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1.0 Introduction .

The new and as yet unsolved problems:introduced by the production of large
quantities of fission products'and fadioactive isotopes from fission -or neutron
capture present mankind a moétﬂcomplex technical, gconomic,'and pciiiiticql_problem°
‘ On one hand, the pbssibility of using the fission process to produce energy fromA
an unexploited and abundant ﬁatural source is emerging from large programs of
research and development. We are also beginning'to see the promise of use of
particulate and electrémagngtic radiation for the gbod of man. On the other ﬁand,
we are presented with the problem of controlling the dangerous products of fission
for périods of time measured in terms of many hundreds of years, periods longer
than £he effective tenure of any poliﬁical state in history. We must not only '
devise ways of protécting ourselves in the present and for bur lifefime but, in
additi;n, we muéf establish the basic technical, soéial, and administrative
control of vast quantities pf artificial radiocactivity that must remain effective
for at least ten to:twenty lifetimes.

This status report on radioactive wastes has been piepared as a logical -and
neceésary part of the Study of the Biological Effects of Atomié Radiation,'spon-
sore&Aby 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 ecolqgical cycle comés
from both natural and Tmanufactured”'sources. The naturaitgources—-cosmic rays
and naturally occurring radicactive elements--have been with us for periods of
time sufficient to have their effects integrated into the ecological and genetic
equilibrium of mankind. fhe new source of‘radioactivity,‘the fission process,
promises“to produce sufficiently largé quantities of radioactivity to effect
drasticglly this equilibri&m. Many segments .of our scientific, industrial, and
governmental gstablishmenfs must partiéipate in the definition and solution of.
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-the radioactive'waste disposal problem

| The projected large-scale production of long -lived radioactive 1sotopes by

" an atomic power‘industry coupled w1th-the diverse routes by which these elemen-
tary andihighly toxic~substances“may“traverse the whole of our physical, chemical,
and biological enviromment presents us with an entirely nev kind of'problem in
industrial pollution The studies aimed at defining a means of managing. this

. unparalleled problem must first extend deep into the basic 1ife processes them—
‘selves. The need for measurement and knowledge of rates of spread in nature of
tnese substances as waste products extends the problem of interest into the
provinces of the physical sciences which deal with our environment.n The interest
and respons1b11ity of industrial groups as operators of nuclear reactors and
chemical plants is obvious The necessity for penetrating and careful study’ of"
Vrisks involved in atomic energy ventures by insurance and finance groups is
equally a part of the whole. A regulatory function over radioactive wastes must
be prov1ded by agencies of guaranteed long tenure and by groups who clearly protect

the welfare and physical well-being of all, ‘who have foresight and wisdom to

perpetuate this protection County, state, national, and international regulation

is implied
In the atomic.energy industry any.waste containing levels of-activity in

excess of safe limits for human exposure is potentially hazardous_throughout the
period of its radioactivity. Ultimately, suchfwastes when released reach man or
_nis environment through one channel or ancther. The integrated total of many
small facets of release, each possibly of little consequence by itself, may be
highly significant; The public interest requires tbat responsibility be placed
for recording and 1ntegrating the cumulative effects .of these sources of radia-
tion. This is a Joint responsibility of the industry and of public regulatory

officials
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The United States Atomic Energy Act, of l95h places responsibllity for dis-"
posal of radioactive wastes on the Atomic Energy Commiss1on .Wisely, the .
Commission is seeking to carry this responsibllity on'a cooperatiVe basis with
established regulatory agencies in the varicus‘States and territoriés. It is
known that many'Of these'agenCies feel strongly that they should exercise centrol :
in'matters of public health andvsafety over 1ndustries nsiné atomic energy as
theyldo with other dndnstries.'Aindeed, under existing laws unless they do so
they may be charged with defanlt in meeting their‘legal responsibilities.. On'
the other hand, in Great Britain under the Radioactive Substances Act of 1948
the various ministries of Health concerned are charged with responsibility

"to secnre that any radioactive waste products‘resulting from
such manufacture, produc¢tion, treatment, storage or use as

aforesald are disposed of safely."

There is need of study as to how and by whom this respon51bility could best be

. administered in the U..S. as the industry expands.

Because of the prcgressive changes in the technelogy of the industry based

on research and experience there will be corresponding changes in process1ng and

products and in use of nuclear energy . Progress in this direction will be re-

flected in the kinds and characterlstics of wastes and in methods of treatment
and disposal. 3Because of nuclear energy industry is unique and in such an early
state of‘developmentAits ultimate potentialities cannot ncw be measured; The
dynamics of its development'will, therefore, need more thanAnormal scrutiny from
the standpoint of dts'impact on man and his environment. |

Solutions to the‘problem of radiocactive waste control and disposal cannot
be proposed at present because of lack of fundamental data. We are, therefore,
presenting what information is possible on the mbre technical aspects of the

problem. We have accomplished‘little more then the preparation‘of a summary of
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what has been said about the physical nature of radioactive wastes, their produce
. tion and decay, and their equilibrium concentration in‘a nuclear power economy
We provide information on wastes currently produced by Atomic Energy Commission :
Operations, predict the nature of wastes resulting from new processes that will
ybe required for economical power production, discuss relative biological hazards
of fission products and transplutonic elements, discuss various processes proposed ' -
for isolating certain fiSSion products, and review current work on processes for
gross wastes that may precede ultimate regulated disposal As background ‘informa.-
tion we have included in appendixes summary information on the nature of reactors
and chemical processes, Discussion of certain aspects of the. economics of. waste
disposal is included.
We must consider this report to have the follow1ng purposes. ‘ '
_ l; To provide a summary of present technical knowledge and data on problems
of radioactive waste disposal |
2. To prov1de calculations of a general nature that will assist in defining :
‘a reference plant upon which to Judge the over-all significance of the
waste disposal problem and to measure the merits ‘of suggested solutions
o 3." To estimate the magnitude of the waste problem for the next forty years,
.‘based upon predictions of nuclear energy growth | a
L. ’Tb discuss the few possibilities for permanent waste disposal
TS,,_ To suggest areas of development and research
'6.-~'To indicate those segments of our technology,”buSiness, and governmental
| 4'structure that will be~affected by production control and disposal of

»radioactive materials . —_— ' ..

The report has been written for scientists and technologists who possess or’

will obtain background(information on atomic energy, we have assumed'familiarity :

e



with nomenclature, calculations, and materials involved in.atomié.energy work.

1.

e

However, since understanding of basic units used in the discussion of radioactivity
will be required throughout this feport, we include the following definitions:

Curié (c): The amount of radioactive.material which disintegrates at

the réte of 37_billion étoms per seéond (3.7 X lOlO disintegfations

226

seem to

(8)

per second). Latest measurements of the half-life of Ra
indicate fhat a gram of Ra226 is slightly less than one curie.
Miilicurie (mc): The amount of raaibactive'material which disintegrates
at the rate of 37 miilion atoms per second (3.7 x lO7 disintegrations
per second);(9)

Roentgeh (r): . The Quantity of x- or gamma radiati§n such that the -
associated corpuscular emission per 0.001293 gm of air (equal to 1 cc
of air et 0°C and'760 mm Hg)‘produces, in air, ions carrying 1 esu of

(9)

quantity of‘electricity of either sign.

Roentgen equivalent physical (rep):.The amount of ionizing radiation
of any type that.loses energy at the point in question in soft tissue
to the‘extent of 93 ergs per gram. It is approximately equal to a

(8)

roentgén of about 200 kv X-radiation in soft tissue. This unit
has been replaced by the rad.

Roentgen equivalent man (rem): The amount of ioniZing‘radiation'of

any type that produces the same daﬁége to man as one roentgen of about

200 kv x-radiation. 1 rem = 1 rad in tissue times RBE.

Millirem (mrem): (a) 1 milliroentgen, in the case.qf x-radiation of

gamma. rédiation; (b) 1 millirad (0.1 ergs per gram) in the case of beta

radiation; (c) one tenth millirad for protons of energy below 10 Mev.

One twentieth millirad.for alpha rays and heavy rééoil~particles;

*
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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 damagel(e.g., lenkemia, enemia, sterility?'carcinogenesis,
cataracts, shortening of life span, etc. ) relative to damage produced
by X=or gamma radiation ofrabont 200 kv. It is given frequently as an
average value in the common energy range of a particular type of 1on.( )
8. Rad means an ioniz1ng radiation unit corresponding to a loss of energy
).(8)

in any medium‘of lOO"ergs,per gram. (1 rad in'tissue = 100/93 rep

Definition of Problems in Radioactive Waste Disposal

In this introductory section it seems appropriate to attempt to define the
objectives of radioactive waste management and disposal. We chose as definition
that the objective of managed disposal or containment of radioactive wastes is
to prevent serious biological damage to man, or to the complex ecological,‘bio—
logical, and genetic equilibrium in‘which man exists with his environment; this
to hold for Zhe present and for .as .long as:a’ radioact1v1ty hazard ex1sts from the
waste materials. This definition, when considered in parts, points to certain
important aspects of the waste disposaliproblem;__First,‘for proper perspective
of the waste problem, it must be realited that radioactivity release or release
potential comes not only from the waste fission products, but from many other

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

1. Radiation which exists in the environment. This w1ll consist of that

which occurs naturally (cosmic rays, naturally radioactive elements) and

thatvwhich has been and will be ‘released in an uncontrolled manner so that
it acts subsequent to release as part of the natural env1ronmental radio-

active potential.

- a. Natural radiation.

Cosmic rays - 0.6 mrad/week

-6- - _ . {
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Naturai radioactivity '~ 1.-'2 mrad/veek . -

Kho in the body ’ 40.3.mrad/week |

| Total B 2 -3 mradfweek

(Natural -tritiu.m,' cll*, anci'Ba, etc., in the taod.y 2dd insignifi-
cant contributions)-_ - | o
This is the radiation which results from naturallcausest(cosmic
rays; naturally occurring radlum, etc ) not under our control
Each person in: the U S. recelves on ‘the average a total accumu--
lated dose of about h 3 roentgens “to ‘the gonads over a 30—year.
period. At hlgh ‘altitudes thls dose is greater, because of the
increase of cosmic rays. Thus, th1s background is as high as
5.5 r in some places in the United States.(A)

Estimate of radioactivity released to the environment

rp ey oy e .
”Maﬁj‘éourceg”havé'contribﬁtEd, and probably will continue to

contribute, to'release of‘radioactivity to the environment.
(1) Atomic Energy Commission production ana research oper#-
ations and‘counterpartsnin other countries.
(2) Reactor accidents.
(3) Release of experimental radioisotopes

(&) Nuclear weapons fall-out. In partlal evaluatlnn of this

contribution, we quote from the NAS Summary Reports'(lo)

-"With certain understandlngs[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 a
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 malntained at the

_7- . . .
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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 unifprm. 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
—roughly proportional to the number of equal sized weapons
exploded in air, so that & doubling of the test rate might
be expected to double the fall-out." '

(5) Operation pf_powér reactors. As yet the genefal éopulation
has not received_radiation from atomic power plants or from
the disposa; of radioactivé wastes. These'are future sources
of radiation that_might become dapgerous. |
2. Intentional and controlled low-level radiatipn exposure of limited numbers
of people for medital diagnosis and treatment, for occupational purposes (reactor
© and cﬁemical plant oﬁerators; nuclear-powered vehicle crewg, waste ai5posal

‘crews). | B o - | .
(000 |

' According to present estimates, each percon in the Tnited 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. ‘

a. Medical and dental X-rays

b. Occupational exposures

It is our understanding that limits for occupational exposure may
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 40.
(About half of all U. S. children are born to parents under 30, nine-
tenths to parents under 40.)(10) ’

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

_ 1. The basic permissible absorbed dose rate will continue to be
0.3 rem in.a week for occupational exposuré. ‘In exceptional cases, this
weekly absorbed dose -may be incredsed by a factor that might be as large
" ‘as 10 provided the integrated absorbed dose during the 13 week period
. following the beginning of the higher rate is not greater than 3.0 rem.

