1dent in a plant proceSSing uranium containing U will greatly in-

crease the immediate exposure potential to operating personnel and to the

populace in the immediate vicinity of the plent. WNo long—term radiation

- L

hazard greater than that for natural uranium or slightly enriched uranium

will result since U237 decays with a 6. 8 day half- life

RN P

6.32 Thorium - The recycle of‘irradiated thorium after decontamination from

234 228 ", 234

fission products is complicated by the presence of Th and Th . Th

concentration is directly dependent upon the irradiation period it decays
with a Qh 1 d half life with the emission of beta and gamma energy A

decay period of about 300 days is required for the decay of Th 3h
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228

Th™"" presents a much more serious problem. It is the decay daughter
of U232, produced by ‘an (n, 2n) reaction on ,Ih25 2, The decay chain
of Th228 contains very high energy @, B and y. In addition, the

.activity of thorium containing Th228 (and all irradiategd “thorium will

. .contain a quan't;ity determined by the fast neutron flux-time product

. of the irradiation) will increase for ten years after solvent extraction

separation,. The quéntiw of Thaea_, which follows ﬁe _separated thorium

: .Prodpct, can be reduced by processing reactor blank*etjsw._?{ﬂljt;h very short
cooling (about 30 days), but the thorium .pr.oduct is then very radio-

.-active because of the presence of undecayed ffh2_3 h. S A

1t appears that the thorium recycle will alyays,p:pg‘igg&xjpdj,atioﬁ
exposure potential to operating personnel. The wastes.from thorium

- recycle plants may contain .certain elements in decay.:chain.of U232,
which will undoubtedly dictate their controlled s*ﬁo'i;ag_e}.;and,wdisposal,
The hazard of an accident in a thorium recycle plant-ito';opexjgting‘ *
personnel and to 'thé population in the surrounding area ;i-s__-sigbdiicanf;]\v
greater than for natural uranium or unirradiated -thorium.:- A,rel'a-
tively,.1ong-tM' exposure hazard will result from t.he;_disp_e;rsion' of
recycle-thorium. - Transportation of thorium at any time after ex-

. posure .in a;reactof may require. some shielding.-. .. wsr rasiu

-.6w33 Boriched U°22. - The activity of parasitically, produced U-d;wi

govern the cooling period for this class of material, but-.this period
in no case will exceed 180 to 200.days to allow decay.. jbc;,-backgtplj;nd.
S In some reactor cycles the inventory cooling charges may be of such
ma@i‘budes as to require shorter decay cooling,.in which case, the
. uranium cycle . .subsequent to solvent extrac':tiop;.win‘.beislightly- to
moderately active, The cycle will offer no,;;lo,ng,-term'pépula't;ion

‘hazard, affecting only operating plant personnel,-shipment,.-and the
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6.65

immediate environs of the pfoceésing plant. Lower radiation tolerance

levels can ihcrease the cost of uranium'recycle{

0233‘? The decay of.parasitibally proddcéd U232 mﬁkes thg hazard in- )
volved in U2)7 recycle gréater than for any other source or fissionable
material excebt,possibly plutonium, After seﬁaration by~solvent ex-
traction from fission products end thorium, °33 product is at its
natural background activity, but after separation if increases in
activity'ievel, reaching maximnm dctivitj level after Approximately

ten years. From processing to reactor fuel it is possible that no
marked p:éblem'will exist if final fuel. element:or material'preparétion‘
is accomplished within several months after separation. ye>2 decay
dsughters can be removed at any time by reprocessing through solvent
extraction. “:Considerable care and control of U253 will be réquiréd

to keep y2> recycle from being a hot operation, which requires -heavy

" gamma shields. Wastes from steps subsequent to solvent extraction

could contain the decay daughters of 0232,-and possibly would require

. a limited decay period. - The lowering of radiation tolerance levels

will have a serious economic effect on certain U23;-cycles;~éAccidents
from a USDo—thorium plaﬁt can have a serious long-term effect on
plant'personnel and the pépulation'in the‘iﬁmediate vicinify-of the
pldnt. - Transportation of ye3 mst be considered‘from‘the’long-ferm
hazard viewpoint. .
Plutonium - Processing and subsequent recycle of plutonium presents
the most serious plant and general population hazard from the fission-
able and fertile material recycle, In concentrated form, plutonium
mst be carefully handled in absolutely sealed systems. Irradiation
of Pu239'fuel elements will produce higher isotopes .of Pu that in-

crease the hazard. All'operations'in:vhich plutonium is handled muist
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be carefully.controlled; wastes must be contained and plutonium isolated.
Plutonium presents a serious long-term hazard to plant operating per-
sonnei, population in the immediate vicinity of the processing plent, .

and to the generel populace,

6+l Tiazerds in the Chemical Reprocessing Plant

Hazards due to radiation and chemical toxicity in a chemical.processing plant
under conditions of normsl operation can be controlled,~,Generé; radiation levels
for radioactive fuel processing equipment can be reduced with propér shields. In-
gestion and inbalation of radicactivity cem be controlled. . - * -

6,41 Hazardous Cperstions - the most hazardous operations from a radiation’

3 s
R

: @xposure ségﬁdpoint are:
a. Sampling of radioactive solution and:solution transfer to
ﬂéhélyfiéai lsboratories ‘ AR SR v
b. Analytical chemical snalyses-of radioactive solutions ~ =~ ..
c. Product removal operations conducted on a warm basis,
particularly for such materials as thorium, 1272 gna plutonium’ - |
d. Maintenance of equipment o Dol
e. Exposure to accidentally released fission prodﬁct‘gaéés.qr’
-radiocactive particulatés ‘
f. Handling of radioactive feeds to the chemical plant -
g. Storage and disposal of 1iqﬁid wastes
These obviously ere hazards to plant operating personnél.' The population
surrounding a chemical plant can be exposed to bazard from uncontrolled dis-
charge as waste gases containing fiséion product gases and particulates., Simi- -

larly, the controlled or accidental discharge of liquid wastes fo‘ground water -

can expose a relatively large number of people. -

&
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6.@2 Accidents - Accidents in a chemical processing plant can be of very
serious consequence to operating personnél and possibly to people
. 1living in the environs of the chemical plant. The type of accidents
that can occur in a plant are':
a. Leaké due to equipment failure and corrosion
b. Chemical explosions.from such materials as organic solvents; .
hydrogen evolved from.ac_':id dissolution; steam explosions; .-~
oxidation of such materfals as molten metals; fluorine or_: - ~a.: .
interhalogen reactions; uncontrolled dissolution of metals.. . - -*
c. Criticality. Since this subject is not too well covered in the - ..
open literature, a separate discussion of cri;icélity control |
has been included in Appendix III, piepared by J. W. Ulimann
from declassified data. =~ .. = . I
(Any explosion in ltt;e ci;emical plant inself probably will be con#g:[.ne’d within tﬁé
plant and, at most, in a limited area -surrou.nci:l_.ng'.‘:the» plant. Any single ac.cident';z
will in#oive only several pieces of process equipmen’q from. which relatively
limited quantities of activity could be discharged.) o
d. Fhenwaction in time of wer. Results of bombing of :a_ radiochei;zié;i'
plant with its necessary waste tanks 'couid provide a very serious
hazard to a large population group inanarea _‘surrou_m.iing the
chemical plant. . The hazard would be of long duration.
e. Natural catastrophies, such as earthquaskes, windstorms, and partic-
“ularly floods.
4 The I‘adiochemical processing plant and 1ts associated waste sﬁrage facili-
" ties can be considered as an accumulator of fission products and heavy element

‘.transmtation products. Because of economic considerations, it is probable that

one chemical processing station will serve many power reactors. A study of .

s
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processing costs versus processing plant capacity, based on extrapolation of our
existing proéess technology, indicates that‘g_ceptral 9hemical processing”piant‘
may be of economic necessitj large enough to process the fuel from reactors pro-
ducing about 30,000 megewatts of heat;(l5) Such & chemical processing plant will
8

have a constant "inventory" of approximateiy 10~ to 109 curies of fission product

activity.
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7.0 Transportation of Active Wastes

(l)

7.1 Requirements for the Shipment of Fuel and Waste

A nuclear power economy will require the shipment of large qpantities of

PR

ra&ioactive material first as irradiated fuel from reactors, then possibly as
waste. In 1980, using Lane' s build-up data, and assuming that stationary power
reactors will average approximately 1000 Mw heat prq@uction capacity each, about
700 reactors will be in operation. Fuel from these 700 reactors may be shipped
after an estimated 100 days decay cooling, to 20 lsrge chemical plants. After
‘chemical reprocessing, the wastes can economically be stored for five to ten
years before shipment to an ultimate disposal site.

In order to provide a roughvapproxination of whst the transportation of
fission products and fuel element will do to "spreadihg the hazard", J. W.
Ullmenn has prepared the analysis shown in the following teble.

TABLE 1
ANALYSIS OF SHIPMENT OF RADIOACTIVE FUEL AND WASTE

Fuel Shipped after 100 days Cooling
Wastes Shipped after 2000 days Cooling

Build-up and Production Data In 1980 In 2000

Megawatts of heat from stationary reactors (Lane) 1.1 x lO5 T x 105
Specific power assumed, megawatts/ton U 20. 20
% of reactor power as fission products
after 100 days cooling 0.13 0.13
after 2000 days cooling: 0.02 . 0.02
Watts of fission product heat per ton U
after 100 days cooling : 26,000 26,000
after 2000 days cooling 4,000 4,000

é
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(Tebleccontinued)

Fission products, curies per watt
after 100 or 2000 days cooling

Fission products, curies per ton U
“after 100 days cooling

~..after 2000 days cooling

Aﬁééawatt days per ton, burnup

Tons U per day processed

Gallons liquid waste per ton of U processed

Shipments of Fuel

B

Tons of U in transit

Fiésion products, curies in transit-
Tons of fuel per carrier (assumed)
Shipping time elapsed (days)
N;uﬁmber of carriers in transit
Fission products per carrier, curies'

Watts heat per carrier
(Cooling required)

Shipments of Waste

Gallons of waste in transit

Fission products,7curieé in transit '
Fission products, curies per gallon of waste
‘Gél;ons of waste per carrier (assumed)
_Fiésion products per cariiér, curies

Number of waste carriers in transit

Watts heat per carrier
(Cooling probably not required)

Thickness of lead shielding
Probable carrier weight
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5.2 x 10

. In 1980

200

6
8.0 x 10°
4,000

27

1,200

189

9.8 x 10?

2

7
»
1.0 x 207

.5 xAlohv’

227,000

1.5 x10°

- 660
450
3.0 .x 10°

505 .

1.5 x 103

L4 inches

1.0 x 10

In 2000
" 200
5.2 x 10°
8.0 x 10°
4,000

- 175
1,200

6.4 x 107

2
7. L '::'
- 613 ...
T

54;;lph_:;

1,470,000
-9.8 x,logﬁ

660
Cbso .
3.0 x 10
3,270
1.5 x 103

L inches

12,000 1bs. 12,000 lbs.



The significance of this estimate is that is points out a very important
problem, that of the distributed hazard resulting from the required movement of
irradiated fuel and radioactive waste to chemical plants and disposal sites. The
fact that 108 to 109 curies of radioactive fission products. (plus many millions '

239 238 21+1 Amzhe 2l+:2 and others)

of curies of the alpha emitters,
"are in motion as fuel elements and waste at any instant presents a distributed
hazard that has not yet been evaluated. Without the benefit of experimental data,
we may find that it is necessary to decide whether the shipment of large quantities
of radioactivity w1ll be allowed at all; and certainly ve must early establish

the controls under which shipments of radioactive materials can occur; and to
provide emergency regulations to be used when.activity is accidently released by

accident in ftrensit.

o "«‘--a
o .

Shipment of radiocactive materials on a large scale may be a necessary part

(2) “The un“

of a -nuclear power economy that is competitive with fossil fuel.
economical’ alternate to large central chemical processing plants with capacity
to process fuel shipped from many remote reactors is a multiplicity of" small
chemical plants, each located with 2 single or small group of: ‘reactors . “The
dispersal of radiochemical plants in turn spreads the hazerd dueé-to wastes ‘to
possibly the same or greater extent than the distributed bszard presented by
transported fuel and wastes. Such a- coupling of small chemical plants with &
few reactors may also make recycle costs too- ‘great for the production of com-
petitive power in the United States. o
Wastes can be shipped from the chemical plant to disposal sites as either
solids or liquids, with the latter form.probably being the most- hazardous ‘and
the most expensive, assuming that solid wastes ¢en be shipped’ without external
cooling. They cen and probebly should be shipped in small packages to limit T
the total quantity of activity that could "be released in case of accident .- '
Packaged and shielded shipments can be made (in increasing order of cost) by
water, truck rail and air. ' : C
Arnold(3) has pointed out both the economic attractiveness—of a protected
pipeline for radioactive wastes and the possibility that the pipeline may actu-
ally be the cheapest and safest method of waste movement. The total volume ‘

of wastes shipped in l980 can be pumped through a 2" diameter pipeline:"

Y
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A double concentric pipe in a concrete trough surrounded by earthen shielding
with an ion exchange capacity, and of course with appropriate monitoring, .-
pumping automatic bleck systems and cooling systems, might be as safe as other

waste transport methods.

7.2 Reguletions Applicable to.Shipments of Radioactive Mhterlals'f: ‘

' The following information was taken from a report prepared by A L. Ayers,

Phillips Petroleum Campany.(h) f

A very useful source of federal regulations is the “Hsndbook of Federal
Regulations Applying to the Trensportation of Radioactive Materials” dbtain-
able from the United States Atomic Energy Ccmmission, Division of Consiruction
-and Supply, Traffic Management Section, Washington, D. C.V_Transportstihn:of
radioactive materials in interstate commerce by land or water, is subjected
to regulstions of the Interstate Commerce Commission. The. regulations, appli-
:cable to radiocactive materisls are- not issued separately but are incinded;in .
the complete regulations covering the packaging, labeling; ena.transéortation
of dangerous articles published as Title 49, Part 71 to T8 ofthe Code ‘of.
Federal Regulations. Between revisions, annual pocket supplements are -
issued. Ammendments subseqpent to the period covered by the most recent
revision or annual supplement mey be obtained. from the daily issues of the
Federal Register.  All of these are for sale by the Superintendent of Docu-
ments, U. 5. Government Printing Office, Washington 25, D. C. h

The ICC Regulations are published also by the Bureau of Explosives of
the Association. of American Reilroads, H. A. Campbell, Agent,30 Vesey - - -
Street, New York T; New York, as "Tariff No. 9, Publishing Interstate '
Commerce Commission Regulations-for Transportation of Explosives-and
Other Dangerous Articles", and by the Tariff Bureau of the American Trucking
Association, Inc., F. G. Freund, Agent, 1424 16th Street, N. W., Washington
6, D. C., as "Motor Carriers Explosives and Dangerous Artidles Tariff No. T".

Transportation of radiocactive: materials by water is subject to regu-
lations prescribed by the Commandant of the United States Coast Guard.’
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Current regulations applicable to radicactive materials appear in Title 46,

Part 146, of the Code of Fedéral Regulations as ammended. The United States
Coast Guard Regulations covering transportation, storage or stowage of dan-

gerous articles on ships are also published by the Bureau of Explosives,

H. A. Campbell, Agent, 30 Vesey Street, New York 7, N. Y., as "Water Carriler
Tariff No. 6".

Transportation of radicactive materials in interstate commerce moving
by rail, water, or public-highway is reguiated‘hy the Interstate'Conmerce
Comnission. Some states extend the ICC regulatiOns to include intrastate 3
shipments while in others-specific and sometimes more restrictive regula- s
tions epply to shipments within the state. Additional regulations upon
this transfer of radioactive materials may be made by local authorities
as in the case of movement through tummels, port areas, etc. o

The interstate commerce regulations covering tranSportation of explo—
sives and other dangerous articles include a_part of Title 49 of the Code * -
of Federal Regulations as follows: ‘ - oo T

PART 1 -- General Information and- Regulations ’

PART 72 -- Cammodity List of Explosives and Other Dangerous Articles‘

PART T3 -- Regulations Applying to Shippers L

PART T4 -- Regulations Applying Particularly to Carriers by Rail

" Freight

PART 75 -~ Regulations Applying to Carriers by Rail Express St

PART 76 -- Regulations Applying to Rail Carriers in Baggage Service L

PART 77 -- Regulations Applying to Shipments Made by Way of Common,'“’

o . Contract or Privete Carriers by Public Highway : el
PART 78 -- Shipping Container Specifications

SIS - R T S §

Reguletions in Parts 71 to 78 cover- preparation of explosives and;
other dangerous articles for transportation common carriers by rail freight,
rail express,'rail baggage, highway -or water, comstruction of containers,-:-::
packing, weight, marking, lebeling when required; billing, and shipper's- .
certificate of compliance with these regulations; also cars, loading, .
storage, billing plecarding, and movement thereof by carriers by rail.

The regulations define that anyone -knowingly .not conforming to these
regulations is subjected to fine or imprisonment, or both.

The Commission has been given power by Congress to formlate regu-
lations for the safe transportation of these materiels. The Commission

-,
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or any other interested party may initiate reqpesfs for changes in regilations.
The Bureau of the Safe Transportation of Explosives and other Dangerous Articles
-may at the request of the Commission accumplate data from all available sources
to determine the most effective-and logicael regulations. , )

Generally, a notice of ninety days is given before a new or modified-regu-
lation becomes effective. However, & shorter time_ﬁay be authorized-if special
and peculiar circumstances Justify it. Periodic public hearings are held ‘in
which evidence may be produced concerning proposed changes. The Commission
may act’ without hearing and without notice, although usually twenty days
notice of proposed changes or additions are given. = - -@5T TS nm

The regulations show the kind of label when required on:shipment-of-ex-
plosives and other dangerous articles and also lists those which are pro- + -
hibited for transportation. A list of the materials to which*these z;egu-‘ =
lations apply-are also given. Items are.listed. in alphabetical order and™’
for each item there is given the proper shipping name, the class of hﬁieid}
cross references to sectionms specifying'exemptions and packing,“color’or '
label required, if not exempt, and meximum quantity in one outside-container
for shipment by rail express. All radiocactive materials afe'61eésedfaé"3$
poison, Class D, and are properly shipped as- "radioactive materials":* A
blue or red label is reqpired as specified. . B

It is the duty of the shipper to follow the regulations All the radio-
active materials, that is Class D hazards, which heve also another hazard- '
ous characte;istic'ere'subject'tq"thiS'SPecificfregulaﬁibﬂ Por-both-bazards.
As an example, radioactive sodium would be classed as A flammable solvent
as well as a radiocactive material.” Shipments of radioactive materials
made by the Atomic Energy‘COﬁmission,undef escort areJexeﬁpt from these
regulations. However, the regulations with the AEC-specify the ICC regu-
lations as a standard of safety.for transportation of radicactive materials
without exception. Escort may be provided for sefety reasons ag well as -,
security.

The consignees must report promptly to the Bureau of Explosives all
instances of improper staying end broken, leaking,- or defective containers.

The Bureau of Explosives, upon receipt-’ of such reports from consignees,
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should promptly report to the shipper full particulars covering all such cases.
The empty containers previously used for the shipment of radioactive material
must have all openings including removable heads, filling and vest holes, tightly
closed before being offered for transportation. Small quantities of the material
may be allowed to remain in empty conteiners and when the vapors remaining are
unstable it is permissible to add.sufficient inert gas to render the vepors stable.
Emptj containers_must,ﬁe leakffree.. The empty containers mist not contain more
than 1/10 millicurie of radium, polonium, or more than 0~135"milli°PFié$;9f
strontium-89 or strontium-90 or barium-140, or more than.l.35 millicuries.of
any other radioactive substance. There must be no significant~alpha,3betanor
neutron radiation emitted from the exterior of the package.: Gamme radiation
at the surface iof the package must be less:.than lO.milliroentgensfperf?k;hours.
When shipments of radioactive.materials are. loaded on, the.cars by. shippersv '
or unloaded from cars by the consignee, . the - cara must be placarded -and -unloaded
according to regulations.. A radioactive material is any material“oricomnination :
of materials that. spontaneously emit ionizing radiation.. “‘ff"7~$f.Féﬁif
Radioactive materials, Class D, poison, are divided into three £&roups ;
according to type of rays emitted at eny time during transportation, -ag follows:

GROUP.I - Radioactive materials tbat emit gamma rays only or ......
both gamme and electrically charged corpuscular rays.' )

GROUP II - Radioactive materials that emit neutrons and either ?
: . or both types of radiation characteristic of- Group a2l

%y
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. L materials. IR R : e
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GROUP III - Radioactive materials that emit electrically charged e e
corpusculdr rays only, that is alpha, ‘beta, etc.,

~ .7 .. 7 sor any other that is so shielded.that:the. gamms >=ors =3 =i

..radiation at the. surface of the package does not . .- ... ..

‘exceed IO‘milliroentgens ‘for 2h hours at any time e

Ge 7Lt - .during transportation.. -oTlati o yTad Pyt el

" As far as ‘the shipments of which we are discussing, spent fuel.will al-
ways fall in Group I, and redovered fissionable ‘materials may fall ‘in’either
Group I-or III, depending upon the effectiveness of the processing in re-. -
moving gamma emitters. ' e

--The purpose of classifying radioactive material by groum is to facili-
tate the statement of reguletions covering lebeling and handling.” Group I

or II materials require special precautions in trensit and in storage to
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protect personnel and photographic film. The stipulation "at any time during
transportation” is made necessary due to the possibility of-an increase in
gamma radiation during tramsit due to the formation of gamma emitting daughter
products of the material being shipped. 2 I
Not more than 2000 millicuries of radium polonium, or other members of
the radium family of elements and no more than 2700 mil1icuries of any- other
radioactive substance may be packed in one outside container for shipment by

rail-freight, rail express or highway; except by special arrangements and under

PN % e W
L e SO

conditions epproved by the Bureau of Explosives.
Radicactive materials such as ores, residues,'etc:‘of low activityfpacked

in strong tight containers are exempt'from specificatian pacﬁagingtendzlaheling

requirements for shipment -in carlocad lots by rail freight only provided the

gamma radiation or equivalent will not exceed 10 milliroentgens per hour T

at a distance of 12 feet from any surface of the car eml’ that the gamma radia-

tion or equivalent will-not exceed 10 milliroentgens per hour at a8 distance

_,_r -y
pgrin R
_< . }' ‘

of 5 feet- from either end surface of the ear.
The term “low activity material™ is not defined by‘the ICC. However, it
is implied that any gemma emitting material, a full carload of which does"
not produce radiation in excess of 10 mr/hr at a distance of 12 feet from B
any surface of the car, may "be considered low activity material for this
purpose. The limitation on the radiation from either end of . -the cer at..

10 mr/hr at 5 feet may be achieved either by spacing or by the use of shielding.
Although 10 exact provision ig" given, 1t would appear that “I0C approval

for shipment of tank cars of low’ enrichment recovered uranium solutions may

A-—v-‘r< el
i

be possible on-the basis presented here for full car shipments.'~ .
In the event of breadage of container, vreck, fire or‘unusual delay in-
volving radicactive shipments as covered by the regualtions under discussion,
the car containing loose radioactive materials mst be. isolated as far asigw
possible from danger of human contact and no persons must be allowed to re-'
mein close to the car. or contents until quelified persons are available to
supervise handling " 'The shipper end Bureau of Explosives should be noti-
fied immediately. - - S T e
Cars, building, areas, or equipment in which Class D poisons have been

spilled’ must not be again placed in service or occupied-until decontaminated
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by qualified persons.. . = . _ , . . : .
Any box car or motor vehicle which, after.use for the transportation of

radioactive material in carload or truckload lots, is contaminated by radio- ¥

active material shall be thoroughly cleaned to the extent that a. survey of - -

the interior surface shows that beta-gamma radiation is not.greater than 10

milliroentgens physical equivalent. in 2k hours or that average alpha . contami-

nation is not'greater than 500 disintegrgtions per minute per 100. square .

centimeters. A certificate to that effect must be furnished to the'.lacal.. .

agent of the carrier or to theAdriveerf‘the motor vehicle. Cars and ve- -.

_h?cles which are used solely for theatransportation of radioactive~materials

are exempt from the provisions of this section. R

Containers of radioactive material must not be placed in vehicles, dt

terminals, and other places closer than 3 feet to an area which may be ,

PR
continuously occupied by passengers, employees or shipments -of animals. , 5;
Materials of undeveloped film must not be placed closer than 15.feet to..
this type of shipment. No more than Lo units of radiocactive materialashall%
be transported in any vehicles or stored at any . location at any one time.
One unit of radiation equals one milliroentgen per hour at one meter for
hard gamma radiation or any amount of radiation that has the.same. effect

on film as 1 mrhm or hard gamme rays of radium filtered by 1/2 inch of, lead o

Perm1551ble Radiation Levels R

The carrier must be designed 50, that the;e will be no significant ) ij'
radioactive surface contamination on any part of the container. All ou.tsfl.d:e;w
shipping containers must be of such design that the gemma, radiation will not
exceed 200 milliroentgens per hour or equivalent at any one point or readily
accessible surface Containers must be equipped with handles and protective
devices when necessary in order to satisfy this requirement. The outside
of the shipping container must be at least equivalent to a heavy wooden ‘
box or a fiber-board box. However, in the case of the shipments under con- .
sideration, only metal containers are efficient Radioactive materials of . ~
Group I, liquid powder, or gaseous, must be packed in suitably packed con- .
tainers, completely surrounded‘by.a shield of lead or other suitable material "

of such thickness that at any-time during tranSportation the gamms radiation. s



at 1 meter from any point on the radioactive source will not exceed 10 milii-
roentgen per hour. ThlS shield must be so designed that it will not open or :
break under conditions incident to transportation The-minimum shielding must
be sufficient to prevent the escape of any primary corpuscular radiation to the
exterior of the outside shipping container In this, regulation, at l meter fram
any point on the radioactive source is interpreted to mean at 1 meter from the

L os
.

nearest p01nt on the source.

) Radioactive materials Group III liquid, solid or gaseous, must be |
packed in suitable inside containers completely wrapped and/or shielded with :
such materiel as vill prevent the escape of primary corpuscular radiation to j
the experior of the shipping containers, and secondary radiation at the surface
container must not exceed 10 milliroentgens per 24 hours, at any time during\
‘transportation.w-Acceptable instruments-for measuring- gamms radiation packages’
include the gamma survey meters listedlin:the SIC series of the AEC Instruments
Catalogue. There must be no loose radioactive materiael in the car,ﬁand the
shipment must be braced so as to preventgleahageforvshift of lading under
conditions normelly incident to‘tranSportation, ‘Except when handling is super-
vised by the Atomic Energy Commission; shipments mist be loaded by the ‘consignor
and unloaded by the consignee. , S e s

The regulations covering transport by water are in most cases identical_-_
with those prescribed by ICC. The vessel must be loaded so that a gamma '
radiation or equivalent at any spare point in any space or area comtinuously "
occupied by passengers, crew, or shipment of animals will not exceed 40 milli-
roentgens per 24 hours at any time during transportation.

_ICC epproval mistibe” ‘obtained for-shippifig containers not specified by

regulations. This is obtained by certification through the Bureau..of Explosivés,

7.3 Optimum Cooling Period for Wastes Before Shipment

Zeitlin, Ullmann and Arnold(S) have published a study of storage plus .
transportation costs in.which they determined optimum cooling periods for
solvent extraction first:cycle raffinates prior to shipment as liguids to a
remote ultimate disposal site such as might be provided by a deep well or

J
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salt bed. Their study was aimed at determining the optimum cooling time for
wastes at the chemical plant site assuming the worst conditions of: _1).shippirg-
liquid wastes (800 gallons/tén of U) in sﬁall 250 gallon capacity shielded.
carriers; 2) initial radiation burnﬁp to 10,000 Mwd/T of fuel; 3) several
storage costs as shuwn in Table 3; and 4) varying decay cooling times and.shipping
distances. o , . S

After calculating the shielding required and determining overall éarriér
rate using rail ffeight costs in the United States were:. 1) $lvh0/hngdred:lbs
round trip for one way distance of 200 miles; 2) $2.60/huhdred'ibé round trip
for 500 miles one way and $4.50/hundred lbs round trip for ane way distgncé,of
1000 miles, they determined optimum cooling periods as shown in Table 2.

TABLE 2

~UNIT STORAGE COSTS ($/gal/yr)

- $0.25/gal Initial Investment for Tanks,

Rate for Fixed Charge 15% 12% L%

Fixed Charge 0.038 0.030 - . 0.010
Direct Charge . . . 0.003 . 0.003 - - 0.003 -
Total o . 0.0 0.033 . 0.013

$2.00/gal Initial Investment for Tanks

Rate for Fixed Charge - - : 15% 2% - - A

Fixed Charge 0.30° 0.2k 0.08

Direct Charge 0.003 0.003 0.003
Total 0.30 0.2k 0.08

Assumptions:

(1) Lifetime of underground storage tank of 50 years
(2) Purex3type waste
(3) Tank farm operating personnel of 2 men/shift
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Table (continued)

(4) TFixed charges were calculated for initial investments of ~
$0.25 and $2.00 per gallon at three different annusl rates.
12% and 15% per year represent the range used by utility
companies to write off investments ‘inclusive profit; taxes,
and interest on capital. h$ per, year might be the rate:
for a government-owned burial site (2% amortization plus
2% average. interest).

(5) The cost of land $5000/acre

1,000,000 gal/acre
compared to the initial cost of tankage

(6) Direct operating costs (based on a 20 000,000 gallon form ;;
which has reached steady state) will be S e e TN

" $0.005/gal was heglected.

2 men/shift x 4 shifts X $h500/man-year
20,000,000 gal S

£ $0.0018/gal/year
- Allowing for 67%'overhead,‘the_difect charge will be-$0.003/gal/year

*OPTIMUM WASTE COOLING TIMES AT CHEMICAL PLANT SITE

Storage Cost'$/gal/yf © .0:.013 ‘ o ‘O".(')'il-ln‘.w : 0.30-
$ Gallon Tenk Cost T $0.25 $o.25 ' $2.00
Tank Amortization Rate ) B g fyear” 15$ Priva%é " "Tisg Private

Optimum Cooling_Time;;
(years) for One Way

Shipping Distance:.of: " T kT
500 mi® - . o7 T T NP b PP e Telf2 5-1/2
1000 mt . 1k 9 L s 6-1/2
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From this we might conclude that the chemical plant may always utilize
waste storage tanks to economic advantage to allow for the decay of activity
prior to possible shipment to an ultimate disposal site. The same cooling.
period would be advantageous in reduaing shielding requirements and costs
for waste processing operations leading to recovery of useful fission products

or to fixation of gross activity in non-leachable soluable form.

7.4 Possible Costs vs. Shipping Distances

In order to check the economic feasibility of shipping wastes for less
then a 0.05 to 0.1 mill/kwh of electricity, we have estimated shipping
. charges as shown in Table L4, which also includes the costs of sborage of
wastes for optimum cooling periods discussed in Section.7:.3.. Shipment.-of.-
liquid wastes in a 250 gallon lead shielded carrier was assumed.
We venture to draw several general conclusions from this study:
1) 500 mile shipping costs alone for wastes, cooled seven years
or longer are of an order_of magnitude less than the allowable
costs for radiochemicael separations to meet the requirements
of 8 mills/kwh electricity; i. e. allowable radiochemical costs
may be 0.5 mill/kwh vs. approximately 0.025 mill/kwh for shipping
2) Combined costs of shipping plus interim decay storage prior to
shipment can be kept below 0.05 mill/kwh of electricity if tank
investment costs are lower than possibly $0.60/gallon.
3) Waste tanks at the radiochemical separations plant for decay
cooling of wastes sre economically justified. This brings about
a corollary advantage of permitting the accumulation of'wastes
in tanks during the first few years (possibly as long as ten)
Qf operation of a radiochemical separations unit without
significant economic disadvantege.- |

7.5 Experience with Radioactive Waste Shipment

At sites where large quantities of radioactive wastes are produced,
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. Table 4

+ESTIMATED COST OF IN'TFRIM SI‘ORAGE AND SHIPPING OF HIGH LEVEL WASTES

v y )

' Assumbtions: 1) “00 mile shipping distance, rail freight no escort,

“round trip base rate $2.60/cwt.
i . 2) Fuel irradiate to 4000 Mwd/T uranium.
i 3) Reactor operates at 254 thermal efficiency.
L) * Storage costs teken from Table 3
N 5) -. 800 gallons vaste per ton of uranium processed

" Interim Storage Costs’ @/gal or mills/kwh ¢ . : ohignin“ Costs g : ) Total Costs
Years x . [ . . 3 L Tr o
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such as the Idaho Chemical Processing Plant, Savannah River and Hanford,
liquid waste raffinates from solvent extraction are piped to the waste
storage tanks using stainless steel pipe in a protective pipe and encased
in a concrete trough. Monitoring systems for leak detection are used, along
with cathodic protection (in areas #here:gtbund eddy currents require it)
and provisions for maintenance. The experience with piping wastes has been
uniformly good. At Oak Ridge Natioral laboratory, where same high level
liquid waste lines have been in service for 15 years, lines are buried
directly in the ground without protection. Very few leaks have occurred,
and where they have appeared it has been possible to repair and replace
piping with maintenance procedures only slightly different from normal
practice. Earth surrounding the leak has been removed by using a drag
bucket on the end of a long crane boom. For limited distances pipe lines
have been uniformly satisfactory, Eut the area through whichlr 1ines have been
run has always been within the confines of the processing site. The problem
of piping wastes for great distances across a right of way of limited area
has not yet been attempted. v

Liquid wastes of high activity have been shipped in sealed,..shielded
carriers from the Idaho Chemical Processing Plant to the Multicurie Sepa--
rations Pilot Plant at Oak Ridge.(6) The carrier for this purpose was
designed and built as a prototype of tanks to be used to tramsport aqueous
solutions of radiocactive fission products. The tank hes been used in test
runs between Arco, Idsho and Qak Ridge National ILaboratory to check the

performance of design features.

1

The spherical shape of the conteiner was chosen because of the optimum
ratio of volume to weight obtained in this shape. The total weight of the
empty tank with shipping skid is 28,200 1b. The working volume is 210 gal
of liquid weighing 2,000 1b. The totel capacity of the tank is 250 gal.

The inner tank, containing the.liquid, is a 48-in:-diemeter sphere,
made by welding together two hemispheres pressed from 3/8-in. thick type
347 stainless steel plate. Surrounding the inner tank is a layer of lead
shielding 5-1/2 in. thick. A sphere_of 13/16-in.-thick steel plate, élad
with stainless steel on the outside, encioses the lead-shielded inner

container to provide protection against externsl forces or internal pressures.
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Two pipe connections to the inner tank provide for filling, emptying
and venting the tank (Fig. 1). The tank is filled by first pumping a vacuum
on the tank, closing off the vacuum connection on the short leg, and allowing
the tank to f£ill through the long leg without additional pumping. This elimi-

‘nates the danger of overflow.

A Téflon-lined plugcock is-provided in each of the two pipes. Quick-
opening couplings on the ends of the pipes are of the valved type, so that
they sutomatically seal against pressure from within the tenk when the coup-
lings are disconnected. The entire external piping assembly is enclosed in
a cylindrical cupola (Figs. 2 and'3), which is shielded with 2 in. of lead
and which is closed by a shielded cover seating on a corrugated stainless
steel gasket. The inner tank‘is thus sealed against leakage to the outside

~ by two seals.

The liquid level in the tank is measured by conductivity probes which
indicate volumes af 125, 200, .and 210 gal. '

The total of fabrication of the shielded trensfer tank was $22,726
of which $12 791 was for material, $6,62L4 for labor, and $3,311 for over-
head. An additional $2,500 was expended for engineering. .

Two shipments of IAW waste from the Idaho Chemical Processing Plant
have been made. This is the aqueous raffinate from the first column of the
solvent extraction process for the recovery of U235 from exhausted MIR fuel.
This waste contained 2.76 curies of Csl37, and a total of 30.3 gross beta
curies, per'galion. The radiation reading on the outer surface of the con-
tainer was 6 2 mr/hr ‘ -

7



-118-

iR
_w\' el : {’(})‘1'
M\ !2 | }i o
) ||
52 =1
- X
720 h
/ // | u;m |LEVEL \\
7/ 2l PROBES<Y . "’\\ \ \
I// / li // 0‘/ \ \\'
’{ SRR | I 1
f \ ' i .\6.5_ } } oy
Ty
\ \\. 17\ —/ / //,
—
R \ £ ;
A |
“ R
N

Figure |

SOLUTION CARRIER
(SHIELDED TRANSFER TANK)




Figure 2

188



e Photo-15102
UNCLASSIFIED

il
i |

i
I“
i i

I M
"II‘ i M‘H

A



REFERENCES

1. F. L. Culler, "Comments on the Transportation of Irradiated Fuel and
Redioactive Wastes", ORNL CF 57-5-24, pp 14-16, Unclassified
May 6, 1957.

2. F. L. Culler, "General Economics of €hemical Reprbcessing for Solvent
Extraction Processing", ORNL CF 57-#-100, May 20, 1957, ...
Unclassified. '
3. E. D. Arnold, "Certain Aspects of the Econamics and Hazard Potential
. of Radioactive Wast€é Disposal", Presented June ll, 1957,
American Nuclear Society, Pittsburgh. Available et ORNL:."

L. A. L. Ayers, “"Requirements end Costs of Shipping Irradiated and Recovered
Fuels", IDO-14363, Part I, Jan., 1956, pp 155-19k. (AEC-&
document) and ORNL CF 57- 5—2h Unclassified. R

5. H. R. Zettlin, J. W. Ullmann, E. D. Arnold, “Economics-of Waste ' ‘557
Disposal", Nucleonics, 15(1), 58- ‘62 (1957) (Teken from . .
ORNL CF 55-6-162, ORNL CF 55-10-101, ORNL CF 56-1-162 '
6. W. E. Unger et al, "Auxiliary Radiochemical Eqpipment" _ORNL CF 51- 5-17,
- pp 2~ 7: MayJS, 1957

-121-



8.0 Possibilities of Ultimate Waste Management and/or Disposal

8.1 Introduction

Perhaps the most significant problem in radiocactive waste disposal

is that of determining the final repository for radioactive materials.

It appears from surveying both the classified and the unclassified litera-
ture that the research and development programs aimed at providing in-
formation on safe -ultimate disposal (and corollary efforts in environmental
effects) are most urgently requiring investigation. Research and develop-
ment leading to the selection of satisfactory disposal'sites and to the
undertaking of significent experimental programs to define the health

and safety aspects of ultimate dispbsal methods mist be selected to give
significance to any chemical steps taken to reduce volumes, mobility of
radioactivity, cdsts,.héating problems, etc. . '

A rether fundamental question that probably must be answered without
the enlightenment of much development data is whether or not any large
quantity of long-lived fission products and .heavy elements can be placed in
some remote natural sink without surveillance. If the answer to this
question is no, then it is necessary to seriously question the alternate
solution, which implies control by some agency of man's design, an agency
which should be self-perpetuating for possibly a thousand or so years.

In either case the implication is that long-term controls for either
the release of or the retention of radioactivity will be required on a
worldwide basis with an unfailing constancy.

Actually, much thought has been given to the possibilities that exist
for permanent or ultimate disposal. We shall review some of the more
interesting possibilities,

The disposal of conventional industrial wastes and sewage usually
encompasses methods of returning them to the environment in such form
and concentration that they do not represent hazards to existing plant
and animal life. The disposal of radiocactive wastes presents a different
and more difficult problem in that the radiotokxicity of these wastes
cannot be destroyed or diminished by any known treatment. Furthermore,

the limits of biological tolerance of radioisotopes in the environment

~-122=



are so restrictive that the problem of adequately dispersing large quan-
tities is almost insur ‘mountable. Most of the radioisotOpes appear in
aqueous effluent streams from chemical processing plants and the practice
has been to store this material in large tanks interred at the surface. ‘
Only & relatively minor portion, including certain of the gaseous wastes,
have been released to the environment. The advent and growth of a nuclear
povwer industry portends a great increase in the volumes or radioactive e
wastes to be encountered during the next helf century, and the present t,
practices which are at best only temporary expedients, cannot be expected.'
to meet the requirements for ultimate or permanent disposal '

In recognition of these facts there has been both speculative and“““
serious consideration given to methods which might serve the purpose of ;
ultimate disposal. It has been proposed that the oceans, by virtue of u

"1:‘-’ o~

the tremendous dilution factor they offer, might serve as’ a medium for

._&l e

dispersal.  Other possibilities have been seen to exist in the various .'
types of underground geological formations where permanent isolation of”
the wastes from the natural environment might be achieved.‘ A realistic

evaluation of all such proposals, even in a preliminary sense, requires

i

the careful study and consideration of experts from a number of highly
pecialized fields. Under auspices of the Atomic Energy Commission,_;
groups of qualified persons have met for the purpose of considering

the possibilities of sea disposal and land disposal of radioactive wastes.

- ——wu.._ B

While there is, admittedly, insufficient information to formta ‘positive

LIV

-~

and final evaluation of any proposed method at the present time, it wasg, -
nevertheless, possible to evaluate the potentialities in a qualitative .
sense and spec¢ify the research yet remaining to be done before signifi- -

cant field-scale experiments cen be performed

PR | PR

8.2 Fixation of Wastes in Solid Form Prior to Ultimate Disposal in Ground
Although the occurrence of radioactive wastes as agqueous solutions )
is convenient from the standpoint of transport within a processing facility
and for efficient removal of decay heat during storage, the attendant -
properties of mobility end chemicel reactivity render liquid wastes espe-
cially hazardous to dispose of permanentlv. A substantial reduction in

4
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the long-term hazards associated with disposal could be acnieved by com-
bining or "fixing" the radioisotopes in solids from which they could not
easily be removed. These solids could then be disposed by storage in
suitable areas. 4

The basic reqnirement of eny process for this purpose is that it
economically produces a thermally and mechanically durable solid which will
retain the act1v1ty should it be exposed to water or brines. The maximum
allowable costs cannot be strictly specified until the other requirements
in the overall waste disposal complex such as shipping, interim storage,
and ultimate disposal methods have been defined. However, it should
be pointed outlthat the high-level liquid waste streams are as large in
volume as the primary product streams in the chemical processing plants
and that;.conseqnently, multi-step processes'can be expected to approach
prohibitive costs rather quickly unless one can rely on commercial uti-
lization of some-of the by-products. ‘ '

It is equally impossible at this time to impose limits of leach;
ability on the final products. While it would be desirable to produce
solids from vhich the fission products could not be‘leached within'linits‘
of detection, it would seem more realistic to accept greater leachabilit&
if substantial savings in process simplicity and costs resulted. There
is reason to believe that-partially leachable solids could be'either“' .
packaged economically or stored without packaging in dry spaces: like salt
cavities W1thout unacceptable hazard, Lo

There is a number of processes for converting liquid wastes to solid
form currently under development None of these have been carried to the
stage of pilot plant testing with high level wastes but enough basic "in-
formation has been acquired in some cases to warrant demonstrations at
higher activity levels in the near future.

8.21. Ultimate Disposal Utilizing Montmorillonite Clay

Pos51bly the earliest work on fixation of radioactive wastes was initi-
ated by L. P Hatch at Brookhaven National laboratory. (l)(2) This process
involves” as a preliminary step, evaporation of the wastes to dryness and

decomposition of the nitrates to oxides. Upon discharge from a calciner,
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the dry, granular oxides of aluminum or zirconium are contacted with water

or weak acid for removal of leachable fission products. The resulting leach
solution is passed over extruded montmorillonite clay which sorbs essentially
all the fission products in solution (except ruthenium) end these sorbed activ-
ities are subsequently "fixed" by firing the clay at 1000°C. Fission product

bearing clays are heated in silicon carbide or inconel containers.

8.22 Fixation with Nepheline Syenite(j) . s

The nepheline syenite process as studied at Chalk River, Canadse.con-
sists of mixing nepheline syenite (a low-melting silicate) with acid’wsstes.
A gel is formed which is porous and can be dried with little entreined activ-
ity. When heated to 1200 C, it fuses to a glass from which the only leachable
activity is that epparently resulting from surface contamination. Work is
currently underway to convert the process from a batch to & continuous oper-
ation and to reduce the temperatures by adding fluxes to promote the forma-

tion of non-corrosive, lower-melting glszes

8.23 Self-sintering in Insulated Pits with Shale as Ultimate Disposal
Possibility and Extremely Fired SinteringﬁPrior to Ultimate Disposal

The self-sintering process is designed as its name implies, to make
use of the heat evolved by fission product decay to obtain the temperatures
required for fixation. Work on this process has been performed by Struxness
et al(h) at Oak Ridge National Laboratory. Liquid wastes are mixed with
definite proportions of shale or clay, limestone, and soda ash, then are”
alloved to stand in well-insulated pits until the fission~pfoduct~heet has -
evaporated the mixture to drymess, decomposed the nitrates;land finally, ' °
elevated the tempersture of the resultant ceke to the region of 900°C, - ~+*

This process has the potential economic advantages of requiring no-cnemi- ’
cal pretreatment and relatively minor process equipment, but suffers the °
disadvantage of being limited in a practical sense by heat requirements -
to only the most concentrated wastes with heat evolution requirements of - =
at least several watts per gallon.