-8~
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2. The absorbed dose to each occupationally exposed individual is
not to exceed 5 rem per year averaged over a lO-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 natural 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:

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 the accumu-
lated MPD = 5 (N - 18) rems where N is the age and greater than 18.

This applies to all crltlcal organs except the skin, for whlch the
value is double.

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 MPD, 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 0.3 rem per week maximum permissible exposure and annual
exposure limited to 3 rem. The experienced average annual 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 measurements
do not determine the actual dose at the gonads from internal depositions of
radlolsotopes, this range mlght inore properly increase to’3 to 5 rem.

Statistics on occupational exposure control at Hanford may be of
interest. In attempting to control average exposures to an annual 11m1t of
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%+#q 0.01% exceed 3r in any one year, about 0.1% will exceed

1r, and the annual average will be about O.lr.

Dr. K. Z. Morgan sumarized radiation exposure experience 1n hOOO employees
at ORNL as shown in Flgure 11.(7)



Compérétivé Summafy of Accumﬁlated Expdsuré oftQRNL‘Employees

toiIonizing Radiation-

ey SO
. 1.6 rem = Average accumulated occupational exposure -of all employees now
*(2.6 rem) at- ORNL . S :
49.1 rem = ‘Accumulated exposure of the single employee at ORNL who has
*(76.8 rem) = accumulated the highest recorded exposure T
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~rem/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. Co "

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 lO.rem/yr'to the skin for the entire period

as proposed by the ICRP. A
*Values given in parentheses indicate the dose to the skin. The othér values
are for the penetrating component of dose. & T




3- High-level radlatlon exposure to larée segments.of the world 5 population

'from 1ntent10nal or ac01dental release of activ1ty from f1s51on and fusion

weapons (used e1ther for test‘or warfare), statlonary or moblle power reactors,

radlochemlcal processing plants or flSSlon product processors, transportatron

of 1rrad1ated'fuel or concentrated fission product wastes, llquld waste tanks

that are part of the reproce551ng plant or from the ultlmate disposal of

wastes to the env1ronment |

.One of the most 51gnif1cant questlons.to be answered earlw in the consideration
of problems assoc1ated w1th radloactlve wastes is whether or not any of the-f1551on
products and transplutonics produced by thelgrowth of a nuclear power economy can
be by plan freely released to the env1ronment, in view of the radlatlon exposure
potentlal from all sources other than hlgh level wastes as compared to the pro-
posed max1mum perm1851ble dose for the general p0pulat10n. As a partlal answer
to thlS 1mportant question.we must conclude, in view of the recommended general
| populatlon radlation limits of 10 roentgens from conceptlon to age 30(3), that
hlgh-level wastes canriot be.released.dlrectly to the immediate environment in
whlch man exists. | " |

W1th th1s conclu31on the- deflnltlon of" what 1s safe for ultimate dlsposal
becomes dlfflcult, since we are presented with the paradox of hav1ng only our
env1ronment in whlch to dlspose of radicactive waste. The problem thus becomes
one of (l) deflnlng how muchlls safe in our 1mmed1ate env1ronment, allow1ng for
,pos51ble acc1dents, and (2) f1nding elther means of contalnment or remote natural

sites that w1ll retain radloactlve wastes untll the1r hazard no longer exists.

e 4 395 016



The Dual Nature of the Radloactlve Waste Problem

We must consider .the dlsposal of radloactlve.wastes.as two separate problems:

1) the problem of management and dlspersal of small quantlties of radloactlve

terlals that are greatly dlluted and poss1bly w1dely dlstrlbuted geographlcally,
2) the problem of almost perpetual contalnment of large quantltles of radloactlve
elements that have high blologlcal hazard and long rad1oact1ve half-llfe.

The first problem will involve the control of & large number of dlstrlbuted
small sources of radioact1v1ty, such as result from the use of radloisotopeslln
research ‘and medicine, the use of radlatlon sources, and the industrlal applica-
tion of radioactlve materials. Radloactlve 1sotopes wlll appear in hlghly d1-
luted form in gases, liquids and solids from radlochemlcal separatlons plants,
analytical laboratorles and reactor‘coollng 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 satlsfactory control will ex1st, however,
since the total quantity of radloactlvlty issued to thecee channelslcan heAmnnl-
tored. | | | ‘. -

The hiéh leyel wastes clearly present a problem of.containment. There is
a faint possibility that certaln radionuclides of low biological hazard and -
short half-life can be bled 1nto easily accessible natural d1sposa1 systems,
such as rivers, oceans and surface formatlons of the earth.

In the evaluation of the poss1bllit1es of routlne dlscharge to acces31ble
natural dlsposal systems, 1t w1ll always be necessary to consider the effects
of an accidental release of f13$1on products and heavy elements from the large
sources of radloact1v1ty actlvity circuit such as power reactors, coollng systens,
chemical processing plants and ultimate high-level disposal systems. A reserve

potential must be maintained in the environment, and of course in the total

-12-
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exposure of people who receive an accidental release of large radiation sources.
The possibility of military use of fission and fusion weapons is another factor
that may limit the quantities of activity that will: routinely be discharged to the

readily acces51ble environment

* The Problem of Iow-level Distributed Hazard

The presence of radioactive wastes in quantity w1ll 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 radioactive wastes. 'There'
are numerous wet-processing industries which-are likely to be‘deterimentally~ ‘
affected by radiocactivity, even in trace concentrations. Among this vulnerable’
group‘are those requiring water of the highest purity;'such as for the manufacture
of photographic film. ‘Other industries uhich should be alerted to'thelproblem '
are pharmaceuticalmmanufacturers and food processing‘companies.' It is not possihle,
at this time, to enumerate with assurance the industrial processes which can'be‘
completely eliminated as subjects of this potential‘hazardg' without the assemblyv
of extensive research and statistical data applicable to Specific operations.

" For example, withprespect to the photographic £ilm industry; studies must”include
the effect of radicactivity upon all'materials entering into the finished product

such as gelatine, sensitizing chemicals, paper for the mapping of films, et cetera.
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It will be necessary to ceta.iogue those industries which s.ppear to be most
vulnerable to the presence of ra.dioactiyity and to define the .'l,ewiel of activity
which-l'naylbe"tolereted. ' Inithe pr_eceding_ ps.ragg'aph, .there were mentioned indus- ,
tries which mi'ght be affected by tré.ce concentrations of rs.dj..oa'.ctivity. Other
industries may be safe with respect to these levels of radioa.ctivn.ty, but may
be serlously a.ffected by accidental release of waste in greater concentrationso
‘Such concentrations ma.y be brought about by inadequate d:.lution or by an acc idental |
discharge. -

There 1is the constant threat that low-level concentrations ‘of ra.dioa.ctivity
may be intermittent]y ra.ised beyond permissihle tolerances 'because of concentra«
tions of radioactive isotopes through the action of aquatic. plant life, Such
. growths a.re known to be -capable of accumilating ra.,d;toactivd.ty to a J:evel Aof
one thouse.nd times tha.t Aof-the,,river_ wvater, Simila.rconcentrs.tions ‘ca.n: be
affected by selective adsorption or absozption. , -.

It may be entirely impractieal for -the . insts.l.lation creating the waste to Q
remove completely all radiocactive mater:.al before d:.scha.rge from the site, A.'Ll A
that may be -reasonab]y-requi.red is to redute the wastes to levels assuring no
environmental exposure of s'igr;ificance, sssuming that si@i_.fica.nce J.evels ca.n“
be defined.. Indus'.tries' needs for water{and: sir of spe,cii"_;:l'ed (jjqus;lity can be met
only by a.nj.n.formed management who shonld be: made aware of the potential prohlems.
The pa'.rticular'.industries? needs can then be met 'by adequatev monitoring and
supplementary'treatment within the 'industry; ‘ - . ‘

Tt is quite possib].el(in fact, it seems proba'big) that there will be regu- |
lati@zt.;edntrolling redioectivity for different parts of the ‘country and world
which va.ry grea.t]gr, possibly as nm.ch as several orders of magnitude. It is:also
probs.ble that‘the regulations' rega.rding allowable dispersal quantities of ra.dio-
activity will-fchang'e from time to time, being dependent upon accumulations of |

actlvity in smsJ.J. geogra.phical areas a.nd exposure experience in limited popu~ -

[P S
o

Tation segments. . o
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Because of the long-term na.ture of the ha.za.rd of any dispersed activity, it

is obvious that’ city,. county, .state, and national frecords of all radioactive
materials réleased +to environment may become a p’é.rt of 6ur govémmental

control structure. Similarly, a record of individual radiation expoéures for

i all people from birth inay also necessarily become pa.rt‘of\' our governmental
and social structure. It is probable too that re_,spon's‘ib]ﬁ sw.tﬁmy:m.d. control

_egencies which measure radicactivity in the énvironmént routinely and by

regular general surveys will be req;uiréd..-

.. As a part of the problem of dontrol c}f .J.orw-'leirel exposures to radioac;tivity,

the development of instrumentation , sampling techniques, and measuring devices

' sensitive to the low levels of radioactivity that is of consequence is- re'q_uiredo

Tt is most desirsble that these dangers from ‘low-level'.radioa.ctivity be

‘publicized, after mature analysis, to assure .awareness.‘and control of the

. problem, So far as industry is concerned, adequate dissemination of essential

information can be .accompli'shed best through group associations for specific

- industriess These educatioria.l programs should be guided and directed by the

' a.ppropria:be govemmental agencye

The education of the genera.'l. public to living sai’ely with radiation wi]_l :
certainly be a much more difficult problem.
We shall proceed no further thean to point out the necessity for consider-

ing the pro‘biem of disposal of the distributed low-level wastes in this report,

but defer the. aha.'lysi;s o the problem for. later study. by county, state, and

federa.l regu.latory agencies. Most certainly, ca.reﬁll cohsideration of local

d.isposa.l factors and informed technical ana.lys:.s will be required.