Tests were made with aluminum nitrate simulated wastes and shale in -
the following-proportions’in a heated and insulated pit:
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720 gallons of 2.2 M.Al(NOB)5 waste
2405 1bs. of 200 mesh Conasauge shale
720 1lbs. of limestone

720 1bs. of sode ash

The sintered product was hard and durable. Laboratory studies using specific
fission products as part of the sinters (by external firing) indicated that

static water leach would remove only small tracers of activity.

8.24 British Prcccss for Fixation of Highly Active Wastes ‘

The British have been working on the fixation concepf since i953. 'Amphlett
and co-workers(5) have ctudied.cll the épproaches being considered in the United
States and Canade without carrying any of them into the engineering or equip-

ment siage. They have obtained excellent fixation and higher capacities by
disregarding the ionaexchénge effect and mikipg their wastes as'soluticps
or slurries with clays, soils, and fluxes and firing at temperatures near
1000°C. Although they agree that self-fixation should be feasible in those
cases of very high concentrations of activity, they appear to favor at this
time mechanical heating of their own wasfes and are ready to begin tests of
the equipment and remote handling devices required. ‘

8.25 Fluidized Bed Calcination

A concept quite closely akin to fixation.is that of simply calcining
the aluminum or other high-salt-content wastes without the addition of )
other solids. While fixation of most or all the activities is desired,

clay or other solids are not added specifically for that purpose. Use of the
fluidized bed techmiqué for this process has been studied both by-. Jonke( )

at Argonne Natlonal Laboratory and by Grimmett( 7) of Phi.'l_lips Petroleum
Company, National Reactor Testing Station, Idaho, The concentrated aluminum
nitrate waste‘is injected into a vigorously fluidized bed of aluﬁinum main-
tained at about 500°C. The fission product and aluminum nitrctes decompose
to their respective oxides and accumulateuin the form of agglomerated spheri-
cal A1205 particles which are continuously withdrawn from the bottom of the
column. A volume reduction of about 6 is achieved and the technique appears
to be applicable to zirconium-type wastes as well. A hot pilot plant capable

of handling & maximum of 200 curies of 1 Mev gamma radiation has been con-



structed at ANL and will process 2 to 3,gal/hr of aqueous waste. This will
probably be the first of these processes to be tested with significent radio-

activity.

8.26 The Brookhaven Waste Calciner | . L .
Manowitz and Hittmanzéy(“a) have proposed celcination‘ef.alﬁﬁipum n;trate

wastes in a screw calciner. The presenee of sodium nitrate in these vastes

serves as a flux,and a free-flowing solid, melting at 500°C,ié ﬁredueedly The
solid offers a volume reduction factor of 3 over concentrated aqueous wastes
and can be cast in desired sizes and shapes for efficient, heat removal during

PR

storage.

. . . . e g wrenlvg g
8.3 Separation of Strontium and Cesium Prior. to Disposal ... S
The major long-lived contaminants and biological hazerds in radioactive
wastes from reactor fuel processing are 26y sr°° and 26.6y cs™°' . . Further- -
more, after a decay period of about eight years, these isotopes and. their:
daughters account for virtually all the heat being evolved in the wastes;’..:

Qualitative separation of these species would greatly reduce the-thermal{?%
problems that may be associated with ultimate disposel in salt formations
or deep welle, but decontamination by factors of lO6 to lO7 would be re-"7'"
quired before the wastes could be safely released to the environment. 5In'f
most cases, the additional decontamination of plutonium and the transplu-’ ‘
tonics by factors of lO to lO5 would have to-be achieved before release v
could be permitted. It can be expected that separations of such high order
would be very difficult to attein-and probably would not be economically
feasible, o ' .
Possibly the greatest experience in separating fiesion products from
waste streams exists at Oak Ridge where the production/;f radioisotopes for
commercial purposes has been underway since the war. ‘Rupp(g ) has described
the processes currently in use for separating cesium and strontium from al-
uminum nitrate wastes. The cesium is removed first by co-crystallization
as alum, from which very pure sources of cesium chloride are prepared. The .
rare earths are next sepsrated from the waste by precipitation as the hy-
droxides with ammonia gas, and the strontium is then removed by precipitation

as the carbonate.
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(lO) and Idaho based.

on metal ferrocyanide scavenging which have demonstrated greater than 99% re-

There are processes under development at Henford

moval of strontium and cesium. While such processes cannot of themselves serve
the purpose of ultimate disposal,’they do serve to reduce both the hazard and
the heat production to levels where more economical storage and disposal might
be effected, In addition, they could provide economical production for pur-

poses of commercial‘uﬁiiization.

8.4 Ocean Disposal

The oceans have been used only to a very limited extent for disposal of
certain low-level wastes. In the United States wastes from laborataries
and other research use have been carefully packaged and dumped at sea. The
British have carried the practice further by»dumping liquid wastes off-shore
in the Irish Sea.(ll) In both instences only inconsequential quantities
were involved compared to the large-scale disposal operatione required by

a nuclear power economy. The conclusions of & number of qualified special-
ists who have considered the longer-range aspects of ocean disposal have
been summarized by Renn.(lz) . B
It has been proposed that radioactive wastes might be disposed in a
number of ways in the ocean.. One possibility is by pumping the dense,
saline wastes into any of a number of deep holes where large bodigé of
stagnant water are known to exist. It is expected that the wastes would.
remain in such locations until their activity decayed to safe levels, How-.
ever, there appears to be sufficient evidence based on temeprature and
oxygen content of the waters in such deeps, to conclude that there is a more
frequent overturn than had originally been assumed. FProlcunged cooling cycles
and other types of surface weather conditions probably cause vertical mixing
in cycles of every century or so.
A second possibility has been to dump packaged wastes into canyons cn
the North American continental shelf, the advantage being that such areas
are well-defined and close to shore. Submerine geologists have pointed out,
however, that these canyjons are produced by local instabilities and are
scoured periodically by submarine mudslides which feach velocities of 15
to 20 miles per hour., It seems unlikely that economical containers of the
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structurael strength required to withstend such treatment could ever be
developed. , o : _ N o

Proposals to deposit packaged wastes in deep sea muds and oozes where -

they would become buriedthave,in many cases been unrealistic. Many areas, -
where such oozes are known to exist contein such deposits:only in: super-.:...-
ficial depth. The fines are generally underlain with consolidated putty -:
and clays making any degree of useful penetration extremely unlikely.:
There are two general areas where natural containment of packaged wastes
may be possible, however One of these is in “the Gulf of Maine which is
also an area of commercial fishing and deep- sea trawling operations. A
second, yet more distant, area exists in parts of the Gulf of Mexico.

A subJect of great importance and uncertainty is the degree of assimi-
lation of radiocactivity one can expect of plankton and organisms in the sea.
Marine ‘biologists and ecologists are concerned over the potential hazarde
associated with ass1milation and concentration of fission products by plants
and animals in the sesa. Little is known about what the rate and ‘form of
concentration of long4lived”strontium and'cesium‘would Bé;‘ﬁdi a careful
examination of all the. important variables that enter. into the: marine en-
vironment would be required. L Y L ;QfLiqu

Many proposals for disposal of radioactive wastes at sea are- based
entirely or partially on the concept of dilution by the ocean waters.
Experience has shown,- however, that the mechanism of - mixing in large masses
of water is very unpredictable. Cases have been studied where dense, saline
wastes were dqumped in. the ocean and it was found that movement occurred
horizontally at: much greater rates than vertically. ‘Such a’ phenomenon
greatly restricts the volume of water available for dilution and emphasizes
the necessity for discharging liquid wastes directly into the stratum where
dilution is desired. AR CTmanleeln

Such considerations.-as. the above, when taken with the problems.-of.: ~
developing economical methods of. transporting wastes to selected disposal -
sites and reliable methods of monitoring such areas, present a very for-
midable and not encouraging picture of the prospects for disposing of sig-
nificant quantities of wastes at sea. A vast amount of’ work remains to be
done before the necessary degree of confidence in such an operation can be
established. B T

B
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8.5 Land Disposal
The National Research Council under contract to the Atomic Energy

Commission formed a Committee on Waste Disposal to evaluate all suggestions
and research to date on disposal methods .that invﬁlve land, surface, or
underground sites and recommend programs of research that should be carried
out. The Committee offered the following specific recommendations on disposal:

1) Disposal in tanks is at present the safest and possibly the most -
‘economical method of ‘storing waste.

2) Disposel in salt is the most promlsing method for the near future
Research should be pushed immediately on the structural problem
of stability vs. size of cavities at & given dépth; on the thermal
problem - getting rid of the heat or keeping it down to acceptable
levels - and on the economics of such disposel.

3) Next most promising seems to be stabilization of the waste in a
s0lid and preferably non-leachable form such as a ceramic material.
This could be followed by controlled stbrage in dry mines, surface .
sheds or large cavities in salt.

4) Disposal of waste in deep porous beds interstratified with im-
permeable beds in a synclinal structure is a possibility for the
more distant future. This is of particular interest for disposal
of large volumes of waste. The reaction of the waste with connate
waters or constituents of the rocks soluble in the waste solution
will have to be studied. The composition of the rocks and the '
connate waters are both variable as will be the composition of the
waste solutions so that an almost infinite variety of circumstances
result. In general such highly salted wastes as acid aluminous
waste, in undiluted form, would almost certainly tend to form
precipitates which would clog pore spaces. The problem would have
to be solved first for a given bed at a given site for a given
waste solution.

5) The removal of 05157 and sr° from the waste would meke disposal
somewhat easier for the waste free of these isotopes, but does. .
not change the recommendations made in the report qualitatively.

6) Disposal even of low level waste in the vadose water zone, above
the water table, is of limited application and probably involves‘ )
unacceptable risks.

In the following pages, a review of the potentialities and problems

of lend disposal leeding to the above recommendations is given.

8.51 Tank Storage

The early decision for holding radicactive wastes in tanks was no "out‘

of sight, out of mind" policy. A great deal of study and planning has pre-
ceded the building of these "tank farm" systems, and to date there have been

,

-130-



no instances of important siructural failure. Reliable monitoring and leak
detection systems have been developed. In:some cases & second line of defense
against the ever-present danger of leaks and breaks developing in the tanks
was conceived through interpretation of results of extensive studies of the
geology and'geochemistry of the local regions, the theory being that en in-
sight into the probably natural course which the active wastes would follow,

. in the event that a leak or break occurred; would permit a calculation of the
ensuing hazerd. An overall factor of safety might thus be foreseen in a
higher degree than would be permissible from a consideration of the physical
and chemical stability of the tanks and their supporting structures alone.
However, there can be no sound basis for calculating the useful storage
life of tanks until much more is known about the important factors of
corrosion. Conseqnently, tanks will, in all probability,*be used not as a
means of ultimate disposal but as a storage or holdup medium to allow

fission products to decay tomfe disposable levels. ﬁ o ;
& L i

8.52 Disposal in Selt Formations
One of the most attractive possibilities.for the disposal of radioactive
wastes is its underground storage within deposits of rock salt Large de-
"posits of salt exist in many well-defined and accessible locatlons within
the United States and commercial mining operations create annually, spaces

which ere greatly in excess of the expected volumes of high—level waste
production at the end of: this century These spaces possess’ many desirable
attributes for radiocactive waste storage. In addition to offering an‘isoﬁ
lated and relatively uniform chemical and mineralogical -environment, salt
islplastic under load and deposits are-impervions to water.: Cavities .can
be mined in such a menner as to be structurally safe and accessible to per-
sonnel and equipment. Because of its plasticity, salt deposits are con- :
sidered to possess immunity to”earihqnekeshazard to a unique degree. Heroy(15)s
hes made a preliminary study of the use of salt formations for the purpose:.
of redioactive waste disposal and has described its availability and cherac-
teristics in some detail.

Occurrence of Selt ‘

The principal areas underlain by salt in the United States are shown in

Figure 1. The major deposits occur in the north central states and in the.

.
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southern states along the Gulf Coast. The salt formations of,New York, Michigen,
Ohio, and Kansas underlie:many thonsands of square mlles and extend from surface
outcroppings to depthbs of more than 5000 ft. They are frequently several hundred
feet thick. In New York salt occurring in the Salina formation crops out along
a band extending from the Mohawk Valley on the east to the Niagara River on the
west. The beds dip southward at a low angle, averaging from 50 to 100 ft _per
mile and extend into southern New York and northern Pennsylvania At its max-
imum, the salt is about 1000 feet in thickness and in northwestern Pennsylvania
it is found at depths of from 1500 feet to more than 8000 feet in the deepest
part of the syncline, . e

The Salina beds extend westward into Ohio where they underiie”an erea
of over 15,000 square miles. Thersalt is all below the surface at depths of
from 1000 to more than 4000 feet and have a thickness over most. of'thds area
of more than 100 feet. v G

It is estimated. that an area as great as 35,000 square miles in Michigan
is underlain by salt-bearing formations.. The formations are found within-the
Michigan basin at depths renging from a few hundred feet near Detroit to. .2000-
2300 feet in the western part of the basin near Ludington and Mainstree. -Thick-
nesses as great as 1800 feet have been penetrated.

About 30,000 squere miles in the central and southeastern parts of Kansas

r r
RN DU,

are underlain by salt-bearing formations. This salt dips from.its outcrop
in Salina and Sumner Counties to depths of 650 feet at Hutchison, 1000, feet
at Lyons, 1700 feet in Kiowa. County, and 2000 feet in Clark County.. o
thickness is usually from 200 to 300 feet. Salt of similar thickness occurs
at depths of 1000 to 1600 feet in the southwestern.part of theustate. . ..

In the Gulf Coast area of Louisiana and Texas, .salt often occurs. in .
the form of domes lying anywhere from a .few hundred feet to as much as.
10,000 feet below the surface, It is believed that such formations. resulted
from flowage of salt under pressure upward through overlying beds. The lo-
cation of as many as 200 of these domes is known, ranging in.size from nearly
circuler domes, one-half of two miles in diameter, to elongated‘masses _
several miles in length. Thicknesses.of 500 to severai thousand feet are
normal. ’ _ . _

Rock salt also occurs in eastern Utah and western Colorado. Its ex-
" tent has not been fully determined, but it has been estimated to underlie

&
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at least 10,000 square miles. It has been penetrated in some test wells to
a thickness of over 3000 feet. ‘ | o |

‘In the southwest. salt occurs in the Delawarc Basin of New Mexico énd
Texas to an extent that may underlie approximately 76,000 square miles. The
beds vary in thickness up‘to 3500 feet and lié within about 500 feet of the
surface. In.part of this area a zone of potash salts is present which has
been extensively developed nesr Carlsbad, New Mexico during the past 25 years.
The salt is not mined, however, except as a byéprcduct of the potash, and it
is marketed to only a very limited degree. | . -

Mining and Production of Salt

Selt is mined commerclally Both in its solid form end by dissolution in

water and removal as brlne. It is also produced as natural brines which
are pumped to the - surface from porous formations and-evaporated. The totai
annual national production currently exceeds 20 million tons, about 60% of
which is produced as natural or artificial brines, 20% by underground mining
of salt deposits, and the remainder as evaporated salt. Table I, from
Heroy, presents 1953 salt production according to states and to the- form
in which it was produced. S

Rock salt was mined at 14 sites in the United States in 1953 with-
locations in New York, Michigan, Kansas, Louisiana, Texas and Utah: The
production by states as estimated by Heroy is given in Teble II. The total
space mined in 1953 was 1547 acre-feet (67.4t million cubic feet), and based
on reported production, a volume of 21,250 acre-feet has been mined during
the last 20 years. The deepest mines extend to depths in excess of 1000
feet and are connected to the surface by shafts large enough to accommodate
power equipment. From 50 to 60 per cent of the salt is extracted and the
remainder is left as pillars for structural support. These mined spaces
are quite leveliand are extremely dry. Inspection has shown them to be
frequently devoid of faults, indicating a geological history 'of stability.

Production as artificial brines is accomplished by pumping water into
beds of rock salt under pressure, and as salt is dissolved, returning the -
solution to the surface., Although this is a more economical process than
mining, the cavities resulting from such operations have been known to

fail structurally due to the unsupported weight of overlying rocks. Greater
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TABLE I

SALT - PRODUCTION BY STATES - 19%3 - SHORT TONS

per Hefoy(lB)
L Salt in Evaporated " Value
o Rock Salt Brine Total Salt Total Total Per Ton
California - 273, 365% 273,365% 850,000% 1,123,365 $6,263,059 $5.58
Kansas - 53k, 658% - 53k, 658 370,569 905,227 '7,h80,556 8.27
Louisiana 1‘,338,9975e 1,600,827* 2,939,824 121,&19 3,061,234 9,189,526 3.01
Michigan - i,ooo,dbo% 3,306,727f'. k,306,727. .86o,§éo ) 5,127,387 22,171,988 4,31
New Mexico - ' - oL 62,087 62,087 216,364 3.48
New York 1,200,000 1,589,735% 2,789,735 532,924 3,322,659 - 17,351,111 5.22
Ohio - 2,541,799 2,541,799 498,138 3,040,237 7,484,795 2.48
Puerto Rico . S - “13, 692 13, 692 131,490 9.60
Texas 400, 000 2,333, 339* 2,733,339 111,851 2,845,190 . 5,010,62k4 1.76
Utah 5,opo¥ . % 5,000 iu9,$88 15k ,088 - 772,035 5.00
West Virginia . ;,A; ‘ u19;907% 419,907* - ;‘ h19,9o7; 1,490,592 3.55
Others (1) . - She,3hlk % 5ho, 3k »;1.71:5816* 713,930 T1k,527 1.00
TOTALS 9,&78.;6‘5‘_5 12,608,‘91;3@ 1".(308{’6},699-' 3,’102,1,95' 20,789,003 $78,276,667  $3.77
- S & '
* Estimated ‘. .

i

%3
1

(1) Alabama, Hawaii (evapﬁrated); Oklahbma (salt in b?iné); &irginia (salt in brine).



Kensas
Louisiena
Michigan
New York
Teﬁas

Utah

TOTALS

(Vgpeciric gravity, 2.15; 134 1bs. per cu. $4.; 15 cu. £t. per ton;

TABLE II

ROCK SALT
ESTIMATED PRODUCTION BY STATES - 1953 - SHORT TONS
per Hbroy(lj)
Equivalent Average Acres Depth
_ , . Per ' space, thickness mined to.
Production Value ton . acre-foot mined out salt
534,658 2,194,751 $4.10 185 10 37 600-1000
1,338,997 Lé2 80 10 _600-800
1,000,000 346 30 25 - 1000
1,200,000 L1k 10 68 1000 -
400,000 138 60 5 70031500
5,000 2
L,478,655 1,547 k5 -

i

23,717,527  $5.3k

2900 tons per acre-foot.

(2)Assuming 50% or 60%, according to locelity, left as pillers.
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experience with these techniques, however, has provided an increased measure
of control over the size and shape of the cavities and some are currently
being used for storage of liquified petroleum gas products under pressure.

Utilization of Salt Space for Waste Disposal -

In the light of the characteristics-and availability of. salt deposits,
it appears that under the proper circumstances they could be used for storage
of both solid and liquid wastes. As is discussed in Section.9.2,. there are..
e number of processes under development designed to convert high-level liquid

wastes to less mobile, solid forms. -Excavations in rock-saltvwould‘seem,to.
be especially suitable for storage of these packaged or solid wastes. Before
-such disposal practices could be initiated, however, a very thorough study -
of the availability and cost of the desired space should be made with par-
ticular emphasis being placed on the structural properties of the. salt
deposit under consideration and the effect of temperature ‘on these'properties.
In addition, the thermal problems arising from decay heat during storage“‘“"?~
will have to be defined and any necessary cooling and ventilation equipment
designed Finally, engineering studies mist be made of the best methods £t
and equipment for handling and conveying radiocactive solids of the type o
to be disposed. ‘ - S SR

The disposal of liquid wastes in salt offers the advantages of a maxi- i
mum of control over the disposed wastes with the possibility of'ultimate e
recovery if desired It can be anticipated that wastes’ already near satu-
ration with dissolved chemicals could be stored in contact with salt withoutf
incurring serious chemical or physical changes. The success “and safety of E
such an operation will depend in large measure, however, on the severity
of the thermal problems occurring from the ‘heat emitted by radioactive
decay. Unless this heat could be dissipated by conduction in the salt "
without undue rise in ‘the liquid temperature, it would be necessary to AR
extract it by some mechanical means designed to operate on a long-term‘
basis. ' -l

The temperature of the wastes coild be maintained at a desired level
by submerged'cooling colls; however, the presence in solution of both
chlorides and nitrates would impose severe corrosion problems. "If, on the
other hand, heat were removed by allowing the wastes to boil and refluxing
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condensed vapor, a somewhat greater hazard with less control over the system -
would be accepted. It is probable that either operation could be accomplished
more safely and economically in steel tanks near the surface, and that, conse-
quently, disposal of liquid wastes in salt should only be considefed. in those
cases where subsequent cooling i1s not required. -

Hydraulically mined cavities offer some attractive features for liquid
storage: They can be excavated in a variety of sizes and shapes with great
precision which should make possible the attainment of structurally safe
spaces possessing large surface-to-volume.ratios for eff'icient heat dissi-
pation. Access to them would be by a shaft to the surface permitting the

location of all auxiliaries above ground.

8.53. Disposal in Deep Wells .
An attractive possibility for ultimate disposal of radioactive wastes_

.appears to be the utilization of deep wells probing into subterreanean
geological formations. The feasibility of such a concept is suggested by
the technigues of brine injection as practiced by the petroleum industry
For a number of years great volumes of brines have been successfully in—
Jjected either for the purpose of disposal or for the secondary recovery of '
oil, (24) With such a technology already esteblished, it seems reasonable to
expect that applications to radioactive waste disposal may exist.

Analyses of the antic1pated problems associated with the disposal of
redioactive wastes in deep wells have been made by gde. Laguna,(ls) Theis, (16)
Roedder,(l7) Keaufman, et al, (28) (19)

define the attributes of an underground formation suitable for containment

and Pecsock. Attempts were made to
of these wastes and preliminary consideration was given to the most likely
site locations. While many of the arguments presented are speculative and
therefore controversial to some degree, it 1s of interest to ncte that none A
of the problems so far envisioned appears insurmountable. o

Hazards | | .

In a category by itself, separate and distinct from considerations.of
technical feasibility, is the primary requirement that the disposal method
meet those specifications required for the protection of this and future
generations of man. These specifications are far more rigorous for radio-

active wastes than for brine or other chemically tox1c substances. Sodium

é
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chlorife is dangerous only when present in concentrations of several»hundred
parts per million and dilution can be relied upon as a practical and effective
means of control., Radioactive wastes, on the other hahd, would have to be
diluted by factors of lO_lO and greater before they could be considered po-
table. Proportionately greater care would have to be taken during the prepa-
ration and operation of a radioactive -waste injection system to thoroughly .
seal the well below the potable water bearing formations and to maintain.a.-
completely leak-proof system. Injection mist be made into formations where .
there is maximum assurance that migration to ground or surface water does not
occur, and in areas where it is least likely that valuable petroleuonr'mina
eral deposits exist. There must, furthermore, be assurance that no:other .-
wells - new or abandoned - pierce the injected formation with;n'thé area -to
be contaminated. . S
Chemical Compatibility .. S . 4 . o B
Experience with Brine injection . has shown that if plugging of the wells
is to be avoided, care must be taken to ensure chemical compatibilityﬁbe-lﬁ*
tween the waste and the residual liquids and solids of the aguifer.-:With : -
brines, plugging is minimized by such pretreatment as Sedimgntgtiog,lf;;trae
tion, and the addition of certain chemicals for control of quectiohal~bac—
teria and algae. ' Because of their diverse and complex chemicgl nature; it .

seems likely that the radicactive wastes will also reqnire'tregtment prior
to injection. In all likelihood this will be a more severe problem than - .
for brines .since.their chemical nature will differ-radicallyafrom that.ofil
typical connate waters. - Treatment by dilution and.addition:of.complexing - -
agents are likely avenues of.approach to chemical compatibility, but.é:very*
thorough chemical and mineralogical knowledge.of the aquifer will be re-. -,
quired before compatibility with any particuler waste can be assured.
Roedder has discussed the:severe problems to be expected should aluminum
nitrate wastes be injected,  While wastes containing other chemical consti-
tuents may be more amenable, these considerations could, nevertheless, im-
pose limitations on the types-of wastes suitable for injection. con

- Heat Evolution A

A problem entirely unique to radiocactive wastes is that of heat genera-
tion. The energy of the radiations from fission product’decay ultimately '

.
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appear as heat which must be effectively dispersed to the environment if
intolerably high temperatures are to be avolded. Although fission product
heat is of a very low quality and decreases with time, its production con-
tinues inexorably as long as the radiation persists. The severity of this
problem as it relates to deep well injection will depend on such factors as
the age and concentration of fission products in the waste; the heat transfer
characteristics of the storage aquifer and contiguous - geological formations,
and whether or not any tendency exists toward reconcentration of the fission
products through precipitation or sorption on the solids of the aquifer. Al-
though such a physical system would be very difficult to simulate mathemati-
cally, it seems reasonable to believe that the effects of heat evolution can
be controlled by the proper combination of aging, treatment, and dilution of
the wastes before injection.'

Table I1I presents the thermal conductivities of a number of sedimentary
rocks selected by Theis from a more extensive compilation by Birch et al.(ao)
The rocks selected are among the more prominent species to be considered in
ground: disposal -.of radiocactive wastes.

Hydrologic Considerations : . : f:,-..--; ST

While it is not expected that the hydrologic problems associated with-
deep well disposal will be severe, a detailed study will be required for the

purpose of accurate control, The volumes of wastes to be disposed will - .:
range from several millions of gallons per year at first to an-anticipated
several hundreds of millions of gallons per year in the year 2000. The
petroleum industry is currently injecting comparable volumes of.brine,- In-
the case of radioactive waste disposal, however, injection pressures. must - ..
be held to a minimum for assurancelthat'upward leakage will not occur, thus.
both the transmissibility and the capacity of the storage aquifer must be
well defined. While high transmissibility and large capacity are desirable
from the standpoint of large injection rates at low pressure, their advan- -
tages may be compromised to some extent by grester and more rapid distxri-
bution of the contaminated waters.

It has been suggested that an outer ring of wells would be required
for monitoring the flow within the aquifer. For efficient monitoring, such
vells would be pumped, and could thus serve as a source of water for di-
lution of the injected wastes as a means of reducing pressure within the

aquifer, ¢
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TABLE III

THERMAL CONDUCTIVITY OF ROCKS

per Theis(ls)
: Conductivity,
‘Temperature ' (’ Cal. . ')
Rock (Degrees C) Sec. cm.deg.
Limestone, dolomitic, Queenston 0- 3
ontario 123 34 X
7T 3.4
254 3.3 .
332 3.2
Marble (17 varieties) 30 7.7-5.0
" Proctor, Vermont, Parallel to bed 0 7.36
100 o : . 6.0
: 200 ) 9.2
Perpendicular 0 _ . 7.2
100 : N T 4
200 5.1
Quartzitic sandstone. - i
Parallel to bed 0 N 13.6 ;:
100 10.6" -
200 . ) . ,’_3':;._9.0 .
Perpendicular -0 + . 13.1
100 .. ---10.3
. 200 . . 8.
"Recrystallized sandstone" 30 1
"Hard sandstones" 10.8-6.2
Sandstone, Boreland Bore 17 10
"Soft sandstones" 4
Slate, Wales K
Parallel to:schistosity - ;6.7
Perpendiculsr to schistosity 3.9
Slate 30 h.7
Shale h.1-2.4
"very fine-grained" 17 1.k
"with sand" : 17 2.8
Gerhardminnebron Bore(Witwatersrand)
from 6457 feet © 25 6.6
from 4190 25 4l
S1ilty clay 17 3.7
S§11t, Hankhem (borehole) 17 L.h
"uncemented" 17 5.3
"micaceous, argillaceous" 17 2.5
Fireclay, Boreland Bore 17 bk
Red marl, Holford 17 5.25
Gray merl, Holford 17 2.2 3.5
Rocksalt, Holford 17 1l7.2
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. The Ideal Aquifer o
Based on his interpretation of the considerations and problems associated
with disposal by deep well injection, de Laguna has summarized the requisities
of a desirable aquifer as follows: ’
1) . Tﬂe fransmissibility should be high, preferably ten thousand gallons
a day per foot, or more, although limiting values cannot be specified.

2) The hydrologic pfoperties should be sufficiently uniform so that quan-
" titative values for the movement of liquid through the aquifer can be
determined and applied with confidence.

3) The aquifer should have a considerable extent, but not so extensive
‘ that it creates a potential hazard at distant points. :

4) A depth of a very few thousand feet is probably sufficient, particu-

" larly if the cover is known to be highly impermeable. Great depth
is likely to make drilling and monitoring expensive and so reduce
the safety that may be attained'with a given expenditure of funds.

5) High porosity and coarse texture are in general desirable, but are
secondary considerations. S

6) A'simple mineral composition is desirable., Assuming a dominately
quartz send, iron oxide, clay and glanconite are likely to be .
annoying adsorbents; sulfate, and to a lesser extent carbonates,
may promote undesirable precipitation; chlorides are no problem.
The so-called heavy minerals and fresh feldspar are not likely to
cause trouble. :

7) A series of individually thin permeable beds separated by ieés ’ o
permeable material, rather than a single thick aquifer, may serve to .. .
reduce the problem of dissipation of heat : .

. Site Location .

' The choice of the most suitable location for injection of radicactive
wastes will be based principally on two geological considerations. -Fir;f;“:
the location will be restricted to those areas where large,'pérmeable'aquifers,
geologically isolated, might be eipected to ex;st. Second, the regional hy-
drology of the area must be such that the hazafds of inadvertent contamination
of the ground water would be minimal. If two or more areas meeting the above
requirements to an equal extent are fduﬁd, it is possible that economic con—
siderations can determine the ultimate choice. However, recent studies by
Zeitlin, Arnold and Ullmann(as) and by Wolff and Rekemeyer(26)
that the optimum costs of shipping irradiated fuels from reactors to a Single
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processing plant and shipping wastes from the_plant to an ultimate disposal
site are not greatly affected by the relative locations of the plant and dis-
posal site.

The search for an area possessing the characteristics desired for deep well
disposal must be based initially on a very thorough study of pertinent geo-
logical information already in existence. The information acquired from ground
water surveys would be expecially relevent while the knowledge of deeper forma-
tions possessed by the petroleum industry would be equally vital. After a
general area has been chosen, detailed seismographic exploration will be required,
followed by experimental drilling, sampling, and monitoring of the proposed
storage formation and its contained waters. Without resort to a detailed
study, de Laguna has estimated in a very préliminary and general fashion where
suiteble aguifers may be expected to exist. In describing these areas, refer-
ence was made to the ground water provinces defined by MeinZer(27) and illus-
trated in Figure 2.

In parts of the Southwestern Balson province, particularly in much of
Nevade and western Utah, there exist many intermountain basins which are hy-
drologically self-contained. There is a possibility of finding deep, per-
meable aquifers in these areas where injection could be accomplished with a
minimim of hazard. Probable disadvantages are the limited extent of these
aquifers and the occurrence of clay and weathered rock which would promote
adsorption of activity near the wells. '

The Columbia Plateaﬁ lava ground-whter province may possibly contain deep
aquifers well below the main drainmge of the area. 1t would be expected that
these aquifers would pbssess very high permeébility and low ion exchange prop-
erties., One disadvantage would be that the rock is very hard end would, conse-
quently, be difficult and expensive to drill. o

Large scale brine disposal by deep well injection is_currentlylbeing
practiced by the petroleum industry_in parts of Kensas, Nebraska and Texas.
These areas lie in the Great Plains Pliocene-Cretaceous, Great Plains Pliocene
Palcozoic, and the South-Centrdl Palcozoic provinces.

Advantages of using some of these same agquifers for radioactive waste
disposal would accrue from close association with a well established pfactice
and from the detailed knowledge that exists of the local geology.
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In the South-Central Palcozoic end North-Central Drift-Palcozoic provinces
there are large, deep aquifers‘containing highly mineralized water. ..For purposes
of disposal these aquifers possess the advantages of simple, uniform structure
and hydrologic properties and they are relatively well defined geologically. Over
wide areas, however, these formations contain fresh water which would.have -to
be maintained safe from contemination. L .

Aquifers in the Atlantic Coastal Plain Province are. coarse beds composed
of sand or sand and gravel, It is conceiveble that deep agquifers covered . .
with beds of low permeability and containing stagnant salt,uater”could;be used
for radiocactive waste disposal., There would have to be assurance, however,-
that overlying aquifers or landward extension of the inJjection-aquifer would

not be useable for water production, . . S e e S0 teb

8.54 Storage in Dry Mines or Gaves .

It has been suggested that abandoned mines or caves could be used for
storage of high-level radiocactive wastes. To ensure adequate containment"and
minimize the hazards, such areas would necessarily be restricted to storage
of solid or packaged wastes. An additional requisite for safe storage would
be the absence of water or moisture since leachability of activity from solids
and corrosion of container materials by water could be serious problems over

ae

Although there have been reported instances of. mines which were dry,
particularly at great depths, the consensus is that the vast majority of B

ERRS A

mines and caves are quite the opposite.j The possibility of, finding 8 suit-
able area within a reasonable distance of a likely chemical processing site.'

ot A a3

periods of centuries. , e - u

seems remote.

8.55 Surface Disposal of Liquid Wastes T RS

"In the processing of irradiated reactor fuels, large volumes of liquid‘
wastes are produced vwhich, while not containing the bulk of the fission“products,
are netverthelass of sufficient toxicity to preclude their release to the eh-
vironment, Because of their dilution, the expense of concentrating and stor-
ing these wastes in underground tanks would be very formidable, 'The practice
has been at both Hanford and Oak Ridge to utilize the absorptive and ion
exchange properties of the local soils for the purposes~of disposal.
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(24)

Brown et al have described the ‘ground disposal of radioactive wastes
at Hanford where the wastes are discharged into gravel-filled pits, or cribs,
and allowed to seep into the soil. The soil has an exchange capacity of ‘about
0.05 milliequivalents per gram and is used to retain the radioisotopes above
the ground water table which lies between 300 and 400 feet below the surface.
Monitoring wells are used to determine the presence and extent of the radio-
nuclides in the soil and when trace contamination is detected in the ground
water, use of the affected crib is discontinued and operation of a new facility
is initjated. Laboratory and field studies have determined the soil capacity
under various conditions of waste acidity and selt content for the most im- -
portant constituents of the wastes and it has been found that, of these, plu-
tonium is most strongly adsorbed, followed, in decreasing order of affinity,
by the rare earths, strontium, cesium, ruthenium, and nitrate.

Ground disposal at Osk Ridge has been éummafizéd by Struxneéo efholgzs)
Three, one million gallon surface pits, obelisk in shapo, have been used td
dispose of h 2 million gallons of waste containing 50,000 curies of Cs 37
12,000 curies of Ru106 through June, 1956. Unlike Hanford, the ground-water
table at Oak Ridge is very near the surface and reliance is placed on” the .
Conasauga shale formations of that region to retain the radioactive’ species.
This shale has an exchange cap301ty of about 0.25 milliequivalents per gram,
is of reasonably uniform, although low permeability, and has been found to -
retain all the radionuclides in the wastes to a high degree with the ex-
ception of ruthenium. The ruthonium, together wifh the nitrate whicﬁjis‘
also not retained by the shale, eventually finds its way into the ground o
waters of the area where it is diluted to acceptably safe levels. .

Since the choice of Hanford and Oak Ridge as sites for radiochemical” "
processing was not predicated on the suitebility of those areas for ground _
disposal of radioactive wastes, it is largely due to good fortune and'oére--
-ful handling and monitoring techniques that dispoéal operationo of this nature
have been possible. Eyery potential site must be,ovaiuated in the light of
local problems. Brown et al have outlined the most important factors to be
considered in determining the feasibility of ground disposal. They inolude:

1) The chemical and radiochemical content of the waste.

2) The effectiveness of retention of the radioisotopes in the avail-
able :s0il column above the ground water table.

-~

-146-



3)

4)

5)

: 6}

)
8)

The degree of permanence of such.retention, as influenced by subse-
quent diffusion, leaching by natural forces, and additional liquid
disposal.

The paturel rate and direction of movement of the ground water from
the disposal site to public waterways, and possible changes in these
characteristics from the over-all- liquid :disposal practices,. r

Feasibility of control of access to ground water in the affected
region,

Additional retention, if any, on - sands and gravels in’ the expected
ground water travel pattern. : -

Dilution of the ground water upon entering public ﬁaters,

Maximum permissible concentrations in public waters of the radio-v
elements concerned . . e LT C . .

The basic disadvantages of ground disposal are concerned primarily with

the hazard of disposing of. dangerous products in 8 manner- that leaves them in

unrecoverable’ form, yet does not fix them in'a permanent sense with assurance

that they can never become dispersed in the environment. Furthermore, these

operations carried out on a continuing or. expanded scale would obviously render
large surface areas uninhabitaeble for centuries. - -- - -

T e e

9.0 Chemical'Processes'for'Fission'Product'Concentrationjtﬁemovel

(very little done).‘
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-10.0 Economic Considerationé and Data

" 10.1 Rough Estimate of Ailowable Costs of Waste Disposal

It is impossible to predict the exact chemical procedures and steps
that will lead to safe radioactive waste disposal; equally uncertain is the
choice of the nature of the ultimate disposal container and environment.
However, it is possible to define in a more or less general fashion the
steps that will lead to ultimate disposal of waste, and to suggest possible
means of accomplishing each of the generalized steps; basing the suggestions
on experience, development work now in progress, or in opinion. Having done
this mich, it is then possiblé to place costs on the better understood stages
of the general scheme, to thereby determine how much might remain for steps
as yet undeveloped.

A generalized scheme for waste disposal flowsheet is given in Figure
1, which we shall use as a guide for collecting costs. Costs have been
accumlated or estimated for certain steps in this overall waste disposal
scheme. However, the costs have not been made on any consistent basis,
nor have the important economic effects of plant capacity and many other
varisbles been considered. Costs in this report may. best serve as & gen-
eral guide as to what can be expécted. - More thorough cost studies will be
required as development progresses. ;

The assumptions that the economy of the United States require are:

1) the production of electricity at 8 mills/kwh; 2) that the overall cost
of fuel recycle cannot exceed 1 mill/kwh (and probably 0.75 mill/kwh) of
electricity; 3) that reactors operate with an average of 25% thermal
efficiency; and 4) that total waste costs,‘through final disposai, cannot
exceed ten per cent of the recycle cost (or 1% of the total cost of elec-
tricity), establish a rough guide to allowable costs for waste operations
and disposal. Since many costs have béen reported as costs per gallon of
wastes, Zeitlin(z) has prepared a set of "conversion" charts incorporating
the variables of fuel burnup, gellons of waste per ton of uranium proc-
essed and allowable cost, one of which is given in Figure 2. The shaded

area of this curve represents the probable liquid waste volume produced
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perton of natural uranium (or equivalent) processed. At 4000 Mwd/t burnup
and a waste production of 800 gallons per ton of uranium, an 8 mills/kwh
economy could support an approximate waste cost of $2.50 per gallon of

high level wastes., We suggest that this number be used to roughly measure
the economic advisability of steps suggested for waste disposal, recognizing
that cost of all of the steps shown in Figure 1 must be covered assuming
that no supplementary income is obtained from the irrsdiation potential in
the wastes.

Both the activity level of radioactive wastes and their physical form
affect costs of processing, packaging, shipping, storage end ultimate dis-
posal. Activity levels of liquid wastes now produced as solvent extraction
raffinates from irradiated fuel'processing can be as high as 1000 curies )
per gallon (proposed power reactor fuels may be higher) to a few millicuries
per gallon. Radioactive solids can be pure or almost pure fission product
1317 with specific activity of approxi-
mately 500 curies per gram) or very slightly conteminated solids for labora-

concentrates (example: Carrier-free Cs

tory tracer level studies. .

The type of radiation also contributes to the cost. High energy alpha
emitters with long biological half-lives, such as plutonium, require épecial
care which will increase the costs of handling. Alpha and beta emitters
can be handled without heavy shields, but gammacemitters require shielding
supplementary to the conteiner itself.

The costs for quite a variety of operations for all types of contemi-
nated solid or liquid wastes have been collected from a large number of
sources., Frequently a specification of activity level, plant capacity,‘
or other factors pertinent to the cost was not available. A

J10.2 Costs of Evaporation of Radioactive Wastes(u)

Costs of evaporation of radioactive wastes are summarized in Table I,
annotated along with activity levels of feeds, capacity of units involved
and other pertinent information.

We should point out that high level wastes release sufficient fission
 product heat to self-concentrate in the storage vessels. Since reflux condensers

are provided for most high level waste tanks, this self-concentration,
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Estimate

Unit Date or
Year Built

Oak Ridge National 1949
lLaboratory
Idaho Chemical Plant 1952
Estimdte by Mound Lab 1952
for High Level Solvent )
Extraction Raffinates
Westinghouse Atomic
Power Division Low
Level Concentration
Brookhaven Low

1952
Level Evaporator .
Knolls Atomic Power 1950
Laboratory low
Level Wastes

FfActual processing rate rather tﬁan nominal capacity -

_ SUMMARY', OF

-Table 1

f

SELECTED RADIOQACTIVE WASTE EVAPORATION COSTS

Apﬁroximatéi .
Activity Level”

106-108 d/min/m1 ..
2 years or older °

108-109 a/mtn/mL
120 days cooled .

a. Highly salted’
full level feed

b. ’ " :. "
Very low RN

Low level = |

low level

o ¥

300 gph

;:Nominal
. Capacity

as condensate

350 gph

as condensate

a. . 100 gph a.
, (as feed)

"b. 1000 gph b

(as feed)

.1,600,000 gal/yr*

as condensate |
uf .
367,000 gal® :
per year as feed
" 4,500 gal/day*
as feed

"

Installation
Cost
$
45,000 building
45,000 equipment

450,000 equipment
300,600 building

200,000 building
200,000 equipment

800,000 building
800,000 equipment

43,000 building
71,100 equipment

[ [

92,500 building

204,400 equipment

324,000 building
570,000 equipment

AR

b e eade

° Operating
Costs

$/gal
C 0.054

0.149

®
n
Q
=
'

0.037

-]
n
Q.
5
"

e 0.023

@ 130:1 = 0.033

@200:1 = 0.025

z 0.169 .

Amortization:
10 years for building .’
5 " "  equipment
300 days per year '

Approximate Total

$/gallon cost Reference

Including Amortization

0.06" ORNL -'1513

0.179 :by W. G. Stockdsle

5.253 " Mound iab ¥LM-672(1).

0.069 v oo

0.035  NYo - 7830(3)

6.17' " same(3)

0.156 Same (3)



taking advantage of the "free" heat source, can be accomplished with essentially
no extra costs. It has been conservatively estimated that neutralized Purex -
type wastes can be concentrated by factors of L:1 to 6:1, ‘Condensate can be
sent to further purification if necessary. 1In practice it is dumped to the
ground into low level "cribs" under controlled and closely monitored conditioms.

A brief description of each of the evaporators follows.

10..21 Osk Ridge Netional Laboratory liquid Waste Evaporator System

Capacity: Design, 300 gallons per hour

General Description:

The waste evaporator cons1sts of a shielded pot evaporator with feed
tank, an entrainment, separator, condensers, and a condensate tank housed
in a one cell concrete-concrete block structure. Feeds vary from 106 to 109
disintegrations/mln/mi S

References: ORNL-393, "De51gn and Initial Operatlon of the Radiochemical
Waste . Evaporator". - .

ORNL-1513, ORNL Radiochemical Waste Evaporator Performance
Evaluatlon - December 1949 through December 1950.

10..22 Idaho Chemical Processing Plant Low Level Waste Evaporator System -

Capacity: Design, 350 ‘gallons per hour

General Description:

The evaporator for concentrating dilute radioactive stream is a ther-
mal cycling type with the thermal-leg or steam chest external. The evapora-
tor is equipped with pneumatically operated density and liquid level indica- |
tor recorders and temperature indicators for both the liquid and vapor. The
evaporator pressure is controllable between atmospheric and 22 inches of Hg
vacuum Suitable entrainment separator, condenser, and condensate receivers
are installed.

References: IDO-1433L; "Experience of Handling Low Level Active Liquid
Wastes at the Idaho Chemical Processing Plant". :

ORNL-1792," "A Cost Analys1s of the Idaho Chemical Processing
Plant".
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10.23 Mound laboratory Estimate of Cost for High Level Waste Evaporation
at 100 gph Hot Feed Capacity

Capacity: 720,000% gallons salted feed/year
Amortization of building: 10 year period
Amortization of equipment: 5 year period
(BASIS: 100 gph - 24 hours/day - 300 days/year)

10.24 Mound laboratory Bstimate of High level Waste Evaporation at 1000
gph Hot Feed Capacity

Amortization of building: 10 ‘year period
Amortization of equipment: 5 year period
(BASIS: 1000 gph - 24 hours/dey - 300 days/year)
7,200,000 gals salted feed per year

10.3 Waste Tank Costs(h)

Data on costs of taﬁkage for the storage of high and low level wastes
is available. Teble 2 summarizes waste tank costs; details of waste tank

system costs follow.