- High- vel Wa.ste Disposal and Conta.inment

To prov:.de information on high-level wastes, we have prepared data based

,on uncerta.in predictions of the growth of our nuclear power economy, of the type -

4.1-15,.. Wi
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: of nuclear reactors 3 and pa.rticula.rly on the nature of chemica.'l. processes. that
d.ischarge radioactivity in great quantity. . The accuracy of many of the 4
: predictions a.nd extrapolations is" questzonable » but the over-a.ll waste pictu:ce
: obtained by 50 doi.ng has real value, | |
Ma.ny fa.ctors must be considered to fra.me properly the waste disposal
picture. In this report we will consider the following: "

(l) The Chemical, Physical‘a-nd"-iRadiochemica._l Nature ‘of'Nuclear'Wastes

(a) Influence of rea._ctor type .
(b.)_ Wastes from opera.ting reactors
(c) Influence of radiochemical processes .‘
() Chemical and phys1cal nature of highly active process wa.stes
| 1) For liquids
. 2)i For solids |
3) For gases |
f(é) ..Influence of spec1fic fission products and their decay half-lives
(£) Ra.diochemica.lnature
1) Heat production
2) Concentrations

-(2) Ma.gnitude of the Waste Problem ina- C-rowmg Nuclear Power Economy

(a) Rate of nuclear porwer growth.

(b) Estimation of the magnitude .of -the ra.ch.ochemical waste
" - production for growing nuclear: power ‘economy

l)' - Equilibrium quantity of each fission product
'+ 2) Estimated physical volume of ‘wastes

3) Calculated decay rates for mdividua.l fission products
: a.nd gross waste .

' _lp) Heat production by radicactive wastes
5) Estimated‘ production of tra.nsura.nics and transplutonics
6) Distribution of fission product and- tra.nsplutonic activ1ty

in-the power reactor complex
«16-
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Relative Biological Hazard of Fissioh Products and Heavy Elements

'Haﬂard Potentlal Due to Acc1dents

Processes Assoc1ated with Waste Dlsposal

(a) Spec1f1c flss1on product removal and concentration

(b) Processing of bulk wastes for disposal

. Transportation of Activé Wastes
'(a) Optimum cooling period determination before shipmept
(b) .Costs versus shipping distances

(c) Estimation of transport for irradiated fuel and for
high-level wastes :

P0551b111t1es for Ultimate Waste Management or Dlsposal

(a) Ocean
(v) Land
1) Salt-deposits
2) Dry caves and sealed faults
35 Surface pits - reteption in surface soils or solids burial
h) Deep wells
5) Tanks er lagoons

'(c) Space

(8) Economic Considerations and Data

(9) Absoluteé Hazard Potential ot Wastes

'(s) Source strength, fission pro&uct spectrum, and heavy element
- concentrations

K S (b) Chemical form of disposed wastes
(c) Acceéssibility of gross waste deposit

(d) The natural of the environment in which wastes are deposited

(e) Accessibility of radiocactive components

-17-



(f) Effect of -decay on hazard reduction
(g) Probability of exposure of humehs,or humen environment to waste
(n) Effect of radiation exposure on rec1p1ents

3.0 The Nature of High -level Radioactive Wastes as Deflned byABeactors-and ' é

Chemical Process Techniques

The definition of the phy51cal cheulcal and radiochemical nature of wastes
must start w1th a con51deration of the types of reactors.that maey be represented
in a nuclear power economy - Figure 1 graphically 51mp11fies the reactor picture.
A more thorough discus51on of reactor types and an exten51ve bibliography on

this subject appear in Appendix I.

3.1 Radioadétivity Release from Reactors
(1) In circulating fuel reactors, such as.the'aqueous homogeneous reactor
(Appendix I, page 10) the 1ligquid metal fuel reactor (Appendix l,'page
8) the primary fission gases may be-obtained free of the circulating
fuel as fast as ‘Lhey are formed by the fission process. These gases_ -

are (for UE-35 thermal fission) shown ip Table 1. Since it is desir-
. 135

able for reasons of neutron economy to continuously remove Xe 5

85

all gases may be bled from tlie reactor circuit; Kr
135

"to. the let-down systems along with Xe o Radioactive‘iodine iso-

is discharged

:topes preseht the mostvserious'biological hazard to reactor opera-
ting personnel in case of eveh mihor leaks in the reactor and in its
protective enclosure..

(2) In solid fuel element reactors fissioh products-ars.contaihed by pro-
tective metallic skinsg gases are released only when ruptures occur,
and then usually only in small quantity. o ‘ R

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

-18-
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can be produced by neutron. capture:

In HEO:
Coolant | o Active-Isotofes Produced

(a) Na | ‘ 4 15hr Naeh, 66s Na25‘

(b) O, : 29s 017 (activity negligibie)

(c) N, ‘ | 7.3s Nl6 |
In gases:
| (a) Air . Clu, Nl6; 019,,et cetera.

(). co, 5.58 x 103y c1*, 29s ot9
In liquid metals: ' | .

(a) Na | Naeu, Nag5

(b) Nk _ : N2 ¥, 1.8 x 10% k*°, 12.4n
‘ : , etc. L '
.. (c¢) <Bil ' . 138.3d Pleo (5.3 mev @, 0.78 mev 7)

Radioactivity induéed by thermal'neutron capture on water coolants

is of relati&ely short half-life. -‘After short decay periéds, induced
activity in water (e.g., due to activation of dissélved sodium, etc:)
probably can be discharged to groﬁna water under controlled conditions.
Carefully treated reactor cooling water is recirculated inaclosed
circuits for most reactofs. Accideﬁtal release of fission prodﬁét;
‘acﬁivity through ruptures in fuel element cladding is handled as an
emergency céndition, for whibh-processing provisions are made. In-
duced activities in gas coolants are.expectéd to be insignifigant
fﬁctors in dispoéal. A discussion of induced activit& in reactor
gooling water ﬁas been given by Mbeller.(6)

However, activities produced in liquid metal coolants, e.g., Na, Nak
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or Bi, may provide rather severe problems due to 15hr Naeu, 138.3d

Poelo, etc. Assuming a‘liquid metal fuel containing U235 at 600 ppm

in bismuth, Po™1” has an effective yield of 5:7%.per fission.
After,iBO days Po210 activity would be 33 times that of Sr9o, and
thué would constitute a very.dangerous biological hazard in either
the reactor or fuel ﬁrocessing”cyclésa*7This_fatid:vouidj;fiil:ﬁ;j7
9 to 1 even after three years operation. ‘

(4) For all reactors, fhe potential hazard of accidental.release of acfi-
vity due to a catastrophic accident exists. As an indication of
ho& much fission product éctivity is éontained in a reéctor, it

(12) that a 500 MW (heat) electrical power unit

has been pointed out
which has operated for three years contains as much Sr9o as now

exists in our stratosphere.
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Table 1

Gaseous - Fissidn jProducts from :U2'3 > ‘Thermal. Fission -

Nuclide

- Mass No..

: Absafptiad §

JJHalf!lifev;'CIOSS'Sthi@ﬁ;:L

t /2 - o, Barms

o Yiedd

A%u‘“.

Decay Riergy

MV

3sBr

53

- sk

& - 35.8:
83 2,
8k 30.0m
85 . . 3¢0m

other very 'shor{'. half-life

85 o ) 10i27y‘
87 © T8.0m .

A 88 _ :142.'77h-."_

‘89 . 31fm

other very short ha.],f';—life '

129 . 1.72 x 107y
131 - 8,05d
132 - 2.k4h
133 20.6h

13 . . 52.5m

135 . . - 6,680
g 12,04
133 2.3

133 5e27d -
135" 15.6m
135 9.13h
137 © 3e9m
138 . - 17.0m

other very short haflf—life

470

" 600

-

" other very short half-life -

3.5 x 10

b6

 3.8x 1070

0,48

- 1.5

0.3
o

3.7

1.0
2.9
Lh
6e5

7.6

LT ‘50‘9

“.550503.t‘<
016 .
645
1.8
6.5
5.9
(7.6)

- 3‘58;_ X :

+3:5
0,83

' 00232 o

L57 R

0.36.

"50ﬂ8;gf

Coss

2,43 'Iﬁ -

1,01

1.92
L85

04163
- 00233 "
02196
0:552 A
0,570
133

1.0
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The Chemical Processing Cycle

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

" recover from them partially depleted and new fissionsable materia:L as illustrated

by Table 2 showing various types of fuel pr

or might be feasible based on present knowl

ocessing which are either in operation

edge:

Table 2

PRINCIPAL TYPES OF FUE

L PROCESSING

Ore Processing Fuel Fabrication

Separations, Refining, Waste Treatment

Mining Solvent Extraction
Placer Recasting TBP (Purex, Thorex)
Strip Shaping Hexone (Redox)
Hard-rock . Coating Ethers (diethyl dibutyl,
: Decoating diisopropyl,
Pickling . Cellosolve)
Ore Dressing Canning Diisopropyl Carbinol -
Dibutyl Carbitol (Butrex)
Crushing and Chelation (TTA)
grinding Decladding Triglycol Dicholride (Trigly)
. Flotation Dioctyl Pyrophosphoric Acid
“ - Roasting Dissolving (OPPA)
leaching Machining
Precipitation and Precipitation
wag;izzation Bismuth Phosphate
Calcining Sodium Di;uranate
Scavenging (Ni2Fe(CN) ,
Ore Refining Ca3(POh)2, Sr3(POh)2,
- MnO,, )
Redissolving
P?;iﬁ:i:ign and Volatilization Miscellaneous
Washing Liquid media Ion exchange
Drying . Fused salts Permeable membranes
Substitution (C1, F Fluorides Electromagnetic
NO3, CQOh) Evaporation
Electromagnetic ' : Calcination
X High Temperature Electrodeposition
Gaseous Diffusion Processes
Reduction to metal
' Slagging
Molten metal or salt extra.ctlon
Electrolys:Ls
Distillation

Modified deBoer
Fusing (ceramic, glass)

L DA 3T
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URANIUM FUEL

' - FIGURE
: 2 FIGURE 2
RECYCLE STEPS FOR EACH OF THE THREE FISSIONABLE ELEMENTS
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The functioning of this complex can be affected at many points by changes in
allowable radiation exposures to operating personnel exposure potentials com;
' parable‘or_greater than those provided by a single reactor are possible., The
44stepstin phe'recycle for a nuclear power_economy for each of the fissionable
jelemenps is shown schematically in Figure 2.

| The reprocessing of irradiatedvfuel elements produces the high-level fission
.product“wastes as raffinates. '?he.nature of chemical processes for accomplishing
the simultaneous separation of fissionable and fertile material from fission
products and from each other is discussed and referenced in Appendix ﬁ Our
processing experience, based on solvent extraction for plutonium production or. for
the recovery of enriched U255 from U-Al alloy used for MIR fuel elements, is not
representative of processes that will be required for proposed reactor fuels.,
Because of phe naried riature of reactor fuel elements for power'reacpors, adaptions
of known.process techniques or the development of‘entirely new processes‘will
be‘required. The state of process development for reactors that have_been
proposed for power production does not'allow an accurate estimate of the chemical
. and physical nature of wastes. Figure 3 shows the status of development for |
generalized fuel twpes.