10.31 Site A. High Level Waste Storage Tank Costs

Construction Period - 1952-54
Tank Capacity: 600,000 gallons per tank

General Construction: _
Fiat roof; cerbon steel, 75-foot-diameter tenk, encased in concrete.

Roof supported by eight 2'-0" 0.D. seamless pipe columns filled with concrete.

Earth cover 9'-0". Ground water to top of concrete.

Cost: ,
Figures listed in - teble are based on material, labor and distribution

(wage increases, administration charges, overhead, etc.).

Number of tanks ' 8 8 : 8
Coaling Coils 4 Yes, L4 No No Yes
Vent. Condenser and Filter 4 Yes, 4 No Yes Yes

>
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Installation at

Site A High
Level Waste Tanks

Site B High
Level ‘laste Tanks

Site B High
Level Vlaste Tank
Estimates

Hanford Hot
Semi Works Tank

1 CPP High lLevel
Waste Tanks

1 CPP High lLevel
Special Interein
Tanks

Hope Pit for

Intermediate Levels

Capacity
gallons

600,000

1,000,000

1,000,000

30,000

318,000

300,000

30,700

5,000,000

Year
Constructed
1952-1954
195k-1955

Bids 1954

1951-1952
1951-1952
1954-1955

1954-1955

195k

Table 2

CAPITAL COSTS OF RADIOACTIVE WASTE STORAGE TANKS

Material of
Construction

Carbon steel

Carbon steel-
Concrete

Carbon steel-

Concrete

Stainless steel
liner

Stainless stéel—
Concrete

Stainleés steel-
Concrete.

316 Stainless
Steel

Asphalt lining in

‘earth pit

Internal

Cooling

Provided
Yes .

Ho

Ho

Ho

Yes

Yes

Ho

Reflux
Condensers
Yes

Yes

Yes

Yes

Yes

Yes

Ho

Avg

Avg.

Total
Cost $

. 1,080,000

403,000

172,000

83,090
546,415
869,390

255,000

700,000

$ Cost ber

gallon capacity Comments

1.80 Can handle neutralized
wastes only
0.10 Can handle neutralized
wastes only
0.17
AR
2. wn
17 oy
]
1.77 Can store acid raffinates
2 .80 " " " "
8.20 Interein storage of acid
fluoride and sulfate wastes
0.1k Not in use;

still being étudied



10.32 Site B, Waste Storage Tank Costs

Construction Period - 1954-55
Tenk Capacities: 1,000,000 gallons each - Total 6,000,000 gallons

General Description

Tank farm consisting of six buried storage tanks of prestressed rein-
forced concrete with 3/8-in. carbon steel liners with appurtenant control
structures, connecting lines and pipe encasements. Control structures in-
clude diversion box, reinforced concrete ventilation building, and a control
house of 1nsu1ated metal siding on a connnete foundation Also inéluded are
a pump pit, waste cribs, and sempler pits. <Chain link fence-surrounds the
tank farm and woven wire fence encloses the waste cribs.- Tanks arée of domed
roof design, 75 feet i.d. by 3& feet high at the wall. =Capac1ty;1,ooo;boo.

gallons each,

10.33 Site*B;‘Waste'Storage Tank Gosts : o T

Bids Received l95h
Tank Capacity: 1, 000 000 gallons each
General Description: Bid on Work:

Work consists of 15 underground steel lined reinforced concrete tanks
having a gross capacity of approximately one million gallons each These '
tanks are arranged in three rows of five tanks each. Tank bottoms and walls
are lined on the interior with 3/8" steel plate; tank dome interior.is not
lined. The.bottom of the base slebs everage 50' below the natural ground
level, and the domes of the tanks bave an average of 8! of earth-.coverage.
The tanks are a nominal 75' in dismeter and are spaced on approximately
100! centers. UL i

In addition to the above tenks, work inlcudes a diversion ok with
catch tank, concrete encasement with steinless steel tubing, eétc.

Alternate bids which called for extending “the 3/8" steel place liner
to include the dome of the tanks were 12T higher, or a difference of approxi-
mately $3OO 000 in total project cost. The tanks would bhave the same effective
capacity, wall height would be approximately 4- 1/2‘ less, all other featires

of the work remain the same -
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10.34 Hanford Waste Storage Hot Semi-Works

Construction Period - 1951552
Tank Capacity: 30,000 gallons
General Descr;ptlon
A 30,000-gallon underground storage tank 20feet i d. by 14 feet
3 inches high. One-foot thick cone wall and roof. ILining 1/k-inch stainless

steel.

110.35 Ideho Chemical Processing Plant Waste Storage

Construction Period - 1951-52

Tank Capacity: 318,000 gallons each
General Description: -

Tank ferm consists of two 318,000-gallon 3&7 stainless steel storage
tanks, each 50 feet in diameter and 32 feet tall with umbrella roofs capable

of supporting themselves w1thout beams The tanks are housed in two octag-
onal concrete enclosures designed to support 8 feet of earth cover.

Both tanks are equipped with liquid levelcand density recorders,
multiple thermocouples, and pressure-vacuum relief valves.. One tank is
provided with two reflux condemsers.

Reference: ORNL-1687

10.36 Tdeho Chemical Processing Plant Waste Storage

Additions to Original Comstruction |

Construction Period - 1954-55

“Tank Capacity: 500,000 gallons each
General Description:

Addition to the tank farm caonsisted of three (3) stainless steel
300,000 gallon tanks (two equipped with cooling coils) erected on concrete

pad, with precast concrete enclosures. Instrument control house is in-
cluded in contract. The following features are included: A
(a) Tie-ins to existing first and second cycle systems to permit
by-passing the installed tanks (WM-180, WM-181) to f£ill the new tanks.
(b) Piping arrangements to permit adding future tanks with minimum

of personnel exposure to radiation.

~
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(c) Overflow between first cycle vaste tanks. (those'eguipped with
cooling coils). ' ' ' U
(d) Access means for porteble pumping device in case -of tank failure.
(e) Liquid level, temperature, and pressure recording instrumentation.
(f) Jets in tank enclosures. : S ST T
(g) Vent system, with relief valves, to stack.” - --- T EOE
(h) Nine feet of earth cover. : ndn
The firét cycle tanks have the'following additional features: ™'
(a) Cooling coils with 100% spare capacity and’ suitable valving for

R

testing and removal of the system in case of failure.
(b) Recirculated water system consisting of heat interchangers surge

tanks, and circulating pumps ’ ’ TR
(¢) ~'Vent condensers for each tank
(d) Suitable instrumentation. -

Reference:. - IDO-24011 - .. . Ul ..

. ’.
v Teiar

[ TGP WY

10.37 Idaho Chemical Processing Plant Waste Storage Costs. i ... .. .« %=

Construction Period - 1954-55
Tank-Capacity3 30;700.8511°n5~ . K oo i :

General Description:

PN HEIN

Four (h) “temporary. underground 316 stainless steel waste storage ‘
tanks (30,700 gallon capacity each), including cooling colls-end four (&)
condensers, set on concrete drainage pad. Auxiliaries consist.of waste
storage control house, instruments and instrument control péﬁéi' facilities
for monitoring and sampling, process and utility piping, -electrical equip-
ment, and waste lines (750 feet) between process building end tank farm,
Ebrth cover approximately 2k feet (Concrete cradles approximately 35 feet
below grade. ) No concrete enclosures. Expected tank life (from corrosion)

five years. _
Reference: IDO-24011
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10.4 Cost of Collection and Disposal of Low Level quuid and Solid Wastes -
and Some Notes on Current Practice

(5)

number of atomic energy sites to determine practices being followed and the

In 1955 A. B. .Joseph, Johns Hopkins Uhiversity, made a survey of a
approximate costs of handling low level wastes in solid and liquid form. He
divided the low level wastes into two very gengfal catagories:
1) Wastes which require limited‘éersonnel exposure or shielding
because of a gamma.radiatioﬁ fate of 2 roentgen per hour in
air a short distance from their surface. This léve] can be
achieved with a very few curies of mixéd fission products
For example, the number of curies of mixed fission products,‘
aged about one year (which emit gamma energies; of about 0.7
Mev) in a cubic foot of materiael that would give a dose rate
of 2 r/hr at a distance of one foofvin,aif is as follows:

Specific Gravity Typical Material . No. Curies. Q
1.0 Water 1.89
1.2 A .. Compressed Wastes .. 1.97. -
2.5 Concrete . : 3.h2

2) Wastes which give a dose rate of 0.05 r/hr at a distance of
one foot in air. This dose rate can be reached at a distance..-
of one foot in air from a one foot cube containing the

following number of curies: : S : - T

Specific Grdvity‘ Typical Material " No. Curies
I.0° -~ - - Water': " -0.047
‘1.2 Compressed Wastes - 0.0kg -t
2.5 - . Concrete "f - 0;085

We éhduld point out that there is‘a;greatéﬁiference betﬁeen thé‘tt
level'of these wastes and those which are produced as raffinates from higﬁ
level radiochemical reprocessing. Most of these wastes result from labora-
tory investigations and are sink drains, leundry wastes; possibly rinses |
or equipment which contained traces of radicactivity; solids such as kleenex,

contaminated containers, etc.
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. Although the cost accumlations are not highly accurate nor the in-
dividual.units discussedﬂanalysed on a common basis of.comparison, the infor-
mation sumarized by Joseph represents'an approximation of what present low
level waste handling and disposal mey cost. The summaries also indicate. -
curreni practice for this type of waste at various AEC sites. ... : s

. The following is taken from the summary of Joseph's report.. .

There is no established nationwide AEC policy concerning the disposal
of radioactive wastes other than having those wastes which are tcynrned to
nature be below cerfain allowable limits of activity.- The practicc'of re-; .
lea;lng waste to the environment veries among all the installaticns.;;Soms.
installations release curies of activity at their sites every year, - Others
release littlc or no‘nctlvity at their sites, transferring their wasﬁe;majeri—
als elsewhere for release instead. In general, those installationc;uhich:;
have large areas of land release low level liquids and nury radiocactive solids
~within their.site boundaries. Necessarily they keep a continuous check to
determine if any activity escapes and to measufe‘effects of. the released ..
activity on the environment. Those installeations which are rclatively.small
in size package and transport the bulk of their waste rndioactivity to the
larger sites for disposition or to the sea coast for dumping into-the. oceans.

. Waste Collection - - . TS o S oSO

The objective of-waste collection is to gather the wastes into one::

or more places-so that they may be:. a) treated,- b). packaged-or :c) policed
and released in-a safe-and-economical manner.- Collection practices:are.: ;-
rather uniform throughout the country. All of the installations .take extra
-precautions -with hazardous wastes,-whether they be alpha emitters:or beta-
gamma emitters. - Low.level wastes which are relatively non-hazardous.are ~..
handled with less restraint. Low level liquids are collected in regular -.:
sewer systems and solids are collected. by crews using motorized carriers..-”

. Liquid Wastes: Most liquid wastes are collected on site-in sewers; .

some are handled in integral containers. Sewer systems vary in.size, ex- -
tent and méthcd of construction. Wastes flowing in them are under more

or less continual scrutiny as they pass through monitoring points. :.Usually
monitoring points are located at the point of origin of the wastes, the
point of treatment and the point of discharge to the -environment. Collection

-
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in sewers is not a fool-proof method. Sewers have been known to leak causing
a great deal of consternation about uncontrolled release of rediocactivity to
the environment. Sewers which carry high level wastes have built-in safe-
guards, such as & sewer within a éewer, which gives more positive control
over the wastes. Monitoring.points, built- in:safeguards'and~other"speeial'
facilities and controls make the collection of liquid wastes more expensive
than the municipality counterpart of gever collection.

Solid Westes: Almost all solid wastes are accumulated in laborateries

and working areas in regular G.I. (galvenized iron) cans, cardboard’cértons,
kitchen style garbage cans and 30-gallon and 55 gallon steel drumSL‘:ThE'cans
usually have paper or polyethylene liners. There is no reason, as far as -
could be ascertained, for the wide varietion in accumilation methods -other’
than differences in opinlons - The simplest procedure is that of eollecting
the wastes in the containers Whlch are shipped. The next simplest apﬁeaféﬂ
to.be the can method using 32 gallon G.I. cans.lined with polyethylene'bags.
This method is low in cost, espec1ally at those places purchasing the- bags
at a low unit cost. TR A

Another problem of collection is that of trensportation, i.e.;-physi-
cally moving the wastes from the point of origin to a central or convenient
location for further treatment. This handling cost varies with the level
of activity of the waste, the type of container used, the distance between
point of origin and point of:. treatment and the kind of equipment used to
meke the transfer. The.more spread out the installation, the more time
spent on the vehlcle and vice versa. L : RS

. Refinements of the central. storage area elso directly affect the cost

of collection (as considered in this report)...Provieionsfor decay storage, ’
usually underground, again follow different philosophies. Safety at low -~
cost is desirable, but safety nevertheless. In this phase, philosophies’
of safety are measurable in reletive dollars and cents because they are di-
rectly reflected in construction costs.

Waste Treatment

The primery reason for. treating redicactive wastes is to reduce the
volume in which the radioactivity is contained. It is less difficult to

monitor &nd package small volumes than large wvolumes. The cost of reducing
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the volume must offset the cost of disposing the untreatéd volume minus the
treated volume, otherwise, there is-no economic basis for treatment. ZEach
installation bhas mede a study of its problems. The methods in use reflect
the results of those studies. -~ - , S e
Liquid Wastes: Iiquid wastes in the atomic industry are treated by
any of three methods: evaporation, co-precipitation with chemical coagulants

and ion exchange.. Each method has its special merits and special applications.
.Large volumes of more or less homogeneous liguids are effectivelylﬁandlédiby
co-precipitation. Heterogeneous wastes are more easily concentrated by evap-
oration processes. Ion exchangé is used mostly for selective removal of-*

certain isotopes.

Solid Wastes: Solid wastes are reduced in volume by oné of'-two methods,

nemely, combustion or compression. Combustion ‘gives the greater- wvolume‘re-
duction but it also introduces the further problem of treating’combustion:
‘gases which carry off some of the contaminating isotopes. ™ Presently only’
one installation, WAPD at Bettis Field, uses incineration. -There, the®level
of contamination of the wastes is rather-low and-does not preéént avverys:
difficult gas problem. Actual results with the Bettis. Field_incinerator have
not yet been made known. ’ ' M
Several installations compress their trash materiels in baling machines
to reduce the volume of westes they must transport. Since common car¥iér:
charges are based on weight;Tthe principal reason for baling is to reduce
the packaging costs. An enalysis of the economy of solid waste volumé re-
duction is presented in Appendix 2.7 T T T TR TTIA Bl
Packaging for Disposal T S A S IR et ot
Patkaging for on-site burial is minimal.’ The wastes are”just ‘suffi-
ciently restrained for expeditions and safe handling in-collection and trens-
fer to burial. Considerable préparation and packaging are-involved in ship-

ments off-site. The ultimate repository, i.e., on land or in-the sea, deter-
mines-the characteristics of the packages. ~Those packages-of waste which~
are disposed of into the sea are made heavy with concrete to ensure sinking.
Waste packages which are to be buried on land do not have the added concrete
and consequently involve less shipment weight per volume of -waste. - Packages
shipped off-site for both land and sea disposal are made tight so-there will
be no spillage in transit. ’ T

&
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There are no regulations, .per :se, which specify packaging materials or
methods of constructing packages. Interstate Commerce Commission regulations
state that a package containing radioactive materials should be "tight":-allow-
ing no leakage from a package. . ICC regulations do specify & limit . of tolerable
emitted radiation. These are based on the possible fogging of X-ray'film which
mey be in transit. AEC shipments of radioactive materials are exempted. from
ICC regulations if a ccurier accompanies the shipments. All those installa-
tions utilizing common carriers. have reported.that -their shipments-do-comply
with the ICC regulatioms. - g R

Two kinds of packages predominate in waste shipments.: steel -drums .
ard wooden boxes. Other packaging materials.include fibe. drums fabricated
steel boxes and poured concrete boxes. Steel drums and the concrete boxes
contain most of the wastes that go to sea. All the other packaging materials
together with steel drums contain shipments-destined for land.burial.. Drums
usually contain slurries and loose bulky materials and the. other kind of -
packages contain trash and miscellaneous items of waste. S cmETeaae e

Waste Transportation . -

The mode of transportation to any disposal site is determined. by con- ~

venience and economy. AEC contractor owned -trucks are used in some cases

but mostly the shipments are by the common-carriers, both railroaed ard.truck.
Most of the wastes are packaged according to.ICC.specifications and.these
are transported without the accomraniment of .a .courier. A radiation surveyor
does accompany those shipments whose radietion levels are above ICC-toler-
ances; a few such shipments are made from Brookhaven, Berkeley and Livermore.
To 1imit possible:contamination and to facilitate decontamination most of

.. the installations cover; the floor and walls of the conveying vehicle -with.a

protective layer.of paper. - P S : : S Al
- The wastes are loaded aboard the conveying.vehicle by AEB .contractor
personnel_and with one er_two exceptions they are.also unloaded by AEC con-
tractor personnel. The exceptions are those cases in which the Navy un-
loads the wastes at dockside. .The routes traveled by the waste carriers are
most direct; public highways by the trucks and reguler freight routes.by -
the railtoads. So far as is known all shipments have been mede-without.any

loss of life, limb or time for all individuals involved.

~
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Disposition of Wastes on Land ,
Most of the waste materials that are shipped to land- destinations ‘are
buried in the earth. (Some of the wastes sent to the Lake Ontario Storage

level solids and liquids. The intermediate level liquid:wastes‘are“the residues
of evaporation or concentration processes in the form of sludges"andyare"more

" or less solid in physical form. Usually ‘wastes that are buried are buried in
their shipping containers. Radioactive wastes are ‘buried by a method similar

to a sanitary landfill operation. A trench or hole is first ‘excavated” in a
geologically suitable'area. The packages of wastes, “those® shipped cross-l
country and those collected locally, ‘are dumped ‘into” the excavated hole and
covered with dirt "Some' installations backfill by alternating layens of dirt
and wastes and others ‘use only one cover layer of airt on top. ;fhe'excavations

range from 10 to 20~ feet in depth-~Dirt cover is,proportionalfto radioactivity,
ranging from a minimum of 3 ft for low level wastes to 6‘or 8'et” “for .high

Ta e SR . mos R = ué"’”‘E.;.lb i -

e

"level wastes. ‘
' Decontaminated liquids and low level radioactive liquidskare'released
to the environment at the installations. Some places release “to nearhywsur-

' face watercourses and others to underground strata by seepage from surface
lagoons, pits, cribs or by discharge toreverse wells All ‘the installations

.f,_«m B

have established certain tolerance levels for the release “of radioactive 7
metérial to the environment Area monitoring programs at’ all of the installa—

y Tenrgoy e L w g
tions releasing materials are pursued to determine “the effects, if any, on

epn Desif s 43 . e Vg e
SRR B S AR+ 3:‘«, FeES

the environment R o T ; -

N ‘None' of the installations release high level liquid wastes‘to £ﬁ€‘éh-
vironment These particularly hazardous wastes are confingd“;ithin specially
constructed underground storage tanks. e - W bt ten ey

' Sea Disp;sal

On the West Coast, the San Francisco Navy Shipyard (Hunters Point)

is the home port of the YGN 73, a modified dump scow whose mission is to
carry out and dump radioactive wastes at sea. The Naval Radiological Defense
Laboratory at Hunters Point co- ordinates truck shipments from the’ Berkeley
and Livermore sites of the University of -Californis Radiation- Iaboratory.
Wastes from these sites and from:the USNRDL constitute the bulk of the matter

- R T T R
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taken out to sea and dumped in a designated area about 20 miles off San Fran-
cisco where the water is at least 500 fathoms (3,ooo £t.) deep.

On the Fast Coast the Navy operates a disposal service for defective
ammunition. An LST puts in at selected ports along the Atlantic Coast to pick
up unwanted ammnition and haul it out to sea. Co-operating with the AEC the
Navy also accepts packaged radioactive wastes and disposes of it along with
the.defunct ammunition. The designated durping areas in the Atlantic are at

the edge of the continental shelf about 100 miles from the mainland where the
‘ water 1s at least 1000 fathoms deep. | | | -

Both in the East and in the West, most of the waste materlal is packaged
in 55 gallon drums. . Unique to the West Coast operation are some large (6'

6! x 12' max) concrete disposal units which contein contaminated isolation
(glove) boxes and other bulky items. | ) .
ConcluSions Regarding Liguid Wastes Disposal Costs

oot

- On the basis of available data it is difficult to make equitable com-
parisons of the costs of radioactive liquid waste disposal among the installa-
tions surveyed Table 3 summarizes the principal items which..makeup these
costs. To meke a comparison one has to calculate a unit cost -in the case
of liquids say, cost per gallon The column headed "Collected after Monitor-
ing" includes all of the wastes in some cases and only part of the waste in
others. As a divisor in determining unit costs it is not equitable because
it vaires with the different kinds of wastes. The largest item of collection
cost namely the amortization cost of the collection systems is lacking . In
most cases it was not available. In others many years of installation records
would have had to be scrutinized and summarized. The other possible index
of "total volume", the column "Effluent Discharged" also has an element of
- unreliability. Unit costs computed from either one of these indices could
be made lower by diluting the waste: ‘stream with water, possibly storm water,
and thus increasing volume. ) "

The costs of liquid vaste treatment and waste concentrate disposition
operations are summarized in Table ﬁ The ‘reader is cautioned against com=-
paring these costs. The basis for each item is not the same.