Wastes from a chemical reprocessing plant appeer as solids, liquids (fission

: product salts in aqueous solutions) or gases (fission product gases\and/or part-
iculates'suspended in g non-radioactive carrier gas such as air or niirogen).' It
isAprobable that for many years the high-level waspes will be aqueous raffinates
from such basic processes as solvent extraction. Let us{pherefore turn our
" 'attention to high-leVelpaqueous wastes produced as first cycle raffinates from

solvent extraction processes’,

< U 315 030
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Fig. 3. Status of Reprocessing Methods for Various Reactor Fuel Types
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3.3 Nature of Wastes from RadiqchemicaliPrbcesses

The Idaho Cﬁémieal Proceésiﬁg Plant proceéses enrichéd:U-Al'fuel by a
solvent extraction process using hexqﬁe. In addition to raffinates from process-
'ing of this type of fuel the Idaho Plant will prqduce wastes from other fuels
as shown in Table h; All wastes described Will-contain high concentrations of
lons other than rission products (i,e. Zr(IV),lAl(IIi) ) which will limit their
concentrations by evaporation. The processes which will produce the wasteé
described are those required for recovering highly enriched U235 from inactive
diluent and claddiné.metals. A summary of the approximate nature of high-.
level wastes from oﬁhér solvent ext#actién.ppocesses is given iﬁ Table 5.(28)

An attempt has been made to estimgte the chafacteristics of the wastes
~emanéting from the'processes for proposed stationary power reactor fuels. ...
First, an'estimate was made of the number of reactors of a given type by the
year 1980 for the United States only, based upon tﬁe major types of power
reactors under consideration today. The distribution aséumed (broken dovn
by total power) was approximately 23% fast reactors of which the Detroit
Edison type is used as an example; 23% homogeneous reactors, such as Wolverine
and ORNL-TBR; 13% heterogeneous thoriﬁm breeders, such as Consolidated Edison;
9% seed and blaﬁket type, such aé the‘Rurél Cooperative; and the remaining -
32% were assumed tq be slightly enriched heterogeneous reactors, such as that
of Commonwealth Edisén. Table 6 lists the disfribution of reactor types by
1980, (29)

Althoggh this distribution is arbitrar&,‘it.doeé cover the currently pro-
‘posed major types of reactors and possible chemical processes ﬁhibh_will yield
'aqueous wastes. Table,7(?9) lists the .waste voiumes and waste chéractéristics
for each‘of the reactof'chemicai?procéés'EOEbinations which are under‘study for

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

-27-
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Q?j "'I'ABLEh-

~TEPP FIRST TYCLE AQUEOUS WASTE FLOWSHEET COMPOSITIONS (UNCONCENTRATED)

‘88_

c
~Z
r » | .
A Hexone Extraction TBP Extraction
oo T - Aluminum - Al Alloy Al Alloy stou “Acid HF ;ircaloy Sodium PWR
co»:: o Alloy - A MIR (TBP) ('I‘BP) % 7 Stainless /,.. : - Grephite Seed
Specific Volume @ ¥ 5B 825 592 545 Lh7 223 2500 - ks 7.2 960
1liters/kg 25 : o . )
4 M 1.06 0.96  3.37 0.45 2.14  0.70 1.37 2.1
INRAREE M 1.k2 150 1.5 1.51 0.70  0.75  0.70 0.43  0.75
Zr (IV) M | - L 0.55 0,03 0.55
" M 1.31 0.82 0,05 0.39 0.78 1.96
Hg™ M 0.012 0.0012 0,011  0.005 ;
Other Metals M . o0a 0,208 = 0.01 0,007
| No,” M 5,34 . 5.07  5.63 5.50 2,73 2,59 3.59  2.88 k.5 k.3
F- M ' 3.00 - 0.18 3.0
‘Acid Deficiency ‘N 0.25 0.25 | '
50),= ' M : 0.47 .
- 8p. Go M 1.255 1.250 1.09% . 1,216 115

(l)Per kg U235 after burmup




Table 5

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

’ Waste ApproxZmate (2)
Chemical Properties, Constituents (M), Approximate, &cluive of Fission Products and Heavy Elements Volumeé Approximate Concentration Waste Activity
- gal/g U=3 Specific of U in Feed ()
Process B A Fe Cr Ni 2r Na NH, NH3 Sn M Mg Hg N03 F 80, PO, Cl Consumed Gravity g/1liter curies/gal vatts/gp.l 3 BTU/br/gal
Redox " 0.2 1.2 * * * 0.%6_ : k. 0.27 1.18 Lsa 1720 8.6 29.4
2.5 to 2.5 to :
‘Purex 7.0 * * * * 7.0 * 0.34 1.07 300 - 1320 6.7 22.7
Thorex 0.1 0.5 * * * * . 0.01 1.k 0.05 * 0.34 1.12 350 (Th) i oy 1.37
- . . N - 0.31 to . . ; .o
Hexone-"25" -0.2 1.5 ®  ® * 0.5 0.01" 4.5 .+ 0.13 1.23 2-5. 1620 to 3940 8.1 to 20.2 27.7 to 69.0
: . 0.22 to o T _ o
TBP-"25" : 0.5 1.6 * * * . . . 0.01 5.5 0.02 = 0.1 © 1,29 3-€ 2580 to 5160 12.9 to 26.0 Uh.1 to 88.6 O
. - . ' &
Zirconium-HF 0.8 to . : ‘ . . !
for enriched U 2.0 .8 0.1 0.5 . 0.02° 2.3 3.0 ~1.50 ~l.1 0.3 350 1.75 6.0
Stainless o ’ . i (-
Steel-H50), for . ’ . B
enriched U-235 2.6 0.25 0.05 0.01 003 * 0.001 2.4 0.30 ~0.35 ~1.3 2-3 1500 ’ 7.5 25.0
Rotes: (1) Wastes are untreated; they are essentially as they leave the solvent extraction plant and are subject to. further treatment such as evapomtion, neutralizauon,
. chemical treatment for fission product removal, etc.
(2) Basis for activity numbers: Irradiation period 4000 Mwd/t for nmatural uranium
' 5 x 2013 n/(cm)a(sec)
4020 grams 0233 chmin per ton of thorium
53% burn-up for U233 in enriched fuel elements
g . 100 days decay cooling from time of reactor discharge

C (3) After 100 days' decay, the distribution of energy is approximately 50% y and 50% B. » ‘

=3 (4) Waste volume per gram 1?3 consumed is an inverse function of bumup, i.e., for hexone-25 at 20% burnup, the gal/g U235 (,Z—g—)(o.lla).

s (5) ‘Waste activity varies approxi.mately as the (1rrad:l.ation level) ’

7€0
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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 BEach TFach for Type Rate for Type Irradiation Injitial
Reactor Type (Heat Mw) Type (Heat Mw) (tons/yr) -Level Enrichment .
Consolidated Edison 560 25 14,000 200 (Th) 57% 0255 >90%
Thorium Breeder Lg% y2?? -, . .
"~ (10,000 g/t) .Th -
Commonwealth Edison 720 25 18,000 364 12,200 Mwd/t 1.5%
Detroit Edison %00 62 24,800 k2 (c) ~ 4% U25> 27%
Fast Breeder 2040 (1) 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% y2?d ‘
Yankee Atomic 535 .15 8,000 330 7,000 Mwd/t  2.49% L
Electric 24% Bu - -
Seed and Dlanket Type - . 5 235 N
(Modified Version 360 25 9,000 1.10 (c) k0% U777 . »>90%
of Rural Cooperative 182 (b) ~10,000 Mwd/t Nat.
Reactor)
Homogeneous
Wolverine Electric 3
Modified 480 25 12,000 2.2 ("25") . 4o0o% ye 48% (Eq.)
ORNL-TBR 480 25 12,000 550 (Th) 6,000 g/t THOp(b) -
1-5 (”23”0) ”35% “25"(:)
Total Power 105,300
Total Th Processing Capacity. 750 7,000 g/t
Total. Nat. or S1. Enriched : . .
Uranium Capacity 3,526 3,600 Mwd/t o
Total Uranium Core Capacity ’
(Highly Enriched) 4.6 .
(10-30% Enriched) 34 :

375 035
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TABLE 7

VOLUMES AND CHEMTCAL COMPOSITION OF WASTES FROM VARIOUS REACTOR FUEL PROCESSES

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 Final Dis- of Final Weste
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 s 280 g/1 Th
Edison Plates 1) HC1 Gas Phase 0.94 0.94 0.10 0.33 M A1(NO )3 188,000* *Either of these .
-Thorium Breeder Core - U-Zr 2) HIO, 0.3 M HNO4 3 or any combi-
- Blanket Th . - nation - not
Clad - Zr-2 Modified Int 23 420 g/1 Th all.three
Alternate Plates ORNL-MR-HEP 12 g/i U * 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 2.0M A 79,000% ZrCl) waste
10,000 g/t Th Thorex 350 g/1 Th -0.38™M HNO.,
ORNL-MPP 10 g/1 U - 3
-0.1 M HNO Pa Recovery - Final Waste
| 0.56 M a3 0.59 0.394 0.0k -0.6% 1 HNO, 79,000* &G
‘ 2.5 M Al Ly
]
Commonwealth  UO, Pellets Dissolution 32h.g/iy .
Edison 1.58% nest 1) HC1 Gas 1.15 g/1 Pu 1.24 0.124 0.0135 ~ 7 M HNO 45,000 Purex Type Waste
- Tube Sub-Assembly  2) HNO, 2'M o, -3 gives advantage
25 Sub-Assemblies - ) of 10:1 volume
per Assembly Purex reduction
3600 g Pu/T U ORNL-MR -HEP
Zr Clad-SS ends
(Alternate) 2h g/ U 1.6 M Al Conditions
: ~ Idaho FAN 0,093 M 2r ) 1.1 N F- based on opti-
2.4 M H+ 13.2 5.0 0.55 6.3 M H+ 1,850,000 - mistic volume
€ 0.5 M HF 0.5 ¥ F~,0.75 M Al 0.21 M Zr reduction may
o3 0.7 E ANN 4.15°M NO§ - 10.8 ¥ N 3 have extensive
] 3M Hl\TO3 ' evaporator
N corrosion

g€y



=3
R
- 32U
o
-J Fuel Flement 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 Finmal Dis-  of yaste of
Reactor Type Sub-Assembly ccl gal/kg gal/kg U* gal/gm "25"  posal _Each Type by Comments
Type U#% or Th % or Th consumed Year 1980
gal/year
Detroit Edison
Fast Breeder .
ORNL-MR-HEP (2)
Core Pin (Swaged at 1) Dissolution 12 g/1 U 33 6 33.6 3.1 5.8 M HNC3
ends) 1-6 M HoSOp 0.048 g/1 Pu %.06 HoSO0y 0.3 - 0.5"M ANN 11,500,000 Has SS Waste
14k Pins Sub- 2) HF & HNOj 6 M HNO3 Waste 0.03 M F~+ Zr from HoSOy
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
Alternate Scheme Dissolve with 237 g/1 U 1.71 1.71 0.158 3.97 M.HNO3 585,000 Indicate
to above HNO (13 M) 846 L 2.4 g/1 Pu : - 0.033 X Zr o advantages of 4,
Not in addition Al(NO 13.12 Kg 5 M HNO . .0.23 !\_ Al(NO3)3 designing r'\)
HoO0 lé E 1 . 0.05 M Zr 0.2 K F process in
K 1.74 g 0.35 M Al(NO3)3 : terms of
(18 Assemblies) day 0,3 M F criticality
364.5kg 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 SS con-
¢ cjssed) Ag. Regia Dissolu- ~ 88 g/1 88 58 g/1 &8 tent makes
16 Pins/Sub - tion 2 M HNO " volume reduc-
-Assembly 0.13 g/1 Bu 2,040,000 4. h aifficult
13.97 Kg U ’ .
0.03 Kg Na
3.8 Kg SS
Radial Blanket Rod ORNL~-MR-HEP 324 g/l U .22 1.22 0.113* 2.3 M HHO *Based on Core
25 Pins/Sub Assembly Aq. Regia 1.3 g/1 Pu : ) : 48.6 g/1 Sg “burnup since
T71.25 Kg U Dissolution 2 M HNO blanket is de-
0.15 Kg Na ™ g/1 Sg pleted Uranium
16.3 Kg SS
i
. ) 1 1 ‘
P'" : » ] . \ . (' . ) ‘ R . 1y 1 f




‘Fuel Element

Process Description
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Feed Conditions Waste Vol Waste Vol Waste Vol Waste Conditions Estimated Vol
and to HA Column From HA After Evap. After Evap. for Final Dis- of Waste of
Reactor Type  Sub-Assembly Col gal/kg gal/kg U ga.l/gm "25"  posal Each Type by Comments
Type Uor Th or Th consumed Year 1980 . ‘
gal/year
Consumers Slug - 0.455" Remove ends by 32k g/l U
Public Power  2,27% "25" Sawing 0.81 g/1 Pu :
Reactor 2500 g Pu/T(Final) 28 g/l sS 1.24 1.2k 0.354 2.3 M HNO4 757,000 Has Solid SS
' 10 elements per Aq. Regie Dis- 2 M HNOg 18.4 g/1 83 Waste
Sub-Assembly NaK  solution ~ 34 tons /yr
bond 19 Sub- on assumed
Assemblies per basis '
Assembly SS T
Structure
Yankee Cylindrical Pellet
Atomic Electric Sintered U0, Sawing 32k g/l U
T Reactor 2.49% "25" . 67 g/1 sS 1.24 1.2 0.182 2,3 M HNO3 410,000 Has Solid SS
- 128 Sub-Assemblies Agq. Regla Dis- 1.72 g/1 Pu Ly o/T ss Waste
per Assembly solution 2 M H]\IO3
-Pellet in tubular
Sub-Assembly (Alternate)
131.6 Kg U, 0.7 Kg Ideho SS 35.6 g/1 U .
Pu 0.4 T/Day © 3 M HNO 9.15 2.30 0.34 ~ 7 M HNO 760,000 Only Approx-
27 Kg 58 | 0.75 M Rps0l, ~ 2.5 M HpS0), imate vaste
SS Dis. in 7.3 g/1 ss 2l g/1 ss condition
N 6 M HoSO) This Volume
: L6 g SS/1 in is Alternate
4.8 M HpSOy <0 that above -
€ UOp Dis. in not additional
- 3 M HNO3
L9 H
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o) Fuel Element Process Description Teed Conditions Waste Vol Waste Vol Waste Vol Waste Conditions Estimated Vol
(%] and to HA Column From HA - After Evap. After Evap. for Final Dis- of Waste of
¢(® Reactor Type Sub-Assembly Col gal/kg gal/kg U gal/em "25" posal Each Type by Comments
Type U or Th or Th consumed Year 1980 ‘
gal/yea.r
(Seed)
Seed and Blanket FPlate 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 E AL+
(Rural Cooperative 27 Plate Type piggolution - - 0.03 M Fe(NH,503)2
Reactor) Nat U Blanket ZrCly, Zr02 Waste . ’
Both Clad in Zr Removal (Ble.n.ket)
6 Seed Plates/  Byanket 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
I Planket Plates ZrCl)., & Zr0o Waste 1.3 g/l Pu .
per Blanket Removal 2 M H]\IO3
Assembly (10,000 Mwd/t) = .
Based on 1.25 Kg ORNL-MR-HEP
Seed per ton
Nat. U
W
T
Homogeneous '
- UOoS0L 1n D20 Dissolution of 0.28 M HpSOy : Have -Solid
Wolverine T & U35 /g D0 U & SS Container 6 g/ U 18.2 18.2 b.s* ~ 0.2 M HyS0), Lo,000 Waste Sludge
Electric Co. in Aqua Regia 6°M HNO3 (u235) (u235) 5.3 M HNO3 '
- Highly Enriched 0.003 M Fe(NH2S03)2 *Bquivalent to
(Initially) 400% Burnup
Ship in S8 as
slurry in light
vater
9(2%3 ) U0280) in D20 §C) HNO3, F~ Dissolu- 1.5 M Th
-Hegion Th 02 in D0 (B) tiod of Th Op 0.5 M M 0.48 - 0,48 0.10- 1.87 M A1 264,000 This type best
Add Hydroclone -0.1 M HNO3 ‘ -0.35 ¥ HNOg suited for on
underflow from core 2.8 g U/1 ' site processing
(ORNL-1761) ~.2 g Pa/1 Processing of
single region
slurry reactor
would yield
similar waste
conditions
1 t
i ) , i Lo
s ' » v ) veoos <
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Fuel Element 7Process Des'cription Feed Conditions Waste Vol Waste Vol Waste Vol Waste Conditions Estimated Vol
and to HA Column From HA After Evap., After Evap. for Final Dis- of waste of Comments
Reactor Type Sub-Assembly _ Col gal/kg gal/kg U .gal/gn "25" posal Fach Type by
. Type ) U or Th or %h consumed gal/year
Research
MTR Type Plate Type HNO, Dissolution 5 g/1 U {avg) 135 Y135 0.54 : 108,000 - Based on 800
‘ U-235 in AL of Sua1 Alloy 1.0M HNo3 ) (68 Avg) (68 Avg) - 1.5M HJ\Jo3 K?s Enriched
MRT Highly ORNL-MPP 1.8 M A1 ‘(WO . : U/¥r + 40O
Enriched A >3 ' 1.625 M AL(1O,) Kgs "25" 20%
Enrich/Yr
| . .
| Foreign , Foreign 20% Ratios and Through- 3 3 0.06 30,000
. "25" (35% U put proportioned to _
in Al). Al Content.
Can
-Gl
<
28
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TABLE 8

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

Flux Irradiation

Activities

Activities Waste
$p = fast flux Level (1) curies/kxg or gal (1) curies/kg or gel Volume
$p = thermal (and Irredi- (2) totel watts/kg or gal (2) total watts/kg or gal gal/kg U or Th

flux ation Time) (3) Btu/hr/kg or gal (3) Btu/hr/kg or gel for Basis
Reactor Type (n/cm2/sec) (1std units) At Decay Tix;es of (Urits/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 g}F = 2.2 x 10113‘ 10,000 g/t (1) 1.13 x 10° (1) 7.¢ x 101‘ (1) 3.29 x 10"‘ 1.10 x 101‘ 4,38 x 103 1.98 x 103 9.1 x 1o2 6.0 x 102 0.94
Edison = 6.5 x 10 57% Bu (25) (2) 566 (2) 350 (2) 16% 55 21.6 9.9 4.5 3.0
Thorium Breeder : (360 a) (3) 21940 (3) ~200 (3) 5614 188 15 33.8 15.5 10.3
Commomwealth = 1.1 x 101'3‘ 11,500 md/t (1) 1.1 x 10% (1) 6.3 x 103 (1) 2.45 x 10 1.08 x 10" k.95 x 103 2.79 x 105 1.62 x 103 1.20 x 103
Edison ¢T = 1.6 x 10 62% (25) (2 L8 (2) 26 (2) 91 36 14k 6.9 3.8 2.9 0.12%
— (lo20d) (3) 164 (3) 89 (3) 3l 123 kg 24 13 10
Detroit Edison
. Fast Breeder
core Pp=5x 107~ g Bu (1) 1.3x10° (1) 8.1x 20% (1) 1.52 x 20* 3.9 x 103 1.01 x 103 300 219 137 1.7
{10k a) (2) 660 (2) 410 () T7 19.7 5.1 1.55 1.11 0.69
T 3) 2200 (3) 1370 (3) 257 66 17.1 5.1 3.70 2,29
Axial Blanket $ =3 x 10 400 g/t (1) 6% (1) koo (1) 105 27 7.0 2.1 1.51 0.95 1.22
(10k a) . (2) 3.2 (2) 2.0 (2) 0.53 0.14 0.035 0.011 0.0076 0.0048
Redial i (3) 11,0 (3) 6.8 (3) 1.8 0.46 ©0.12 0.036 0.026 0.016
Blanket ¢F =3x10 3-k000 g/t (1) 870 (1) 600 (1) 252 17 57 33 18 11.9 1.22
(1435 @) (2) b4 (2) 3.0 (2) 1.3 0.6 0.30 0.17 0.093 0.062
(3) 1.8 (3) 0.2 (3) L3, 2.0 0.97 0.57 0.31 0.20
Consumers
“Public Power f =2 x 108 16.2% (25) (1) 1.96 x 10% (1) 1.1 x 10* (1) 3.56 x 103 1.3 x 103 k.78 x 10° 2.2 x 10°  1.10 x 10° 78
Reactor (395 4) (2) 87.3 (2) k2.5 (2) 13.7 k.55 1,44 0.56 0.25 0.17 1.2
(3) 298 (3) 1 (3) k7 15.5 k.9 1.9 0.86 0.58
Yankee
Atomic Blectric fy = 2.x 1013 8500 ma/t (1) 2.2 x 10% (1) 1.2 x 0% (1) 5.0 x 203 144 x 103 5.25 x 102 2.37 x 10° 1.21 x 10° 86 _
Reactor (365 4) (2) (2) 4.6 (2) 15.1 5.0 1.58 0.61 0.27 0.19 1.2k
: (3) 328 (3) 159 (3} 51.5 17 5.4 2.1 0.93 0.65
Seed & Blanket ¢y = 3 x 1013 (1) 1.19 x 10° (1) 6.5 x 10° (1) 3.1 x 10" 9.8 x 203 3.5 x 103 1.55 x 203 7.4 x 10° 5.2 x 10°
Type - (Seed) 0% Bu (2) sh70 (2) 2620 (2) . 9.5 33.2 10.6 4.1 1.73 1.2 10.6
(365 4) (3) 18,700 (3) 9000 (3) 330 nk 36 1 5.9 k1
p =3 x 103 10,000 wa/t (1) 1.02 x 10% (1) €.2 x 103 (1) 2.98 x 20% 1.75 x 10" 8.6k x 103 5.1 x 203 2.98 x 107 2.4 x 107
(blanket) (2) L6 (2) 2l (2) 86 L6 23 12.5 7.5 5.6 0.11
(6-8 Yr) (3) 157 (3) g2 (3) 293 160 79 u3 25.6 19.1
Homogeneous
wolverine Type fiy = 1 x 0™ Moo Bu (1) 7.0 x 10° (1) 3.5 x 10° (1) 9.6 x 103 6.4 x 105 3.2 x 103 1.6 x 105 1.0 x 103 800 ?
E— (3000 4) (2) 3500 Eeg 1750 (2; 18 32 16 8 ] b 18.2
. (3) 12,000 3} 6000 3 164 110 55 28 18 1
ORNL-TBR Type ¢T'= 3 x 1011‘1§c) 260% Bu (1) 8.0 x 10 (1) 5.6 x10% (1) 2.8x10% 7.0 x 103 3.0 x 103 1.4 x105 20 475
=g _ 58 x 1013 (190 d-c)
T (b) 6000 g/t  (2) k00 (2) 28 (2) 1o 35 15 7.2 LR 2.4 0.48
(320 d-b) )
(Th Basis) (3) 1370 (3) 9% (3) 15 120 52 24 1k 8.2
"y '. z ] ‘ \ \ ; ) L i v IS by
4 K . 1 =} ¢ ' 3y \ ¢ » " %4
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- the activity level of 1) the materiaml to be processed from each.reactor type
and 2) the chemical process waste streams as a function of - decay time. . Table :
7 also lists research reactors from which fuel probably will be processed’ by? '
'aqueous methods. "No mention has been made of'liquid metal reactors, fused salt
reactors or reactors which might be processed by fused salt'methods, since
there is insufficient data on the nature of these wastes.