Conclusions Regarding Solid Waste Disposal Costs

Tables 5 and 6'summarize, by installations, the costs of the'various

phases of handling low level and high-level wastes. For preparing these
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Rodioisotope

1ot

Concenlv'uiion

Effluent

=691~

Collected Transterred Treotment Dischorged Stored in
instaltotion after T T Underground
Monitoring Containers Evaporated Chemicolly lon Concentrate To To " Tonks
Precipitated Exchonged Produced Surfoce Subsurfoce!"
TR - 1ot
Argonne Not. Lab. 5732 176 - 66 25 K- 46,400 500 none
Bettis Field {waPD) I,679(3) 79 1,600 none none 3.96 37,000 none none
" ‘
Brookhoven Not. L. 3,267‘ ! L2 367 none : none 3.67 120,000 nose none
¢ < .
Fernotd (FMPC) . none . none ’ , 94,000 none none
' .
Knolls At Pow. Lab. 1,130 s 1,125 " none ' none ; 4.9 ' 126,000 none a2
Los Alomos 3,900 nong n;ono 13,900 none - 33.2 13,900 none none
{5) * M
NRTS (CPP) 671 none 252 none . none 3.56 none 671 3.56
Ook Ridge (ORNL) 1,000 none none none none none 158,000 1,000 none
Rocky Flots 4,800 none none ;1,570 none 45.5 40,000 786 none
: . i
(1} Dischorged either to o surtace holding pond or directly io subsurfoce. ' ;
{2) Does not include high tevel wastes collected in pots”, . ) !
(3) Does not include wostes dumped to sewer system, i ! :
(4) The quontity monitored was between 367,000 ond 120,000,000 gollons. .
(5) The quontities listed are for o & month period. They would not be frue 5 : .
for o 12 month period it doubled becouse woste’ produx:tion voried. : . ot : ’ . .
H 4 i . oo
Table 3 VOlumes of | quu:d Wostes Hondled (by stoges) 'During - Fiscal Year 1955

s

(Unlts

m‘ IOOOs

gollons)
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Summary Cost =
Wostes Gross_ Cost Concentration Operoating Operoating Concenirote Concentrote Concentrate Concentrate Cost  of Concm;’mlino Unit
tratoliotion Trected of Cost m Cost Produced Packaging Packaging Sh‘ppinqu) Unogerground Packaging Summory
Concentrotion Per  Gallon Cost Per Goilon Cost Cost Cost Storoge (31 Shipping 870r Cost
> (1000 gat} { golions) Per Gailen Focilities Storing Costs {per gal}

NO TREATMENT  GQIVEN !

Ok Ridge LORNL) 1,000 KA NA NA RA RA NA. NA N.A N.A 3 85,400 $0.085
BY EVAPORATION

Argonne Nol Lab 66 3 ] ] % ] ] ] s s s

Betiis Fietd (WAPD) 1,600 56,060 0.04 37,510 0.023 3,960 3,10 0.79 3,150 N.A 62,320 0.039

Brookhaves Nat L 367 62,400 0.17 12,230 0.033 3,670 170 0.2! 830 N. A 64,000 0.174

Knolls AL Pow Lob | 1,125 60,900 0.05 8.500 0.025 4,900 860 0.36 610" 2,400 64,770 0.057

16}

NRTS PPl 252 3 56% NA N.A NA. 8,200

BY EVAPORATIQN | AND CALLINING
n

Fernata  {(FMPC) 118,141 328,831 A NA N.A
BY OE€EMICAL PRECIPITATION -AND VACUUM FILFRATION OF SLUDGH

Argonne Nat. tab. 28

. (8) . 18) 9

Los Alomos 3,900 036,840 0.0t 735,630 0.00% 33200 nil nil » 1,870 N.A 138,710 0.010

Rocky Flats 1,570 126,120 0.08 66,870 0.043 43,000 4,140 0.10 5,940 N A 136,200 0.087

N.A. signifies “nol applicoble”. '

(t} Total traotment cost minus fized cost. (6) The quontities tisted ore for 6 6 month period. They would not be frue for o 12 month

{2) Estimoted as o proportion of the gross weight or volume shipped. period i1 doubled becouse woste production voried.

(3) Construchion unit cost of storoge facilities multiphed by onaual input. {7} Conttruction unit cost is S L61 per cu f1.

Does not include operalional ond mointenonce CO3ts, (8) Used drums ore oblcined from other operotions on the site.
{4) Only 2,400 gatiomt pachaged. {9) The cost of hauling ond burying the siudge.
(5) Treorencol cost of shpping 2,400 gallons 1o ORNL. (21,800 ibs of §$2.8V cwt)
Table 4 Costs of Liquid Waste Treatment and Waste Concentrate Disposition Operations
Fiscal Year 1955
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. e i " Co ~ v T
B
»
Woste Collection Wosts Concentrotion Wesie  Pachoging i Shipping ond  Termino! Hondling Dato IMGI Yotol Cost
Instatlotion . - - ot . Overiond . Overhead NOwn 1,
" Volume Cost Unit Memod | Voluma in| cu ft Con Unit ) | Velume Cont Unit Destinotion Distonce volume Cont Unit marhes Cort Eoltecten
{eu. te) Cost Betors Attar Cost teu f1) Cost (mites) teufr) Com
jngj_‘ﬁ {“l- [ i- i . R i:x- ' vy f,‘vg. v R

Argonne Not. Lab 14,290 | $ 18,530 $ 1.30 baling 10,000 2,580 | 32,380 (3 614 6,660 211,330 | 8170 Ook Ridge 530 6,660 $3,460 3052 $12,230 $48,270 $3.38

h . . i S I . wloree o : 14 [ A
Benn Field {wapp) 18,000 3,760 0.2 - inodrn | . 13,200 360 4,510 123 710 2,530 356 Earte N J. 370 M0 3,440 4.84 3,320 17,560 0.97

) B . R i . . TymEm o t. . .
Brookhowen Nat L. 16,140 6.320 -0.40 . |. bokng .| .2 2,000 . 840 1,190 380 748 2,650 | 335. | Floyd Bennett Field 70 745 1,030 1.38 6,740 18,130 t12
®nalls At Pow. Lab. 36,980 7.910 0.21 dotng 20,000 3,300 s.470 861 | 20,950 17,840 | 0.8% Loke Ontario St Areo 300 6,980 2,738 0.39 13,320 53,445 1.48
Ocx Ridge 850 13,970 | 5,470 0.39

. _ - PR R - ;
Lot Alomos 62,400 32,030 0.5t ncne A NA nAa na N.A N2 NA- | Site durial - 62,400 | 8,970 0.14 14,960 53,960 0.90

. - o . A ¢ [ s i . .
NRTS | tdoho 27,000 6,280 0.23 none NA NA N.A. NA N.A N.&, NA Site  buriol - 27,230 9,900 0.36 4,620 20,800 0.77

. . - : \ .

Oock Rigge ne, 408" 38,440 0.33 nom. NA NA NA NA N4, nAa NA Site bundl , - . | ve.a00 | 25,830 0.22 26,900 93,170 0.80
- .- I o N Lo Wor , ° . i ™ . i . 1. ) .
Rocky Fign NA. N.A, NA none NA. NA NA NA 33,900 15,380 | 0.45 | NRTS, idoho 700 33,900 | 35,390 1.04 2,700 93,470 1.58

f . i ‘
V. ot Cal. Rod.Lab . ! = ! . ‘ Lo " ' .
. Berheley 6,200 3,610 0.58 mone | © N.A. N A TNA N.A 6,180 T 11,330 183 Son Froncisco 20 6,180 4,850 0.77 1,290 31,070 5.0t
} ¢ .
Livermore 4260 3,520 0.83 none RA. N.A N.A NA 4,160 8,640 | 2.08 | Son Froncisco so 4,160 3,550 0.86 8,910 24,620 s.78
. - \
. . ; ! . :
A, sgufiet  aot applicobie ; . ' v
{1} Concenteation umt tott mecuwed in dollors par  unit M concantrotion. - ‘ '
t2) For 12 months based on & months of record. . ! . . N .
(3} Materiah oniy. i f . : '
N
k] H
. .
Tuble 5 Cosfs of Very Low Level Solid Wastes (0 05 r/hr) Disposal Practices
, .

¢
1
‘

Fiscal Year 1955
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. Collection (and Storage) Packaging Shipping and Terminal Hondling Data Capital Total Total Cosi
Instaoilation ' ; Ilnvestment Overhead Know(n” per cu. 1.
Vvolume Uni Volume Unit L Volume unit Depreciat'n Cost Collected
{eu. 11) Cost Cost (=0 t1) Cost Cost Destination (cu. 1) Cost Cost Charged (1)
Argonne Not Lab. 39t SIO,MOQ) $26.70 N.A. N.A. N.A Site storoge N.A. N.A, N.A. $10,260 $ 100 310, 540 s 27
Bettis Field (WAPD) 268 |+ 900 33.60 26.8 $23,930 | $893 Eorle, N.J. 26.8 | 310,600 | $392 nonem 3,510 38,940 1,450
{2
Braokhaven Not L. 462 3,600 ! +7.80 462 4,200 9 Floyd Bennett Field 462 1,620 352 1,420 4,870 14,290 30
Knolls At Pow. Lab. 5.6 Z.QOOQ, 518.00 N.A, N.A N.A. Site starage N.A. N.A, H.A, t,950 300 3,200 572
: ) 4
NRTS, idaho 230 600 2.61 N.A. N.A N.A. Site burial 230 80 0.36 none( ! 375 1,055 4.58

N.A. signifies “not applicoble”. .

(1) Cost of mointoining ond quording high level wastes in storage represents on odditionol cost not included.
(2) Includes amortizotion of construction cost of storoge tocilities.

(3) Sum ot collection, pockoging, shipping ond overhead costs.

(4} Some of the depreciotion charged to low level wastes proctices could be charged here.

Table 6 Costs of Low Level Solid Wosfés (2 r/hr) Practices
Fiscal Year 1955




tables an attempt was made to ascertain the total cost of disposal per cubic
foot of waste. In some cases this was not possible because all the costs are
not known. Cost data for those installations disposing of wastes to the oceans
lack one important item, namely the true charges for the ship and crew which
took the material out to sea. This service was rendered as any inter-govern-
mental agency service. Another unknown cost item is that cost for removing
high level wastes from storage or for maintaining and guarding the high level
waste storage facilities in the years of storage. Even without these realistic

cost items one can draw some conclusions’ regarding the costs of disposing of

. : T
STl R ERETTRY

solid radioactive wastes.

-10.5 Costs of Drum. Drying Low Level Radioactive Wastes(é)wﬁu;-éd;£2?3 B

PR

Drum drying of radioactive waste was tested at KAPL over a period of

time between 1949 and 1952 with the following results and costs. N
Drying was discontinued because of the numerous. croubles encountered

with the dryers, the lack of any appreciable reduction in volume of the con-

centrated evaporator slurry by drum drying, and the additional exnense.

The cost of drying in addition to the cost of evaporation based .on pro-
cessing 3,000,000 gallons of rew waste a year is estimated at 4 cents per
gallon of raw waste. The drying rate obtained was 50 pounds of solids per hour
with the larger of the two dryers, oo 1.6 pounds per hour per square foot.of
_drying surface. The design rate for this dryer was 75 pounds of solids per
hour." Gamma activity of the waste processed ran as high as 1.7 x lO3 o ;
1.7 x 107)I ¢ per gallon.
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71,000 LBS OF SOLIDS PER YEAR

" Estimated Costs Depreciation Annual Costs

Building ‘ ~ $158,000 o 3% - $ 5,7k0
Equipment, Installed 221,680 20% L4k, 340
Operating Costs -- -- ~ . T, 9%0

TOTAL $125,020

Cost per pound of waste dried is $1.76 per lb. of dried solids.
Cost per gallon of raw waste is $0.04 per gallon.

Note: .
Storage costs for slurry $1.18/gallon (Drum costs)

Storage costs for dried powder $1.43/gallon (Drum costs)
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APPERDIX T

Description of Present Reactor - Chemical Processing - Waste Colnplex U

Characterization of the nature of radioactive wastes starts with the nuclear
reactor, in which the following va.ria.bles ha.ve a decided effect on the. ra.dioa.ctive
wastes produced. The first set of va.rie.bles 3 rela.ting to the nuclea.r properties :
of the fissiona.bie end fertile ma.teria.l, and the menner in which the reactor is"~
designed to opera.te , shall be labeled nuclear variables.

Nuclear Variables
1. The fissionsble material used
A. Uranimn-235 ‘highly enriched. Used for reactors for resea.rch
(high neutron flux), mobile power, core elements of tvo-region

Apower producers : . AT
B.  Netural uranium - . containing 0.71% U235 initially: ~“After start of
irradia.tlon, which 1is ‘supported by 0235 fission, 39 is produced,
" which in turn fissions at -increasing rate- depending upon .
concentration of .Pu produced by capture of neutrons in fertile

nucleus U23 ~ Natural. u.ra.nium 1s now used" in production reactors-

for Pu, and can be used in statlonary pover reactors as a combined
fuel and fertile material.-

C. Partially enriched uranium - containing from 1% to- high enrichment
(~90%) ¥, s type of feed 1is being. studied for many. sta.tiona.ry
power reactors; there is a high proba.bility of producing more Pu 239

earor 2 e

than fissionable materiel consumed. ST
- D. Plutonium-239. This second fissionable isotope ha.sApotentia‘.llf*the E

same applications as highly-enriched 023 > reactors. Tt 16 being

‘considered for fuel cores for "fa.st" stationa.ry power reactors.

" operating on a breeding cycle using na.tu.ra.l or depleted ura.nimn as
the fertile material.:
E. .Uranium—233. This third fissionable ma.terisl 1s produced by neutron
- capture in ﬂnorilm-232. ‘Major probable use may be in "thermal" rea.ctors
operating with a fully enriched 0233 core and a breeding cycle using

232 a5 the fertile material.
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(Comment: The products of fission of U235, Pu239, and 0233 are a.ppmximately the
same for thermal neutron (2200 m/ sec) fission. The fission product spectrum changes
with the energy of the neutrons causing fission. Complete data on changes in fission
product spectrum with fission neutron emergy level are not availabe for all three
fissionable materials, In this first report, all fission product yield data have
been calculated from 11235 thermel fission values, a safe generalization. The
latest compilation of U235 thermal fission values, a sefe generalization. The
latest compilation of U235 fission yield data for thermal fission is given in
works by Blomeke(l), Glendenin and Steinberg(z){) ‘

2. The fertile material used

A, 0238 - in natural, depleted (from gaseous diffusion cascades or other

reactor cycles) or partially enriched, Natural uranium is used as

. both fuel and fertile materiel for Pu production; for "fast" reactors
operating with a plutonium breeding cycle in which natural or
depleted uranium will be the blanket material.

B, Thorium-232. The most probable use wlll be for thermal reactor
breeding cycles; however, it can be uéed as a fertile blanket for
intermediate and fast reactor breeding cycles. As in the case of
U238 fertile production of Pu in & reactor, U233 produced from 'Ih232
fissions at a rate lower than its total production rate during )
irradiation.

3. Te "specific power" of the reactor system, or the number of fis;ions

-~

per unit weight of fissionable material, or the energy release per unit weight of
fissionable material per unit of time.

For each specific power of the fissioning system, a different total _
quantity of fission products is produced and the fission product spectrum differs
for finite periods of radiation, as shown by the foJ_'Lowing equations (using the
nomenclature of Gla.sstone(3 ))

% = N ph—oy pA + 7a Zf # (assuming no chemical removal)
where
% = net rate of increase of fission product A with time ‘
A A= radioactive decay constant of A, >\A= 0.693
| Ty /2n

A = number of nucle:[./c'zm3 of element A at any instant
= neu‘hrd;}v:'.;@a':i)t@'e APOS ssee‘t 1011 .




L fission yleld of A, expressed as' a fraction

P2 g = numb'er'of fissions/(cm3)(sec)

'F'ovr periods of operation at constant power in which > £ ¢ is constant, an
equilibrium for each fission product is reached where the rate of formation of

AA equals its rate of disappearsnce, or.-dA = o; then, defining Ao as equilibrium
concentration of A, ‘ éT '

R .

Ao‘ - e oo s ‘Z’f‘ * » ‘fhére >\A*' Zl‘ >\A.+5'A~: 55
>~A+c71 é : -,>\A* | R .

Thus, the equilibrium a.mount of A is seen to depend upon the neutron flux or 't".h.e'
specific power of the reactor. o

1+. Since many fission products have long effective ha.lf-lives and small neutron
capture cross sections, as iJ_'Lustra.ted by’ the examples in Table No., 1, their
concentration in the rea.c‘bor may not rea.ch equilibrium before the fuel element
' is removed. - Thus, the time of irradiation, assuming & constant: neutron £lux" or, -
more exactly the total of ¢ T product, determines the'pmciuc'tiion' of & fission ™
product of known fission yield and capture ‘cross section, assuming that the ‘nucleus .
is the first element in the decay chain. This time dependence is expressed by the
following equation: * _ B ' o L

" dA- P e IR e SERTI S FRT RN
—aTr_ + >\A* A‘ v=v 7A.‘Z'f . ¢; .. o o . et L

1£20. 4 1s constant this can ‘be integrated to

l‘A(T) =

T N N
Z 4 ™ o)
7\A .. o e e

where A(T) and A(O) are concentration of A at times T and zero.

“The determination of other than primary yield fission products in a -
nulti-membered decay chain A—> B —> (C—>- D 1is treated in many published
(%)(5)

Sourcese.
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Properties of Long-lived Fissian Products ' .

Bamms
L : Thermal
jFPL -1-‘.;‘ Yield,% - vHa.lf-‘-Lif.e : ‘Capture Cross Section
a1 045 3y . 7000
cs137 5.9 B o33y - e
sr° 509 o 28y o !
K2 0.3 . 027y - >15
pt¥T | p L e y . _. <o
W= e wee L

5e The energy of neutrans that cause the fission efrent,_ or enter in other ,' '
reactions with nuclei in the rea.cfor heu‘tz'on field affect the nature and ha.za.rd_aoff_
vastes, As previously pointed out, ‘the.' fission product spectrum changes Asligh.t]y ,
with neutron energy; compilations in this report are based on thermal fission.
Even in a reactor in whigh a..lmost- all neutrons have been slowed down to.
thermal energies (22001 '
beryllium, or aluminum, a significant "fast" neutron flux may exist, significant in

% ) by moderators such as heavy water, water,- carbon,

that neutrons of sufficient energy to produce appreciable quantities of products
of reactions of the type (n, 2n) may exist. The significa.ncebf (n, 2n) parasitic
reactions is illustrated by the production of U23 by the neutrons of energy in-
excess of 6437 Mev on 'm23 e The build-up of heevy element chains by (n, 7)

and other reactions and the effects of pmducts of these on the ha.za.rds in
reactor fuel recycles end wastes are discussed in w 5.0. '

6. The reactor "burn-up" is the degree to which the a.va.ila.ble fissionable
material is used is usuelly-expressed &as a.‘bom per cent or weight per cent
consumed, or more generally, in energy per unit weight of irradiated fuel. The
per cent of utilization of available fission element in any reactor per pass 1is
determined by many factors, the most important of vhich are:

A, Radiation dama.ge to fuel elements - particularly impor‘bant in metal

fuel reactorss.

B. Corrosiog - particularly importent in circulating fuel reactors
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C. Build-up of fission product poisons » primarily from such nuclei as
xenon-135; semarium-149 and- -151; gadolinium-155 and -157, cadmivm-113;
iodine-131; europium-151, -153, -155; end others. Several reports
have been pi‘epared on fission product poisons end their effects on
reactor design, two of which are referenced, (€)(7)

D. Depletion of fissionable material inventory in a rea.ctor of specific
designeg

E. Growth of parasitic heavy elements by complex (n,y) or (n, 2n)
capture chains , _ ' ,

The per cent,burn-up in & reactor determines the frequency of.chemical,_
processing and hence , the volume of fission product wastes produced per unit of - -
energy from nuclear fission. The total quantity of fission products produced per
unit of energy obviously is .independent of the number of .times that chemical ; . ..
processing occurs. However, thegrowth of certain parasitic heavy elements :
that may provide hazards to fuel element recycle end to waste disposal is
dependent upon the number of recycles eand the nature of “the chemical process. -

Type of Reactor - . , e R
The type of reactor has a definite effect on the nature of hazards from fuel
element recycle and waste fission products. Classifying reactors is a somewhat

inexact procedure, but for this report we have chosen to discuss two broe.d. '
categories: heterogeneous and homogeneousf It should be pointed out that other
characterizations are possible, such as by neutron velocity, type of fuel,
enrichment of fuel et cetera. )

1. Heterogeneous Reactors , : e el LT

Heterogeneous reactors usually are fueled by meta.]llc fuel elements.

The fuel elements can contain natural, partially enriched, or-higlﬂy enriched uranium.
In most cases the fissionable or fertile material is contained end even alloyed with
a metal of low neutron capture cross section that imperts properties of corrosion
resistance, temperature resistence, dilnensiona.l stability or other .des:f..ra.ble D
characteristics. Since most fissionable or fertile materiel is contained in a -
protective metal cledding to prevent loss of ‘fission products to coolant or moderator
and to prevent corrosion, all fission products and neutron-produced heavy elements
remain with the irradiated material in a heterogeneous reactor. Thus, the removal
of fission product poisons and the recovery of new fissionable materiel can be
accomplished only by removal of fuel from the reactor, followed by chemical

reprocessing.
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The hazard potential from accideh‘t-,a‘;i:‘i'eiéa{se of fission products in & -
clad metallic fuel or fertile element is slight; if a rupture occurs in a singj.e
element, only a small portion of the total fissiom product activity accumulated
in the reactor woﬁld be released at any time. The hazard evaluation for a solid
fuel element reactor can be assisted by analysis of data from the repawts on the
accident with the NRX reactor at Chalk River('B)' and the Borax experiment..(9) '

The hazards involw)ed in ha.ndling , transporting, and storing metal fuel elements

are those resulting from the high contained fission product activity: (1) fission
product heat removael; (2) biologica.l -shielding from gamma rays; and (3) ingestion
or inhalation hazard of fission products released by an improbable fuel element
rupture in transit. For most power reactor fuel elements, residual fission product
heat will be sufficient 1",0 require eoialing for several weeks to several months

to prevent ia.rge tempera.tu.ré rises under near ediabetic conditions during transpoi‘t
and storage. The heat due to decay of fission products can be estimated from - '

empirical equations accurate to a factor of about 2 for decay periods of ten
.(20)(11) .

o

seconds to several months as given in Appendix TI.
The heterogeneous reactors have dominated the nuclear picture from 1942
until the present time. Reactors used for production of Pu are thermal machines,
water of heavy water moderated. Early experimental reactors used natural uranium
as fuel; later machines such as the MIR use bhighly enriched U235--a.luminum alloy clad
in aluminum. The Experimental Breeder Reactor is a "fast" reactor, cooled with a:
liquid metal; it uses highlyenriched ura.nium metal cenned in stainless steel. Naval
and submarine reactors employ zirconiinn-;cl.ad ki ghily enriched uranium-zirconium alloy.
Many of the proposed stationary power reactors are hf.the heterogeneous
type. Most are designed to breed more fissionable material than they consume, and
thus require processing to recover -new fissionable material and probably to
recycle partially depleted core fué.l. In order to extract the energy released by
the fission process, to produce electricity with reasonable thermal efficiencies ,
high temperature metals are employed in power producer fuel elements, Such materials,
new to reprocessing technology, are zirconium end stainless steel and miations.
Cladding and alloying elements, together with possible bonding agents, brazing or
wvelding materials have & controlling iInfluence on the chemical process and '
ultimately on the volume of fission product wastes,
For example, an MIR fuel element contains roughly 200 grams of uranium
along with about 4400 grams of aluminum, 15—17 grams of silica in brazing tlux
and other lesser impurities. To recover uraenium 1t is necessary to dissolve the
entire fuel element in nitric acid (catalyzed with mercury in a concentration
equivalent to about 2 per cent of the Al weight). Thus, the volume of chemical
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pLﬁnt feed is determined by aluminum, and inactive salts of aluminum control the »
voime of the aqueous fission product wastes. The uranium concentration is less
than two grams per liter,

This same condition is true for most of the proposed power reactor fuels:
liquid wastes will contain large congentrations of inactive salts.