Thesé tabular Values of concentrations,.volumes or activities are not firm
but are only estimates of the conditions which would ‘occur if groups. of these -
several reactors were processed by those‘methods listed Process flowsheets are .
either in the laboratory development stage or are extrapolations of existing
technology. None of the flowsheets have been demonstrated on an englneering,
scale with the assemblies for which'they'are'proposed.

3l Nagars of - shey Fission Produst:

e, as g:Waste

From a chemical reprocessing plant the fission product gases appear in the
off -gas systems of sealed processing vessels, highly diluted with diluent gases 8
such as air, nitrogen, water vapor and ‘oxXygen. A list of radioactive gaseous ‘
fission products from U255 thermal fission would include the elements previously ‘
listed in Table 1. L

' The important gases from a long term vaste disposal standpéint are Kr85, and .
~much less significantly 1129.' From- the standpoint ‘of hazard during reactor
operation and short-cycle processing, I 151 is by far the most significant, It
will'always be neceSSary to remove“iodine~cehtinuous1y from the gas discharge |
streams which can be accomplished by processes previously mentioned( )(5), but
possibxy not to a complete enough degree for use in areas adjacent to highly
productive land or metropolitan living-areas. The solution to the problem of

complete- iodine removal and its isolatien w1ll require further development and

research.
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Hazard from the releaa'e of xenon and krypton is slight and confined to the
vicinity of ‘the reactor.
Kr'85 builds np‘ to a significant concentration as a result of an expanding nuclear _i.
power econoniy,‘ possibly to 90 megacuries by 1980 when lO5 megawatts of heat may be _ .
produced by fission.:
rare gases in the atmosphere by the year 2000 A D,,‘ assuming the growth curve for '

a nuclear power economy predicted by I.ane in which 700 OOO Mw of nuclear heat

generation capacity is predicted.

The effects of release of the nnble fission product gases to the. atmosphere

are roughly as shown below:

Assumptions

(13)
TABLE § "

. ESTIMATE OF Kr 85 1o Xe135

However, because of its long half-life of 10.27 years

‘In Table 9-a rough estimate has been made of the buildup of

RELEASE FROM. POWER REACTORS TQ THE. ATMQSPHEREP adbefh D. (13)

1. &P production, USo alone
2, Xel product‘lnn, U. S alone _
3, Intire world product 3 times above .
4, Uniform distribution of the atmosphere
5. Mass of air in atmosphere 61""
6. Mixing time for complete mixing
T. Background radiation, atnxo.sphere at - ..
sea level .
Calculations . .
1. &P activity
2. Xel33 activity . .
3. Dose from Kr85 for which biological | or
' tolerance of 2 x 1076 ¢/cc is assumed
(for total’ body irradiation) A
4. Dose from Xe™> for which tolerance, or
based ongtotal body irradiation, is
4 x 10 c/ccaﬁair _ '
56 Total dose Kr85 and Xet?) = - .

.C{;’ .
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4 x 10T
: 2 weeks
10,015 mr/hr

-7x10

700 megacurie%- ' ' "'«
37 ,000 megacuries ' .

3.1 x 10™° cubic meters STP

Laaw

E 3

-10. curies/meter

3.6 % 10"8 curies/meterB‘ - T
6.5 x 107 mr/be
k2% of background o O

1.6 x 10° mr/hr o
107% of background

1.66 x 16° mr/br .}
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Thus, even with complete mixing, the contribution of released fission gases
is appreciablea If mixing is not complete, and assuming adverse meteorological
conditions, concentrations can be high. The contribution to general'atmOSpheric
activity by X9153 can be eliminated by trapping and storing this gas for about
60 days or ten decay half-li\fes° ﬂkr85would;require%storagehforimﬁchilonger;periods
of time since it decays with an approximste ten-year bhalf-life,

We conclude that Kr85 probablﬁ W1l require isolulion and containment for
deca§ before.release to prevent a slow-build-up of atmospheric background.count,
700 megacuries of K'r85 accumnlated<in'the air surrounding the eartb%to a height.
of ten miles, could .increase air background by 4. 2 per cent or greater (background
assumed to. be 0.015 mr/hr).

The release of‘noble fission product gases to the atmosphere mithout decay
may be possible for” the early periods of nuclear power generation, but 8 maximum
cut-off allowable qpantity to be released must be established, a quantity which

probably will be lower then the equilibrium accumulation ofﬂKr85 by 1975 and latgr.

st Sy %@as ‘Phase

There are problems of control of particulates from reactor cooling circuits;

from all phases of the preparation of Juranium and thorium and intermediates for
reactor fnels, from radiochemical reprocessing, from analytical chemical and
lom-level isotope‘aseé and particularaly from the handling of highly alpba
active materials sucn’as plutonium polonium, emericium, curium, neptunium,,
uranium-233 and_possibly thorium, Much attention has been devoted to particulate
activity; careful study‘and‘active research have been sponsored by the AEC as a.
result of programs initiated by the Stack Gas Committee.(ll) The classified

literature contains mich data and discussionfwhich’we shall not review.
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air are very low, it is necessary that eséentially all active gases and parti-

3.6 Genefal Comment . About Handling Contaminated Gases

Since the maximum permissible concentrations for radiocactive substances in

culates be removed from reactor and éhemical plant effluents. Installétions and &
processes to'remoye active gases éap be very.expensive, require heavy shielding, .
remote operation, and?céfeful and difficult analytical c;éntrol.

| The removal of radioactive particulates from'a gas stream is also very -

expensive, requires shielding, remote operation and wdthpﬁtf present techniques

is difficult to control either by continuous monitoring or by sampling and

chemical analysis.

The_cost of gas cleaning facilities can be significant in the construction
and possibly the operating cqsts of an& radiochemical facility, particularly .
a radiochemical rep;ocessing plant. "For examp;e, in the Idaho Chemical Proc- | ‘_
essing,Plant, the following costs wéré incurred for the off-gas and ventila- . -

tion facilities 1in 1950-1952.(lu)

(1) Dissolver off-gas decontamination system - $ 16193300
(2) Dissolver off-gas collection s&stem . | | 35,400
(3) . Sampler off-gas system (ind. filters) : L 46,700 -
(&) Vessel off-gas system (ind. filters) " ' ' " 89,500

(5) Cell ventilation system (nq filters installed), A
including $19%,000 for 250 ft. acid brick lined stack 440,300 )
(6) Bldg. and celis to house air cleaning and process 897,500 .
equipment, prorated share of base waste bldg. cost
of $1,330,000 total

TOTAL $2,128, 700

Q=
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(7) Total construction cost of entire plant, exclusive

of engineering, start-up, certain service facilitiesf$21,400,000

NOTE: Laboratory hoods and certain.special filtérsfnot included,
These costs do not incTude filters for general prdcessihg cell ventilation.
At Hanford such cell v?ntilation air cleanup fgcilitieé have been installed
in the form of extensive deep bed sand or glass_wéol filﬁers. One of the
questions that must be answered in eachlprocessing installatioh, or iP fact in
ény facilify designed to handle radioactivity,‘is'whether or Qot all ﬁénti-
lation air must be filtered before discharge. |
jA#other.faét'that'may be overlooked is that moétvgas and ventilation
- cleaning or prbcessing systems produce relatively large veolumes of low-level
liguid waste froﬁ such equipgent'as scrubbers, electrostatic‘precipitators,
silver nitrate regenefation solution for 12 removal'towers;'or difficultly
handled solid filters. Facilities must be provided for handiing these

liquid or solid wastes from éir or gas cleaning operations,

=b1-



347, Soddd- Radtoactivastes

Solid radiosctive waste materials have been produced in great variety in

the'AEB program: Others.will be produced in the future. A‘partial list follows: -

(l) | Solids ‘of a Low-level of Contamination
| (a) Laboratory combustibles - inc1nerated under controlled conditions, N .
~usually with.high efficiencygscrubbers‘or filtersfon,flue gas
streems. .-
" (p) Redioactive particulate contaminated fibrous or granular filters.
T (¢) Contaminated glassware - exﬁérimentalcequipmentv sample bottles,
| etc, | R |
i g (a)  Inactive povtions of fuel Tod and control rod assemblies.
f : (e) - Ekperimental animals and animal residues from destructive disposal
- _ (f).v-Certain reactor fuel cladding materials which cen be mechanically T
| ‘separated from fissionable or fertile material in the fuel . | -
ié) Certain reactor coolants° ’ o R . , L
(h) 'Contaminated processing equipment. |
Ei) Crucibles, molds, and recasting furnaces.

(J) Gaskets, fllter elements, glove boxes, etc.

(2) Solids of High—level of Contamination

(a) Resudues containing fission products from.such processes as the
| oxidative slagging of molten uranium; dissimilar metal or fused
salt raffinates from high temperature fuel element reprocessing.g
(b)‘ Solid residues and scums, along with filters, filter aids, etc.,
- from aqueousaorganic,fuel element-reprocessing,«
f;; . (c)' Metal components of reactor*fuel elements made active by . -
narasitic neutron‘capture which can be removed by mechanical

processing.

bt A
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(a)

(e)

(£)

(g)

(n)

o

Absorbents and adsorbents for process of off-gas streams cir-
culating fuel reactors or chemical reprocessing plants° .
Fiss1on product and transplutonic bearing fused salts from .
fuel element reprocessing using such techniques as fluoride
volatility. '

Qxides for such reactors as aqueous homogeneous breeder whicha
uoces Tth, . ‘ ‘ '
Precipitated concentrated fission product mixtures from aqueous
homogeneous reactors, circulating fuel reactors like the liquid
metal fuel reactor, and from fission product isolation processes.

Fixed gross fission products in any of the many proposed disposal,

chemical and phy51cal forms.

Solid radiocactive wastes, such as machine turnings, useless contaminated

equipment and contaminated trash which are generated in all operations, have not

constituted a serious technical 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 ARC

owned locations, disposal at sea have successfully handled the low-level problem.

Relatively small quantities of radioactivityl(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, Savannsh River, Idaho, los Alamos, and Hanford.

. Solid 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 populated sections, it is the general policy

not to dispose of solid wastes on site, but to ship them off site for final

disposition.
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6f some concern here is the problem of locating suitable burial grounds to
"facilitate and reduce the cost of handling and disposal of these solid wastes.
"This problen is particularly acute in the Northeastern United States where, at
present the only available receivers for these-wastes are Oak.Ridge'and the'
Atlantic Ocean. In view of. shipping and sea disposal costs, it is obvious that ¥
a more centralized burial facility is required There is of coursg every indi-
cation that future operations both in and out of AEE will greatly accentuate
this need | ' o
Experience with handling highly active solids as a disposal problem, with
its associated problems of heat generation ahd removal, particulate protection,
container design, receiving'site preparation, 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 Waéte Problem

Many predictions have been made concerning the growth of avéﬁclear pover
economy iﬁ the Unite@ States ‘and for other pgrﬁs'of'the world. ‘ﬁé ﬁave.beén some-
what at a loss to p;edict rates of nuclear reéétor power buildup, but h;vé attempted
an estimate of the magpitude of'£he waste disposal.problem based upgﬁlpredictions
of J.”A. Lage;(IS) |

Before p;esenting the results of fission product buildup calculatigns, we

will present other estimates and data along with which our estimates can be con-

- sidered.

Reactors for Central Station Power Generation

At the present. time there are no nuclear reactors in operation in the United

. States whose principal purpose is the generation of electrical powef. ~The power

reactor demonstration program of the Atomic Energy Commission does provide for
the building of .a number of such plants, however. The earliest of these is tp
be in Qpération in'l9575 while the last will be in operation by 1962. 1In addi-
tion to these plants, there is a significant group of reactor power p;agts to
be constructed in the same period which dre financed in whole or in large measure -
ByAprivate capital. HThe total electrical_generatiﬁg‘éapacity of all of these
planned plants is somewhat over 800,000 kilowétts. As a 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‘tq 1962 electrical generating ;apacity\of
o;er 800, 000 kilowatts powered from nuclear reactors.

It has been estimated in the McKinney report(l6) that the.instalieQﬂpentral
statibn electrical generating capacity in the United States ppwéreq from nuclegr '

reactors will amount to 3 to h,millipn kilowatts by 1965 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‘nnclear pover'to be expected in the next o decades-is due to

differences in Judgment as to the speed with which technical obstacles can be ' ‘—:

overcome and competitive costs achieved . ' o
Based on present technology, the cost of nuclear power is very high indeed

compared to the cost of power derived from fossil fuel in & modern, favorably

" located station. The over-all costs -= as they are known today -= favor fossil

fuels by a factor of fromlfiveAto ten.' It 1s*certain that-the development programsc

presently planned will rednceithe cost of nuclear”powerAsharply,:‘Despite'thisi -

fact, the cost of nuclear power is so high today that it is by no means cleart'

that nuclear power will become competitive witthower derived from fossil fuels,

for at least ten to twenty years.”” | |
Because of this situation, it seems reasonable to project the nuclear power - t_'<’:'

capacity for the next ten years .on the basis of. large experimental plants built |

principally to stdy the technical problems of such units, These plants Will be: s

built not only with government subsidy but by privato cupital as well, sjnce

many utility companies will wish to study the'operational problems of-nuclear<

pover plants at first hand. ' On this basis,‘the pianned electrical generating

capacity of 800,000 kilowatts by 1962'can grow to_3,000,000 kilowatts by 1965

-vith little acceleration in the present-rate‘of growth. An npper'estimate based

on an accelerated rate of growth would be 5,000 OOO kilowatts of installed- -

generating capacity by 1965. It might be noted that 1t is dubious whether the

industrial capacity for supplying plant equipment could grow. sufficiently, ‘ - -

rapidly to provide 5,000,000 kilowatts of installed capacity by 1965 for 1arge,
experimental plants., o A 4~{ ST T e _ : - i
'The growth in- 1nstalled plant capacity from 1965 to 1975 is entirely depen-
dent on the technical progress made~in<the-next ten years. lt seems most likely,
that the technological problem vill be-overcome slovly; ‘For‘this;reason the = ¢

L o -#6_ L n T L R T So TR
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growth in the decade 1965 to 1975, which will be motivated primarily by economic
CQnsiderations, will likewise be relatively Slow,"An“éstimate, primarily‘one of
technical Judgment, is that the installéd electrical generating capacity based on*
nuclear power will grow to 20, 000, 000 kilowatts by 1975. |
The electrical generating capacity figures ‘must be translated for purposes
of this study into average fission heat release rate by the reactors The over-
all efficiency from reactor heat release to electrical output for nuclear plants
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 maximum of 75% An upper estimate of the average
reactor heat generation rate, using an overall plant efficiency of 25% and &-
duty of 75%, is three times the installed electrical generating capacity. Using
.Ainstalled electrical generating capacity flgures of 3,000, OOO kilowatts by 1965
and 20 OOO 000 kilowatts by 1975, the average rate of heat release from nuclear
reactors supplying central generating stations is estimated to be 9,000 OOO

kilowatts in 1965 and 60 000,000 kilowatts in 1975

<l




Reactors for Marine Propulsion

There has been some Congressional discussion concerning the application of
nuclear power plants for.commercial marine prdpulsion° Some steps are being
taken in this direction by the Maritime Administrafiano, While the application
is technically feasible today, the economic feasibility is q_uestionable°
According to the MbKinney report, the introduction of nuclear propulsion for
specialized application, such as tankers, could lead to the installation of
reactors capable of 15,000,000 kilowatts of heat in the 1980 period° It does
not seem that such installations could change the estimates made here for the
next two decades in any substantial manner, For this reason this application

will not be taken into account in the estimated totals.

Reactors for Locomotive 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
probably feasible, the economics do not appear to be fa'vora‘ble°

The application of nuclear power reactorS'to the prbpulsion of automotive
vehicles seems highly unlikelya. For much the seme reason, application 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 already had widespread application
in devel;pment of nuclear energy° Such reactors are now being utilized by several.
universities and institutes of technology as teaching and research aids,’ Indus-
trial laboratories have announced plans for research reactors for a varietm-of

research and development purposes°
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The power level of research reactors gemerally ramges from 100 to 1000
kilowatts. At the éresemt rate of.growthy there will probably be'fifty’or.more'
installations by 1965 and perhaps several hundred by: 1975.. Without consider ing the
frac¢tion of time that'such reactors may be opersting at full power; it is clear that

they can contribute only e small increment to the Pission' heat release rate of

pover reactors.

Test Reactors

" ‘Test reactors are used principally for isotope prcductioﬁ, tests of devélop=
mental fuel elements for power reactors, as well aeiéorAgegeral research purposes.
Thé power rating of such reactors ranges from 10 to 50 megaﬁattso éeveral"suéh
reactors will be in cperationiby~;957 and it is probable that 10 tc 20 may be
in gperation‘by 1965f At sn average power level of 30,000 kilowatts, this might
represent 30Q,000 to-éO0,0QO'kilowatts of reactor heat release by 1965, These
reactors have» in general,'a very high duty. It is'ccm likely thaet there will
be a spectacular growth of test reactors from 1965 t@ 1975 because of the spec¢ial-
ized nature of theif applicati@n, It is possible that the number of test reactors
nay double in this period. Such reactcrs will represent them, at most, a small

R Y

fractién of the heat rate of power producing reactors.

Reactors for, Chemical Prccessing

Nuclear reactors have a possible application in chemical processing to 7
supply heat or nuclesr radiation° At t%e present tigep nuclear reactors do ot -
appear to be ecomomically attractive as a source of heat. Some development work
is being carried on at presemt in the application of nuclear radiastiom te chemical
processing. No industfial applicationkis presently plamned even on & pilot plant

\

basis. While such applications could lead to very substantial reactor plants,
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there is no basis at present on which tqﬁestimate 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 forAthe production of fissionable materials
for weapons purposes. There is no basis available for espimating.the instalied
reaétor capacity presently dévoted to this purposevor likgiy to be devoted at

some future time.

Package Power Plants - ' ’ . : . o | -
- A military épplicatién of nuclear power which is‘receivinélattgntion at

this time is the dev.el'opmen‘t of package power plants For' remote military bases.

At least two éuch are ﬁnder?develppment and this will prgﬁablyllead to the

construction of a number of such piants, The capacity of the.élants is fairly T

low == of the order of 1,000 to lo;OOO'kilowatfé. The’ total number of such -

plants which might be installed will probably be limited.

Summary

“The p{gceding diséussioh indicated the princiﬁal source of fission produ?ts
from nuclear reactors in the next two decades will:ariséiffum'éﬁa generation of
electricity at nuclear?power céntral stations. Other souréeg are comparatively -

small and amount to substahtially less than the uqéertaint& in ‘the eétimates of the
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principal_uéeso . |

: Zeitlm., Amold and -Ullmann . ha,ve predicted processing requirements-and. the
buiidup of Tission product wastes. ( 9) The-following cglculations and data are:

- taken wholly from their report.
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k.1 ProCessing Requirements, Buildup of Fission Product Activity, and Liquid
Waste Volumes in A Predicted Nuclear Power Economy

Based on a predicted nuclear power economy growth rate made by J. A. Lane(ls)' | -
calculations have been made to determine as a function of time ‘the magnltude of
several quantities of prime importance to the radiochemical processing and waste : -
disposal industry. Included are such quantities as required processing capacity,
'buildup of activity of important fission products, aud accumulated volume of high

~activity liquid wastes. - | | |

If it is assumed thet the installed electrical plant capacity of the United
States will 1ncreese eight-fold during the next 50:years,‘thatvthere Wiil be 500‘

MW of installed muclear electric capacity in 1960, and that half.of all new plants
built in the year 2000 will be nuclear plants;.the installed nuclear plant capacity,
N, in megawatte, at time T, in years aftef'l9§0, will:be given by the expression:

- 5,800 (1.09" -1) + 5000 (1) T
Aesuming a thermal efficiency for the reactor system of 25 per cent; the above |
equaticn becomes, for heat power requirements:

N(MI heat) = 23,200 (1. 097 -1) + 2000 : - (2)

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

Differentia; equations,were set updfor the simultaneous growth and decay
of wvarious fission productsybeing produced by the expanding powver economy. The
solutions give the total number of curies of a fission prcduct in existence at
any time between 1960 and'2600. It should be emphasizedithat the activities
plotted are not only the'actiuities to be found in waste disposal tauks but - *
include fission products present in the reactors and fuel being stored prior to - T
processing. This is especially important<for the ehorter-lived isotopes such

as Balho.
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PROCESSING CAPACITY (metric tons/day)

Fig. 5 Radiochemical Processing Capacity Requirements in a Predicted
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'The following items were plotted ae a function of time:

(1)- ErbceSsinglcapacity required (Figure 5)

-~ o Note: In Figures.5, 6, 7, the average irradiation level of the
spent reactor:fnel is taken as a parameter.