Most of the reactor types now being considered for large éca.le installation
for research, power demonstration, and mge scale power production are of the
heterogeneous type., A listing of types, taken from a recent declassified
(12) includes the following: C.

A. Pressurized Water - all reactors are thermal, usehighly enriched to
slightly enriched uranium &s‘ fuel, have rod or plate fuel elements
using Al, Zr, Zircalloy-2 and stainless steel as fuel diluent and
clgdding material. Examples of this type of reactor:’ .

a. Metkerials Testing Reactor(l3- )_ Al end enriched Uy no blanket.

This reactor design typifies all others of this class and has

proﬁé.ed the bsic reactor type for most of -the ‘reactor proposals.

b. Submarine Thermal Reac%f -,'Zirconitm-c]é.d enriched uranium fuel,

no blanket; for mobile power. An‘MIR type reactor ﬁsing zirconium;

typifies many other reactor designs, such as .the Pressurized Water

Reactor(lu) ' R : o

c. Engineering Test Reactor(lS)- A giant MIR using Al and enriched

uranium. . For engineering research. F R

d. Army Packege Power ReaLc}ESr(l6)- A stainless steel MIR, with notable
difference in ‘t'.ha.*t:'UO2 is used in the fuel and -then clad irif.h stg.inless
steel to form the fuel element. No blanket. For small power station
usey particula;rly for outlying and remote areas where power cost is

publication

for stationary power.-

, not restrictive. , .

B. Boiling Water Reactors(17)- All, so far, are éxperinien'bal,. of the MIR type,
sponsored by Argonne National Ia.bora‘boi'y; Fuel elements are enriched
urenium and aluminum with no an‘nkets.- The Nuclear Power Group has
proposed a zirconium-uranium boiling water reactor.

C. Swimming Pool Rea.ctors(ls)- Research reactors of MIR type, of which the
ORNL Bulk Shielding Reactor was the first in the family, the Geneval',
Conference Reactor a famous daughter, and the Oak Ridge Research Reactor
is the maturing and powerful research-oriented senior member of the clan.
A1l are aluminum-enriched uranium fuel assemblies of the MTR plate type,
‘some with Uo2 rather then urqnium metal as the fissionable mé.teria.l.




D.

Fo

Ga

He

~W
Heavy Water Cooled Reactdrs(lg) - Most are fueled with uranium metal, and
are used for research or plutonium production and do not breed. Most
notable examples: ‘
8. Savannah River Reactors
be NRX and NRU Canadien Reactors
ce CP-3 and CP-3' (enriched U) - first of this type, built at
Argonne National Ia‘bora‘bory '
d. Most foreign research reactors - British, French, Swedish,
Norwegia.n , Russian, Canadian | '
Graphite Moderated Reactors(eo)(zl) The classic type first built in
Chicago in 1942, with meny production and research descendants.

Uranium metal fuel is canned in aluminum or zirconium. Power reactors
mey be the single region~type plutonium producers. o

Sodium Graphite Reactors<22)(23) ploneered by North American Aviation.
The Sodium Reactor Experiment which is scheduled for completion in
1956-1957 will be the first of this type. The fuel is slightly enriched
urenium metel clad in zirconium or stainless steel, with a bonding agent
of sodium metal. Coolent will be sodium. Its long-term use will be for
power and j)lu*bonium production. _

Liguid Metal Cooled Reactors -~ built for fissionable material consumption
only. The first reactor of this type was Clementine, a mercury cooled,
plutonium fueled, fast reactor built at Los Alemose The classic reactor
design for power may be the Submarine Intermediate (intermediate neutron
energies) Reactor built by General Electric at Knolls Atomic Power
Iabora.tdry.‘ The fuel is enriched uranium; no blanket is included.

Fast Breeder Reactors(eh)(es)(as)(eﬂ -the classic type is the
Experimental Breeder Reactor, with highly enriched U235 core, clad in
stainless steel, & nadural uranium blanket, and & sodium~potassium (Na.K‘)
alloy coolant. The fast breeder cycle may utilize plutonium as fuel and
depleted or naturel urenium as blanket. Coolants will always be some
material other than a hydrogeneous one, probebly liquid metals or fused

salts. Cores of fuel elements will vary greatly., Many reactor concepts
of this nature have been proposed, such as that of the Atomic Power
Development Associates, EBR-2, and the British Fast Power Breeder.
Thorium can be used as a feast breeder blanket. Reactors will be used
for power and fissionable material production. The Liquid Metal Fuel
Reactor ;c")ncept , pioneered by Brookhaven Netional Iaboratory( 28)
graphite moderated homogeneous U233 breeder.
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TABLE 2

Classification

Enriched (90% U235) UO,~Se8s sinter

Enriched (90% U23S) U and Zr

1

Enriched (90% U235)4U=Ai aildy, Pu alloy,

Pu, UO2 or UC, {

3

,Enriéhed (204 U23?) U and 2r -

‘ .'* Ty
Natural or slightly enriched (~ 2% U235)
U and Zr -

Netural or slightly enriched (~ 29 U235)
~ U metal, oxide, or Mo’ alloy

.';,‘
N

Thorium ¢
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1.

26

3

L.
2,

b

1.
2e

L.

1.
2,

L,
1.

2.

L,

iple

Princ

Classification of Heterogenecous Fuel Elements Based on Reprocessing Pxincipleé

Requires criticality control
No Pu recovery

. Not directly HNO_,soluble

High inert conteﬁt

Requires criticality control
No Pu recovery
Not directly HNO eoluble

" High inert cont

Requires criticality control
No Pu recovery (enriched U case)

Soluble

in HNO

or HF .
High inert content ov96% Al for

U=Al

alloy)

3 catalyzed by Hg

Requires criticality control
Requires Pu recovery

Not directly soluble in HNO
Low inert content (~10% Zr)3

Essentially no criticality control 2
- Requires Pu recovery

Not directly soluble in HNO

in HNO

_Low.inert content (K15% Zr)3

- Essentially no criticality control
'Requires Pu -recovery
- Soluble ‘

Low inert contént (<15% Mo)

.’Essenti
. Requires
- Soluble in HNO. catalyzed by HF

T,

No 1nert conte

b
b

criticality control
recovery
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From the staﬁdpoi.nt of chemical reproéessing and from the production of' ra.dio-
active wastes resulting from the recycle of fuel and blanket material, the array of
possible fuel types is formidable and will require process develépment of a highly
diverse nature, R¢ E. Blanco has summarized possible fuels from heterogeneous
systems in seven ca.tegories(29) as shown in Table No. 2.

2. Aqueous Homogeneous Reactors ,

The homogeneous zéactor is one in which the fuel, coolant and moderator
(if any) are combined in a single phase, usually a fluid. The two prinia.ry types
that are emérging are the aqueous homogeneous and the liguid m.eta.l' fuel reactof.

A third type, employing fused salts as the fuel carrier has promise; The 'Eype;
which we shall consider in this discussion are the aqueous homogeneous and thé ’
liquid metal fuel reactor. o o

The Aqueous Homogeneous Reector combines fuel and moderator (usua].'l.y .
heavy water) in a fluid that cen be used as the primary heat transfer medium.
The first circulating fuel model was built and operated by Oak Ridge National =

Iaboratory. Meny combinations of fuel and blanket arrangements are possible, ;'s{mh as:

A, Two-region Machines « circulated fuel and blanket

a8, Core - uranium salt dissolved in D2O or & slurry of UO3, usua.lly‘:

fully enriched uranium-235, or for a power breeder cycle, 233, .

5

b. Possible blankets

1?. Thorium oxide slurry in D20 .

2%';e Possible thorium salt soluble in aqueous medium that is
stable chemically to reactor conditions and does not have
prohibitive parasitic meutron capture 28

3%, Natural or depleted uranium in D20 solution. Pu will be .

N

|

produced but breeding not possible, A uranium bxidé;; or
other insoluble salt slurry is possible.
B, Single«region Machines < 'circula.‘ting fuel - :
a. LPa.ftia.lly enriched uranium salt, dissolved in heavy water.
" Plutonium is produced by excess neutron capture in el

b. AA Slurries of uranium oxide or other weter insoluble salts

c. Reactor built to consume enriched U233 s U235 or Pu without any
fissionable material recovery for production of high neutron flux
or for mobile power application. It should be noted that to
increase neutron flux levels appreciabiy above those a'tfainable
in the MTR - (2-3 x 1011‘ n/ cmz/ sec) an aqueous homogeneous reactor

may be necessary for two reasons:

[

Core tank probably zirconium. o

s



1'. The burn-up rate and consequently the fuel replacement
schedule of fissionable material (1% of core per day in
the MIR) would require prohibitive material handling and
very short reactor cycles. For example, at a flux of
\ 2 x lolsneutrons/ (cme)(sec), the fissionable material consump-
tion would be approxima_.tely J,O%/ day. For a core of Pixed geometry
the operating cycle would be from two to ten éa.ys ma.ximum
2's For systems other them the aqueous homogeneous » the ma.x:lmum
.concentration of U235 may be too low to a.chieve flux levels
of the order of 10:!‘5 to 1016 Dilution. and pa.rasitic neut:ron i
ca.pture by materials other than water will prevent the at‘hain-
ment of high neutron flux levels.

Thus, the ldeal experimental and engineering development reactor, i.e. , one
in which it 1s possible to obtain much highev' neutron fluxes than will be utilized
in reactors built to produce power, could be of the aqueous homogeneous . type. s

The aqueous homogenesous reactor possesses.a high negative temperature
coefficient of reactivity and remains stable even with large additions of ree.ctivity
in a short period of timea Its fission rate 1s self-regulating depending upon the
power demand. A more complete picture of homogeneous reactors can be obtalned from
numberous reports published in the deciassified litemture.(BO)(g )(32)

The hazard from sudden release of fission products from e homogeneous. reactor is
greater than for heterogeneous reactors with solid clad fuel elements unless the
entire element vaporizes. Fission products, fissionable and fertile meterial, and
the parasitic neutron capture products exist in a very mobile form, either in solution
or as & suspension in & liquid under pressure. In the event of a reactor fallure,
or even a leak of reactor fuel, the hazard is greatest in the immediate vicinity
of the reactor. To minimize the hazard of an aqueous homogeneous, or for any
clrculating fuel, the reactor and its associated chemical plant, are contained in a
seeled vessel built to withstand the energy release of a reactor break. The long-
term hezard from a release of reactor fluids from a homogeneous reactor would not be
greater than those from a heterogeneous one. In fact, since homogeneous reactors
can be operated with a continuous chemical cycle that removes biologica.lly
dangerous isotopes from the reactor, potentially the bazerd from the ultimate develop-
ment of the homogeneous reactor can be less than that of the heterogeneous case. (33)(3%

Processing of homogeneous reactors is simplified somewhat in that it is possible
to remove fission product end corrosion product poisons continuously from the reactor
circuit without having to process the uranium fuel. However, a small bleed-'off of



fuel must occur to maintain the enrichment ievel of the reactor, assuming e maximum
concentration limit on the fule solution. Fortunately, in the aqueous homogeneous
case, the allowable concentration range for fuel can be from a few grams per liter
to several hundred grams per liter for UQ soh in heavy water. In the homogeneous
case of a thermal breeder with a thorium oxide blanket, thorium oxiggBmust be

removed and processed by solvent extraction to separate 0233 and Pa from
thorium. In the case of the plutonium producer, plutonium and high cross-section
fission products cen be removed from the reactor continmuously. In either case,
final separation of products must be performed by solvent extraction {or some
other satisfactory technique). However, the quantity of fuel and blanket material
to be processed, (and as a consequence the waste volumes) may be less than for most
heterogeneous cases, since the fissionable and fertile material are preSent in
relatively pure form uncontamineted by diluents, and since the achievable burn-up
fraction in the homogeneous case can always be high. ’

The agueous homogeneous reactor produces and releases gaseous fission products
during its operation, ‘unlike the heterogeneous case. A list of radioactive ‘g8aseous
fission products from U235 thermal fission would include the elements listed in

Table No. 1, Section 3.0 of main report.
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3. Liquid Metel Homogeneous Reactors(ss) .

The 1liquid metal fuel reactor is simila.r in concept to the aqueous homogeneous
reactor except that a relatively low melting metal of low neui;ron eapture cross
section is substituted for D20. Bismuth with & melting point of 271°C and a
neutron cepture cross section for 2200 m/sec neutrons of 0.030 barns will dissolve

" about one~half atom per cent uranium at SOOOC . This is sufficient solubility for
‘an enriched uranium to support & chain reaction. With bismuth the two-region type

of reactor can be built eoonomi'ca.lly" because of s'olubility restrictions a
single-region reaction for plutonium production is not fea.sible The reaction _
being studied at Brookhaven Netional Leboratory is & two-region machine consisting
of a graphite moderated core ofihighlyenriched uranium (0233 in the long range power
picture) dissolved in bismuth with & blanket of some form of thorium, slthough

-natural or depleted uranium could be used. Several blanket sy‘s‘bans are possible:‘

(1) Thorium oxide slurry in D, 0 o
(2) Suspension of thorium bismuthide (T Bi;) in liquid bismuth o

P A S

The processing of core fuel willl be similar to the aqueous homogeneous case in
that high cross-section fission products wilt be removed continuously. With the!
uranium-bismuth system this will be accomplished by treating a portion of the
circulating core solution with a fused fluoride or chloride salt of soditnn, '

potassium, megnesium, calcium or girconium.

As in the aqueous homogeneous case the fission products, fissionable and
fertile material, and the parasitic capture products of the heavy elements will
be present in a mobile form, but not under high pressure. However, the liquid
metal system possesses & high chemical reaction potential on exposure 'bo o;csrgen .
or moisture. The fission gases must be vented from the reactor circnit, offering'
the same problem o.s described for the aqueous homogeneous case. " Fission produe‘tis

will be removed in a fused salt mixture along with some of the valusble fuel, which

may require processing to recover, processing such as ‘the addition of magnesium meta.l
‘to the fused salt to reduce uranium for return to the bismuth phase. ‘The small '

percentage of fuel with the fission pv-oducts in the fused salt can be purified ‘By
solvent extraction. - Recovery of new fissioneble material from the blanket .probably
will have to be accomplished by solvent extraction. _ _

The liquid metal homogeneous reactor using bismuth-209 as the carfier i)resents
an additional hazard which results from the following pa.ra.siti_c neutron caepture:
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209 0.030b 210 - . 206
Bi (n,)’) —H Bi _S_Od% P . W A Pb

Polonium-210,with an alphe emission of 5.29 Mev, 1is retained in the body by the
spleen ( solubie) or lungs (insoluble) and is particularly hegardous because of the
high ionizing potential of its radiation.

O‘l;her liquid metal reactor systems are possible, using either thermal or
fast neutrons for fissibn. For example, & slurry of some salt or uranium in

sodium or sodium potassium a.:L'Loy; a solution of uranium in lead or mercury.

The Chemical Processing Cycle

A la.rge chemica.l complex is required to supply fuel to rea.ctors and to
recover from them partially depleted and new fissionable material. The function-
ing of this complex can be affected at ma.ny. points by chenges in alloweble radistion
exposures to operating personnelo In this chemical-metallurgical complex, exposure
potentials eompaxable or greater than those provided by a single reactor are
possible. The recycle complex for a nuclear power economy involves the transporta-
tion, storage and processing of the radioactive output of all reactors. The
inventory of redicactivity in a chemical plant, because of the probeble econonﬁcs
of reprocessing, represents an integration of hazard from long-lived fission
products produced by many reactors. Stored wastes by virtue of accumlation and
degree of dispersabllity mey represent the greatest potential long-term hazard to
the genera.l population.

Chemical Processes for Fission Product Remova.l and- Separa.tion -
of Fissionable and Fertile Material :

Pollowing & suita.ble cooling period, as determined for thermal fission: in
Figure i, &“ﬁ rea.c‘bor fuef a.nd bia.nkéfﬁ materiaJ.s gre ready .for chemical processing
to separate fissiona.b".Le and ‘f'ert;.le material from fission products and from each .

other. Two types of processes can be considered: (1) where fissionable and .

fertile meteria.ls are removed from fission products, and (2) where fission products
are removed from fissionable material. Various degrees of separation can be
considered for the long-term development. .However, to.allow for direct (or better,
gnshlelded) handling of fissionable and fertile materials, complete removel of
fission products is required. With the development of methods of remotely eccomplish-

¥Total cross section of 0.030b includes ca.p'tpre 1o form ~106 year alphe
emitting Bi-210m.
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ing all other phases of the recycle after chemical separation, partial decontamina-
tion as possible. As far as the reactor is concerned, only fission products of
high capture cross section need be removed. To recover new fissionable material
produced by neutron capture in blankets or fertile regions of a reactor, either
complete or partial decontamination may ultimately be used, . depending upon the
economics of the particular reactor cycle. |

VAll chemical pfocessesAdeveloped to the pilot plant stage #to date have been
aimed at complete decontaminafiono A1l are based upon:selecﬁive.ofganic:;olvent

extraction of uranium, plutonium, and thorium from aqueous nitrate systems RS

- te

(with the exception of the first process for separation of Pu, the bismuth phosphéféﬂf

3 . ) ' o
precipitation process). Figure No. 2 giver. the decontamination factors required:

—al

to return irradiated fissionable and fertile material to natural‘backgroﬁndo

The reproceséing of reactor fuel elements may »%z.accomplished by a ?ariety of -.
- RN - o

process techniques. A list of some of the better known-possibilities fdilo#s: Ry

A. Precipitation : S AN a

3 e :
Bismuth phosphate for the recovery of Pu from uranium ana~s:zion
products. Precipitated fission product sulphates from aqueous_homogeneoﬁs{ )
reactors. - o o _ Lo

t

B. Sblvent Extraction

Add the followipg»possible reagenps‘és e#tractants:

a. T;iglycpl Dichlpridé.($rigly) |

b. Dibutyl Carbitol (Butex)

c. Ethers, such diethyl:fdibutyl; diisoprophyl, and cellosolve
The solvent extraction processes have been described in numerous papers.(39)
Since the basic principles of the separatioﬁs by solvent extraction are so
well reported arnd since the.technique is well established, we will not
describe any of the processes. We are primarily interestsd in the chemical
and radioactive nature of the wastes from these processes. Table No. 3

&
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Table P

Processes for Chemicel Separation of Fissionable and Fertile Materials

Organic

Irradiated

Aqueous Sa.lting
Process Solvent Solvent Metal Feed Agent
For Separation and Deecontamination of U and Pu
Redox Haxone HNO Natural U, A1(NO.)
A 3 Al can S 373
Metal Recovery 12,5% TBP E]‘IO3 Caustic precipie HNO3
: in hydrocerbon tated U, fission ‘
o ' T products
Purex 30% TBP in” HNO, " Natural U,. © - HNO, J
hydrocarbon = ' Al can =
TTA chelation 0.25. M TTA’ HNO, Natural U, A (No).
in hexone Al can : 3 3‘:
For Separation and Deconta.mina.tioﬁ- of Enriched U and Al " ‘
25 Hexone HNOS, U-Al alloy Al(NO3)3
Hg(NO3)2
catalyst
25, TBP 54 TBP in HNO, U=Al alloy 'rin”o%- 3
' hydrocarbon s : i AGe 4
) NO_).. 0. 9):
S He(Nog); (NG3)3
catalyst oo
For Separation of U233, Pa, end Th
Interim-23, hexone Hexone: : . H}‘{OE’, F Th, Al can Al(NO:S) 37
catalyst m‘IO3
Interim-23, TBP 1.5% TBPbin HNO, F Th, Al can AL(RO,),
carbon. ++
hydrocar + Hg , HNO,
, catalyst . .
Thorex 4245% TBP in ENO, Th, Al can Al(No3)3,
hydrocarbon F o+ He' HNO3 ”

catalyst
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Volatilization of Chemical Compounds

givés a list of the solvent extraction processes, along with their -

‘main features.

For materials that are initially insoluble in nitric acid such as

stainless steel and zirconium, dissolution methods in other mineral acids

| have been developed. After dissolution, the stainless or zirconium fuels

can be converted ﬁo a nitrate aquoues system by the.sddi}ion of Al(N03)3

and HNO3 and solvent exgracted by a modified Purex process. Stainless

steel elements can be dissolved in concentfated-sulfuris.acid or aqua

Code.

regia; zirconium and zirconium-uranium alloy can be dissolved in concen-
trated hydrofluoricacid.

Gty

(Lo-L3) = L R b

a. Fluoride volatildty _ .fogﬂremoyal of UF6 as a gas. Wastes prob-

ably produced as a fused fluorlde salt waste.' Fluorlnatlna agents

could be F2, BrF3, ClF3

ful only for enriched uranium fuels.

5, and other 1nterhalogens. May be use~

be thoride_volatility? from which wastes would appesr inAfuseszglt
chlorides

Ion Exchange

a. Posslbly appllcable to separatlon of U and Pu or Th and U.

. . . N < —
. . . - - Fammnte D e oy Ty B T
Lome . e - g N B ® IR P S

) ) 233

UL N
R RS

Wastes from primary recovery of f13$1onab1e and fertlle materlsltn}ll

‘besmmllar to those produced from solvent extraction. Most useful for

recovery and final nurification of solvent extraction plant products;

Further development of dnorganic ion excnange materials and permeable

ion exchange membranes may increase the applicability of ion exchange.
b. Can be used to remove fission producis from process solutions or

wastes.

High Temperature Process for Partial Decontamination from Fission Products

(LL-L6)

a. Distillation of Pu and high cross-section fission products from
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b,

Co

e.

molten uranium. This type of process must be followed by shielded
transport, fabrlcation, reactor loading.

_ (L7)(L8) (L9) _ ,
Slagging of molten uranlum—pluton with uranium oxide
to remove hlgh cross-section flss1on products and voiatile components.
This,’too; mist be followed by remote metallurgy, fuel element hand-
ling and reactor loadingQ Fissioh'product wasteswviil‘appear in vapor
phase and in oxide slag.

(50)(51)

. ' L 2 . " 3 .
Molten salt or metal extraction(5 ) for high cross-section

'fissionApro&uct removal and possible'partial separatiou of uranium

and plutonium, The same general comments as for slagglng are appli—

cable. This type of process may be used for- primary Separatlon of fuel

(52) . -
and blanket of liquid metal fuel reactoro

' Fused salt electroly51s in whlch a oartlally decontamlnated product

w111 re sult.<53)

Modified de Boer process(Su) for uranium recoveryo

Most of the process in the above list, w1th the exception of solvent extraction

and bismth phosphate precipitation, are still in rather early stages of development,

Insufficient information has been developed én the nature of llquld or’ solld wastes

LI -

from these processes to prov1de a ba51s for dlscuss1on in thls paper although further

study w111 define their nature.

6L . P
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APPENDIX II¢

REACTOR EXCURSIONS

1.0 Borax Incidentbz) K S ey

RN

Those who had witnessed the Borax excursion (power reached 13-20 b'4 109 watts
in a reactor which normally operated in’ the l-lo MW range) vere asked to compare it
with the dynamite explosion.’ Shots of 1, 2, “3 and 4 sticks were made, "each stick
. being about 1/2 pound of uo% dynamite.” Opinions varied considerably “Thoge who ~

",.._"’-*-L»

had been inside the control trailer for both kinds of explosion had the opinion '
that the Borax excursion sounded like 2 sticks of dynamite but not as sharp as the

h ) L

dynamite. Most of the observers who bad been in the open thought that about 3, but
‘not more ‘than L, sticks was a proper comparison, but they felt “that’ the Borax ex- N

e B
- s-s.‘*:.-‘ - -\.ai».:o.... u‘.v.h Lty

cursion was a sharper explosion."“ ,
The damage done to the equipment perhaps gives a more quantitative idea of

aype o :’A‘,Wi. '.,j-‘r‘- N
the exPlOSive eff ect. The breaking of the reactor tank vas the most strikin&mm-

A
ot WeldW

festation of explosive force.

The fact that ‘the’ reactor tank failed was not surprising, Since it S con;;':u'
Jt 3@."\ W n ¥ * .
structed “of l/2-inch carbon steel for a design pressure “of 125 psi T1g was not )

LR A A S .{E

ne N S
KB

expected to withstand pressures greatly in excess of l 000 psi ,'JZhe manne'r :Ln '
which it fra@nented without regard for flanges or other reinforcements, was, how-

R - i b Lk, S Lo

ever, striking, = : '

A i

It was estimated by emmining the lines of parting, _that the breaking Vprocess ‘

e

""high level for at least that length of £ e
praenoane MWD dmbes o

Calcu.lations indicated that explosive charges in the range 6 to 17 pounds of

"""""""" o EA Rl s 0N

TNT would produc“e comparable damge to the reactor and shield tanks The equ.iva-

. ....,...—, Ly

fore been maintained atﬂ_

lent energv-wise, of the 135 Mw-sec of nuclear energv released :Ln the excursionﬁ o
is about 76 pounds of 'JINI: e o e ,ﬁj T’, .
' During ew immediately following the excursion an instantaneous dosage Tate in
excess of l1-00 mr/hr was indicated on survey meters at the distance o\flzapproximately
1/2 mile from the reactor. Within approximately 30 seconds the rate had decreased ‘
to 25 mr/hr and .continued to decrease rapidly. Within less than 5 minutes the read-
ings had decreased to less than 1.0 mr/hr. ~

These intensities, which were undoubtedly from pure gamma radiation, seem

consistent with the enerfgyrelease of the excursion. At the time of the excursion

~215-



the air temperature was 53.8°F, and the barometric pressure was 25.285 inches,
Taking an effective air attenuation length of 270 meters for delayed fission-product
gammas under these conditions, one estimates that, if no other shielding than air
were present around the total mess of fission products from an excursion of 135 m&-
sec, the radiation intensity at 1/2 mile would be about 110 mr/hr after 30 seconds.
Actually, something like half “the fuel remined in the shield tank and pump pit.
Of the remainder, it seems reasonable to assume that its radiation might be attenu-
‘ated by a factor of 2 or 5 by local obstructions., : . :

Beta-gamma film packets located at 1500 feet from the reactor roughly down— -
wind but outside the path of fall-out, recorded _exposures of 50 nn'/hr Th.ese ex- 4
posures were probably primarily from gammas originating in the material which steyed
in the reactor vicinity. The total integrated exposure from complete gamma decay
of all fission products of a 155 Mw-sec excursion would be about ll+0 mr if only
air shielding were present A o e

The air-dispersed material from the reactor was blown in a directio;; about
35 degrees west of south Mobile monitoring teams crossing the t'r:a.jectory of the «
material at 8: 35 AM. (15 minutes after excursion) at a distance of about 0 8 ‘mi
from the reactor, recorded a mximmn reading ef 5 mr/hr with open-window survey

R

meter, 3 feet above ground A similar reading at 8: 45 A.M., about 2 5 miles from

LB
the reactor, gave 2.0 mr/hr ‘l‘he maximmn readings at these same distances, at ‘ j“;"
9:15 -~ 9:20 A.M,, after {he air-borne material had definitely passed onr’ Vere A

6 mr/hr, with open-window meter 1 inch above ground. By 10:30 the following

~

RN -

morning these intensities had decayed at 0. 05 mr/hr The intensities ﬁm—é in-
tained at roughly the maximum vle‘vel over a path width of about 500 feet 'an_d fe11

..r":"" EL TR T

to about l/lO the maximum along the edges of a path about 1500 feet vide. s

For comparison with the foregoing observations 7 an estimate has been made of A
the total activity of the fuel “left in the' immediate vicinity of the reactor by H
extrapolation of later surveys in. the reactor area, This estimate indicates thath *j
the fuel, if spread uniformly over an area of 5 b4 lO8 square feet, wou_ld give a "
reading of 6 mr/hr on an open-window meter 1 inch above ground l hour after the
excursion,

The integ'ated radiation intensities of fuel in the various locations on this .

date are given in the Table below°




- - EW“""”--‘

_| ..u 3 (.,v
' . Area Integral of Intensity

Description of Fragments . on 8/19/54, (cxf ) (x) /hr
General distribution of fragments . e
outside fence (Figure 38) : 24 x 10
General distribution of fragments ) 4
inside fence ' 38 x 10
Fragments rema:Ln:Lng in shield tank . ' 4 x 10l+
Fragments remaining in pump pit @ o 33 x 10"
Large pieces of fuel element . 10 x 10"
Fragments mixed with other miscel=~ L
laneous debris 4y x 10" -

' TOTAL 13 x 10

2.0 Farly Obsert;ntions and Dedﬁotions of ‘1952 NRX Incidentv(ﬁ) o SRR

The activity discharged by the air through the stack behaved like fission’ o
products from a very short irradiation and is attributed to the excape of volatile
and gaseous fission products from the uranium with ruptured sheathing togethesr witb.
most of the fissiocn products from the melting, fracture, ‘and rapid oxidation of 'thQ
uranium of the air-cooled rod of previously unirradiated uranium. '

The best estimate which it has been possible to make is that. the 'botal fissions
involved would be 1018, and, assuming the power surge was 4000 megawatt-sec s :Lf a:l_l
the activity were supposed to come from the air-cooled rod it ‘would requd.re the _
excape of the products from" ,O kg of natural uranium at the center of the rod Much
less than this is likely to have been involved because there would have been a con- B
siderable excape cf volatile and gaseous fission products from other ruptures. 7 ' k

The estimate is that of Drs. W. G. Cross and S, A, Kushnerims based on the ox-
posure of 350 mr on a film worn by an electrician up a pole adJacent to the reactor
stack at the time. | ' "

It was not considered safe to stop’tho flow of water 'bo thexbasement since the
condition of the uranium was not known. It was feared that, since some of the metal
had been so highly irradiated (about 3000 Mwd/ton), it would heat itself up, oxidize
rapidly, and might even catch fire if not cooled. 'J.'ﬁe'flow of water was cut back
as low as considered sufficient to reach all the uranium, This flow was about 70
_ gal/min. It was not discharged to the. river but was pumped from the basement to a
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storage‘ tank. The total water collected amounted to about k,000,000 gal and
contained about 10,000 curies of long-lived fission products. This water was
successfully disposed of by pumping it through a 1 1/4-mile pipeline to a trench
system in a disposal ground where it was allowed to seep away. A check was kept

on activity in water draining from this area, but no detectable activity was found
even in the creek draining the area to a small lake,

3,0 EBR Incident ")

On November 29, 1955, at AEC's reactor testing station near Arco, Idsho, the *
world's first fast breeder reactor, EBR-I, was undergoing the last series of experi-
ments scheduled at that time. ObJect of these difficult tests was to measure trans-
ient tem?erature .coefficients, by measureing changes in reactivity of the reactor as
the temperature of the fuel elements was increased. The reactor was placed on &
short positive period and the fuel temperature permitted to rise to 500-600°C.  To..
obitain the temperature coefficient of the fuel only, the liguid NaK coolant flow -
had to be shut off - so that the machine was actually operating not as a reactor at
ell but rather as a critical assembly. (The core pot was filled with NaK, but it

was static.) On the last test in the series of deliberate power surges, the scientist

in charge, watching special fast-acting neutron and tempe.rature recorders and re-
alizing a runaway was imminent, gave verbal instr’uctions to the operating technician
for immediate skastdown, | The technicien misunderstood end pressed the button acti-.
vating the normal motor-d.riven shn:b-off rods, The scientist reacned over and pushed
the scram button, The interval a delay of at most two seconds, vaes e:nough to - |
permit power to overshoot to a 1evel where the fuel rods melted down, some uranium :
alloying with core steel.

One possibly encouragi:‘:g thing that remains to be verified has to do with the
whitish encrustation on the reflector eleme.nts and on the surface of the melted
mass, This is due to oxides of sodium and potassium from the NaK coolant. The
core underwent a significant decrease in de.nsity'due to boiling and volntilizatign
of the NaK, and thereby became less reactive, from the nuclear point of view. ' It
bas yet to be established whether this took place an instant before or an instant
efter the meltdown If the former, it would mean this phenomenon was operating as
an added safety factora
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APPENDIX III

CRITICALITY HAZARD IN REPROCESSING OF NUCLEAR FUELS
by

J. W. Ullmann
Chemical Technology Division
Oek Ridge National Laboratory

INTRODUCTION
Origin of the Problem " . )
Fissionable materials ure.nium-233, uranium-235 or plutonium-239, may have "

to be recovered from bred or partially spent fuels to permit economic operation

of nuclear reactors. The recovery process consists of chemical or. metallurgical
separation of the fissioneble materiel from undesire.ble contaminants snd any
chemical, metallurgical and mechanical steps necessa.ry to restore the fuel to :Lts :
originel form. Precautions mst be taken in the design and opera.tlon of.. reprocess-
ing plents against the crea.tion of a critical assemble. S L
Definitions - e ; R
. - An assembly is sa.1d to be critical if ‘the number of neutrons produced in each

generation by fission equals the total number of neutrons ebsorbed and lost’ by
leakage. ' Such & system if self-sustaining and cen be operated at various power
levels. If fewer neutrons are produced by fission than are absorbed and lost,
the system is designeted subcritical; if -more neutrons are produced‘tha:d absorbed_
and lost, the system is-supercritical. ' ' : = o

If a source of neutrons is-directed at a subcritica.l a.ssembly the stea.dy state
neutron flux will exceed that due ‘to the source alome. The closer an’ assembly is to
criticality the greater will be this flux multiplication. Criticality ‘measurements
dan therefore be made by extrapolation of da.ta. from subcritica.l systems to zero
reciprocal multiplica.tion.( ) ' R A

When a system atteins critica.lity without requiring the delayed neutrons _
which are produced by post-fission decay it is said to be pro@ critica.l. If the :
deleyed neutrons are needed to reach criticality the system is called delayed critical.
System Parameters . S . '

The factors affecting the criticality of a system are:
(1) The mass of fissionable material which determined the potential mumber of

fissions.

-219-



(2) The sbecific fissionable isotope which determines the number of neutrons

produced perwfission and the ratio of fission to non-fission absorptionms.
(3) The degree of moderation since the probability of effecting fission depends
on neutron velocity. The probability is greater for slow neutrons than
fast neutrons. : ' X
(b) The size and shape of the system which determine the extent of neutron
leakage,
(5) The degree of poisoning since neutron absorption by non-fissionable poison

atoms competes with the fisslon reaction. - ;753
(6) The degree of homogeneity of the system since the presence of voids will '

increase the mass required for criticality. , LR
(7) The degree of reflection since reflection of neutrons back into the. system'luu.‘

reduced the effect of leakage, : : L Ui
(8) The presence of fertile material which can fission with fast neutrons.1; i:ﬂ5

(9) The size, shape and spacing of lattice elements in a heterogeneous syﬁtem
will influence leakage and the degree of Iinteraction between elements. :: e

The types of systems which can be encountered in a processing plant are: Q%}atl
(1) Slow neutron systems which result from the fissionable materials in wateruﬁnﬁ
or orgenic solvents. o Co
(2) Fast neutron systems which result from the fissionable material handled .
as oxide or metal. _ _ o . S e
(3) Intermediate systems which may result from aqueous slurries or hydrated';v__;
solid salts of fissionsble material. . - . AP I
Since the slow neutron system 1ead§ to the sméliest,critical mass,]it.is 
potentially the most deangerous, the most of the following remarks concern solutions
of fissionsble material in s moderating solvent; Y R
METHODS OF CONTROL e
Mass Limitation .
Criticality may be avoided if the minimim mass of fissionable material capable

of sustaining a chain reaction is never assembled in any single location, provided
care is taeken tc prevent interaction with surrounding materials. Teble No. 1l gives
published safe upper mass 1limits for reflected and unreflected solutions with
optimum geometry and moderation and no poison present. S
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TABLE 1

EXTIMATED MINIMUM CRITICAL MASSES (GRAMS)

Unreflected ~ *1150%7) N *éi§bT2> N '12&4(3).;
Water reflected . A 588(h)- ‘ eoo(“) . .510(“) .

*Lowest reported mass, not necessarily minimum

, Criticality control by maﬁs limitation requires strict accounting by analysis
and material balance to determine at all times the quantity of fissionsble material
present in a piece of equipment or in storage. Mass limitation inherently requires
batch operation with holdup of batches for analysis e fore each step. It 18"

' therefore usually more costly than control methods amensble to, continuous process-
ing and is certain only to  the extent permitted by the EVailable techniques of
analysis end mensuration. T
Geometry Control

A sufficiently high rate of neutron leakage from a system” ‘averts criticality.
Table No, 2 shows the minimum demensions of spheres, infinitely- long cylinders and
infinite.’ area slahs required to sustain criticality of solutions. Coew

e

b ole

TABLE 2

ESTIMATED MINIMUM CRITICAL DIMENSIONS (CENTIMETERS)
RN ‘ R M - e

e e n*U233 P35

- p239
Bare Sphere, Diameter . . ... . - _ 33.8(3)
Water-reflectéd Sphere, Diameter = 18.1(*) 23.0(%) - 7 T20.5(3)
Bare Infinite:Cylinder, Diemeter - - . '16.0(3)
Water-reflected Infinite Cylinder - - 11.203)
Diameter »
Bare Infinite Slab Thickness 7*';.— - S 17.6(3)
Weter-reflected Infinite Slab oo - | 4.0(3)
Thickness , ,
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It should Bé".notéd that the mass contained in a geometry controlled system
can exceed the w critical mass of Teble No. 1 without achievement of
criticality and. 'M the minimum masses and minimum volumes occur at different
concentrations of fisionable material.

Geometry control is adapta.ble to safe continuous opemtion, but as can be seen,
the equipment size is necessarily small and parallel lines may be required. Adequate
spacing of individually safe units must be allowed to prevent cr‘ltica.lity of an
assembly of units by interaction, '

Concentration Control

Change in concentration of a fissionable material in a water or hydrocarbon
solvent will alter the atomic ratic""))f bydrogen to fissionable isotope. Both the
degree of moderation and the degree of posioning are affected by this ratio, - The:
combined effect is illustrated in Figure 1. At low hydrogen cogcent:aiibns per .
fissionable atom, the critical mass is large since there is only a small a;_lAnoun_t:_qf

moderation. As the hydrogen concentration increases, the mass -de.crea.s_'es‘ toa

minimm. With further increase in hydrogen concentration, poisoning increases the
critical mass until a region of infinite criticel mass is reached.” This- is tlvle‘_., .
limit for concentration control. Any solutions more dilute in fissionable’ i—soi;gl';é
then corresponding. to this hydrogen to f£issionable isotope mtiqm: safe. ...~

R

Table No, 3 1lists the maximum safe concentrations for aqueous sélution's_ in_

optimum geometry.

TABLE 3 o

ESTIMATED MINIMUM CRITICAL AQUEQUS CONCENTRATIONS(s_) .

PP e et . L N . s e A r—————————

H/Fissionsble Isotope Grams/Liter R
B 2330 0.9 .
Rt 2220 11.6
P39 ‘ 3600 . 7.3
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Fig.1. Effect of Moderation on Critical Mass of Water Reflected
Aqueous Solutions in Spherical Vessels. (Data of McKay and Nicholls).



of zero, essentially only fast fission cen. occur. Table Nog 4 gives values
obtained with spherical assemblies of 50 to 90% U235 metal keflected with metallic i

T e T e

In

the absence of any moderation, at a hydrogen to fissionable atom ratio

natural uranium at various effective densities produced by vbids.

I.
! . TABLE b
;’ CRITICAT, MASS UP3° Mprar sprEres ®)
/
!
.Core Density (Grams/cm3) : Critical Mass (Kg U235)
r‘f : :
~90% U737 18.7 16
~90% U235 13.1 .25
I ~o0% 0P 9.3 o3
1 ~65% U235 ' 18.7 ' ' 21
S ~50% 23 18.7 e

al to U235 enrichment to the -0,7 power and to core demsity to the -1.2 powver. o
The effect of slight'hydrogen moderation is illustrated by the.critical mass

The date of the above table are correlated by assuming critical mass propostion-

of a highly enriched uranijum hydride assembly reflected by natural.u:aniﬁm. The

average empirical formula for the hydride was UHé 97 1 ll O 25 and’ the critical.’ =

mess was 12,1 Kg U235 (6)
Concentration control is effective in processing dilute aqueous solutions 1f

there is assurance that the fissionsable isotope concentration will not. exceed the
values of Table No. 3,'ahd precipitation will not occur. 'Inst:uments ere therefore .

used to monitor stream concentrations and flows;¢end“alerms are set to sound in ad-
vance of a critical conditionm. A

In

the handling of metallic fissionable material, ‘concentration control permits

the assembly of masses far in excess of the minimum of Teble No. 1. The 3ipacing of
metal pieces, possibility of water being present and similar factors require detailed
study of each individual situation to determine the most desirable method of safe

handling. , 3 ' . : .

‘i
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Combined Mass, Geometry and Concentration Control

_ The meximum safe values of mess, size end concentration of Tables Nos. 1, 2,
and 3 are each tabulated separately for optimum velues of the other two parameters.
It is possible to relax two of the three restrictions if the third 18 well on the
safe side of the optimum velue., For example, the diameter of a cylinder may be
increased bveyond the limit of Table No., 2 if the concentration can be guaranteed’
to be at all times different from that corresponding to optimum moderation. It is
also possible to exceed the limits of Teble No. 2 if the units are ,.in a criticality
sense, far short of infinite cylinders or sla.bs. The basis for such relaxations
from the limiting values is illustrated by Figu.re 2, a plot of critica.l cylinder
heights as a function of diameter for two bydrogen to 0235 atom re.tios.
Poison Control ' v

If 1t is oompatib'le with the process, a poison can be delibera;telyintroduced
into the equipment or, process streams to prevent -criticality. Ca.dmium foil
surrounding a vessel can essentially negate the ‘gffect, of a water reflector, and
the insertion of poison rods into the interor cof vessels has been jl:roposed ;-~The
latter method requires certainty that the poison is always present in the proper
geometry, o

The poison effect of the nitrate ion and the presence of the; 211-0 isotope of
plutonium is 1llustrated by the estimate of 510 grams of Pu 239 as the minimum
critical mass compared to 690 grams found by experiments with Pu(ND3)h.(y)
Fission products present in irradiasted fuel add poison to the system to an extent -
dependent on the irradiation history of the materiel. Fertile isotopes also exert
a poisoning effect. For example, the minimum critica.l mass of k.9 per. cent
enriched U 235 is reported as somewhat less tha.n 2 kilograms’ conpa.red to 0.8

3,8_ poisonipg y there

kologrem for ~90 per cent enrichment. (k ) Because of U
exists a minimm U 235 enrichment below which uranium cannot be made critical with
light water moderation. ” i .

Ty
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Fig.2. Critical Dimensions of Water Reflected Cylinders Confaining Agueous
U235 Solutions. (Data of Callihan, Morfitt and Thomas).
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SAFETY PHILOSOPHY

The aim of criticality control in processing is to prevent a nuclear
incident from occurring. Since it is almost impossi'ble , and certainly uneconomical,
to design against all possible operational errors or'sabotage, the conseguences of
an accident are of interest. ‘ ' '

In a process plant it is most unlikely that fissionable material cen be
assembled fast enough to cause a miclear detonation. Since nuclear explosion
requires assembly in less then a minisecond a solution brought to supercriticality '
by precipitation or overfilling will probably disperse itself by boiling (3)-

The consequences of such an incident would, however, lead to serious ra.diation and
toxic hazards and damage to the equipment. =

The present practice is to design for routine safe operation with substantial
safety factors, to check the mode of operation with expert 0pinion or experiment,
to monitor the plant to prevent a.ccmxmlat:tm by leakasge or deposition, and to -
provide instrumental interlocks and alarms such that at least two independ.ent
mistakes are necessary to create & dangerous situation.

-227-



(2)
(3)
(%)

(5)
(6)

. REFERENCES .

Horton, C. C., and McCullen, J., K., Paper P-428, International Conference

on the Peaceful Uses of Atomic Fnergy, Geneva, Switzerland (1955).

Thomas, J. T., Fox, J. K., and Callihan, o Nuclear Science and Engineering
1: 20 (1956).

McKay, "E. A. C., and Nicholls, C. M., Paper P- L5k International Conference
on the Peaceful Uses of Atomic Energy, Geneva, Switzeralnd (1955). L
Callihen, A. D., Morfitt, J. W., and Thomas, J. T., Paper P-834, International
Conference on the Peaceful Uses of Atomic Energy, Geneva, Switzerland (1955)
Thomas, J. T., ORNL Internal Memo CF 55-11-10k (1955).

White, R. H., NMuclear Science and Engineering, 1l: 53 (1956)..

_ -228-

Ny




®

-