(2) Total spent fuel processed (Figure 6)

(3) Accumulated volume of high activity waste (Figure 7)

(h) Total accumulated activity (Figure 8) 7

Note: The dashed lines in. Figures 8 through 13 indicate the decay of’

activity from various selected points along the primary accunmi=
- ' lation curve. These lines can be used (as in Figure 8) to deter-
mine the accumilated smounts of activity following any specified
cooling period. ‘By "accumlated activity” is meant the integrated
production of fiseion product'activitp with time minus loss-by
decap over a like pericd of time minus loss by neutron capture
t{ _ over that fraction of the period of time_during which the fission
p#oduct vas in the reactor (the last item being negligible and b
making the curves essentially independent of the reactor design
and operating conditions)° The activity can be considered 531A
being dumped into &md accumulated in a common "sink", -
(5) Accumnlated activity of important fission products (Figure 10)

Note: The dashed lines indicate the decay of gross activity frcm varicus
selected points along the primary curve. An inﬂﬁsate family of
curves can be generated from these decaleines to 1ndicate the

’ | » total accumilated activity in_the'"sink: for any cooling peried
| preceding discharge of the activity:intolthe»"pink". Selected

members of this family of cugxves have been plotted.
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(6) Accumulated ‘activities of specific nuclides (Figure 10 = 13)

Note: For explanation of dashed lines, see note for Figure 9 above,

. Table 10 presents the growth of fission product activ1ty in tabular form
for each of the.important fission products.' Table 11 presents.tabular data on
gross activity decay after varying periods of accumulation.

The curves obviously show predicted‘buildups which result from a larger
nuclear power ecoﬁoﬁ& than discussed in the first part of this section, where tue
first eight to twenty years of nuclear power growth in'the United States_are dis=
cussed, Although all buildup curves (Figures 5 through 13) are plotted withlthe
calendar year as the abscissa, tue results shown would be usable (although not.
quite as accurate) if predicted nuclear heat generation estimates obtained from
Figure L were used. Actually, the true variable, and that which establishes the
eduilibrium value of fission product activity, is the total nuclear heat genér-
ation;'cr, assuming 25% therﬁal efficiency and full time operation as we have -
cone, the true variable is installed heat generation capacity, as showu ip 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 ultiuatelywaﬁpears as heat,K For example,
the fission products froﬁ a reactor operating for one year at a heat output |
of l;OOO KW after a peﬁiod of 100 days .would produce-approximately‘5,hOO B,T.U,
per 1_1our° This is equitalent to au acti#ity'of about 1h0,OOOLcuries and would
drop to about 20 peéer cent of its 100 day decay value in one year. The heat
produced by tue wastes of a power reactor cperating at 500 MW heat output, a
reasonable power level frou the econouic standpoint, would emount to nearly

X 106 B.T.U. per hour after a decay period of 75Adayso'
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'EFFECT OF PFRIOD OF ACCUMUIATION ON TOTAL

ACTIVITY IN WASTE SYSTEM

Fission Product Activity (Megecuries) at

Accumulation Period (Years).

Nuclide 1 10 20 | 30 Lo
’7cS-137 2,6 ko 710 2,300 - 6,000
ST+90 28 L EI7o ot L8100 i 2,600 6,900
Y-91 160 1,500 5,100 13,000 335000
Sr-89 120 1,200 3,900 10,000 25,000
Zr-95- .. 180 1,700 5,400 14,000 35,000
Nb-95 7190 - 1,700 “5,500 14,000 36,000
Ru-103 86 770 2,500 6,500 16,000
~ Ru-106 W7 - 81, 280, 730 1,800
Te-129 10 89 290 750 2,000.
I.1%1 89 - 7% 2,300 6,300 16,000
Ba-=140 200 ‘ 1,700 5,400 ' 15,00b ‘35,000'
Ce-141 190 1,600 5,100 14,000 34,000
Pr-143 190 1,600 5,300 14,000 35,000
Ce-14k 8 1,400 k4,700 13,000 31,000
Pm-147 7.8 . 390 1,500 4,000 10,000
Kr-85 0,37 . 19 90 270 - 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 0.3 2,0 7.0 20
Total 1810 17,200 56,700 152,000 376,000
o 1
| ~65= 373 079 '



TABLE 11

EFFECT OF-ﬁECAY’TIME ON ACCUMULATED ACTIVITY . )

PeriodlDﬁring
. Which Activity
. Is Accumulated

" in Waste System " Fission Product Activity (Megacuries) at Decay Time {Years )
' (Years) 0 3 5 10 © .20 30 -
1 1,810 15.57 8.32 5.07 3.59 3.72 N
10 17,200 593 412 28l 20l 158 -
20 - 56,700 2,523 1,879 1,351 998 763
30 7152, 000 7,470 5,690 4,250~ 35170 2,430
Lo 376,000 19,370 15,080 - 11,330 8,410 6,440
v< A@66-
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J. O, Blomeke has celculated buildup and decay curves for thermal fission

(20) From these

for all fission product chains under many comditions of flux,
data he has prepared a heat decay curve shown in Figure 1% for the éque’qus
wasfeé , assuming a naturél or slightly enriched uranium reactor operated to
107 000 My toti: ;»unéﬁﬁi_@m,r -dnd- a@%fuﬁgp_gigsqm gdTlons: of wHte sperton -of nureniun

prqcessed,, In addition 'Eo gross fission' product beat, the contributions of

13 -an
T and Spo ; rare eartis, and rere gases are glven,

Af‘ter irrediation in a reac'mr none of the fer‘tile or fissionable materials
exist as pure isotopes; they are always accompanied by iso‘booeg produced by
parasitic méutron capture, ,Th,e productlon of and the fate of parasitically
pz'-oduc'e'd’ isolcpes has a profound effect upon the activity levels {o be en-
coun%éed in the recycle of fuel and fertile material; any lowering of -:L‘ad.io-
active,exposure limits mast consider the éffects 'upon what are now. conside_:riec;
to be "cold” cperations. |

gtinﬂadd:i:{r,ionp the heavy slements producéa by neutrcn capture which appear
in the waste.-, from & processing plan‘t will be among the most controlling
hazardou.s activities in long 'term Waste disposal beceuse most are alpba emit‘hers
of high energy, short decay baif-life, and many with long biclogical halfm%.ives,
Me:a‘surfe'ﬂmef;"b'; of basic Juclésr cbnsté;nﬁs , production calculations, chemical
separations developmen‘t, and ﬂéz@rd evalustion for these meterials is of great
importance ot the evaluation of: hazards from waste disposal, and may be of
péssiﬁie:;é;énﬁrolling‘.éigniﬁ;ancé in l;ertain steps in the recycle of i;eactor fuel,

Thebulldup scheme for these isob@pes both during reactor irradiation end
decay may be represented by the react:.on chart shown in Figure 15. (LR Dwg., 15205)

Alpha decay is shown only for t.he imp@rtaw biological hazards.
A 6.
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Figure 14. Fission Product Power in Waste as d Function of Decay Time. Basis: 800 gal waste per meric ton uranium, irradiated

10,000 Mwd/ton at 33 Mw/ton

specific power.
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The buildup of transuranics and transplutonics calculated by E, D, Arnold
was :ba.sed on 4000 Mwd/t irradiation of uranium having an ini'tia‘l enrichment of
1% IJ235 ‘ Plutoniun iosses to the waste stream were calcu]ated on the lossés of
0. .1% of total plutoniu.m production, while Np237 losses 'l:o the waste stream were

assumed at 100% of the production (700 g Np23 7/‘l;on U) based on infinité recycle

and no 123° removed in a diffusion plant. The concentration of the h‘eavy éléménts

will vary considerably with changes in irradiation 'level, “enrichmént, diffusion

plant recyclé and flux, 'ahd of course with the chemical processes. With the
exception of fluxes between 3 x 10‘11" 1015 n/cma/s’ec, the ‘variation of fission
product ectivity with reactor parameters is insignificant.

The buildip 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 lolu m/cm /sec.

TABLE 12 = » E
HEAVY ELEMENT CONCENTRATIONS AT REACTOR DISCHARGE
FOR 4000 Mwd/t 1% 1235 INITIAL ENRICEMENT
P = 10+ n/cm /sec ‘

' ' . T —Concentration
Isotope . e : g/t U .
Np257 ‘ i : ' , ‘4 ' 700 (0o recyclé of U256)
w2’ o 163
Pue9d ‘ ' | 2920
P28 | : 30 (oo recycle of 0236
P2¥0 | o 339
Pyl S e . 69
s 3 S : 2k x 207
P2 63
Am?ya - | 1.3 x.107
cn2*2" 3,1 x 1072
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~ After accumulation, the Cm2

seen that Cm

are shown in Table 13 .

duriﬁg a thirty-year accumlation azid“‘growth period.
This effect can be 1llustrated by “the" following eXample:

/Pu.239‘ activity ratio after 30 years accumilaticn

activity decreases 'rapidly,'.

storage than it is for longaterm storage,

year accumulation growth period is shown,_f,glsoo
TABLE 13

These values tabulated in Table 12 were multiplied by the total quantity
of uranium processed during a thirty-year period and then .corrected .for'decay
’The'only sigaificant

activity affected by the decay correction during this thirty»year period is

(a) Cn2*2/PuP3 activity ratio in aischarged k00O Mvd/t material = 558.

= 16,

Thus, it may be

2 is & much more important biological hazard for shért-term

The total number of curies. of transuranic and transplutonic elements which
could accumulate. in high-level wastes by 39.90 as a result of the above calculations '

The effect of thirty years' decay following the thirty-

o AND AFTER 59 YFARS DECAY
ASSUMING NO ADDITIONS TO THE 30 YFAR TO’I.‘AL VOLUME

" _ACCUMULATED TRANSURANICS AND TRANSPLUTONICS IN WASTE SYSTEM BY 1990
' (30- YFARS ACCUMULATION TIME) -

- 1990

curies)

Activity in Waste by = Activity in Waste After
30 Years Deca

curies

23 7 (oo recycle )'
(90 recycle)

1.1 x 107

3.5 x 10°
1.2 x 10°
2,4 x 10

1.2 x 10"

4.8 x 105: 
1.h2 x 1o6f

800 x .10

10

:.1 1x10°.

2.6 x 107
1.2 x 10°

5.4 x 107 ..
5.1 x 10°

97xlO3

9.1.x 103"

2.4 x 10°

Not biologica.uy :l.mportant compared to Pu259 and Pual"0 except for decay to

their respective daughters which are biologically significant,
-71_;¢

g (2020)



Pu238 formed by. successive neutron captures”from,U2354could also influence

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

_ For the casé of 1$-U235, loss of 0.1% Pu258

to the waste would increase the
. ' _ A1 g { 1119e U255 U238

total plutonium hazard about 5-10% for once through (pure + U°”") material.
Infinite recycié and no removal ofAU236 in a gaseous diffusion plant wquld'in=
crease the total plutonium hazard 3-5 fold. However, 25% removal of‘U256Lper
pass through the gaseous diffusion plant'would bnly increase the hazard of
plutonium 20-40 per cent., - _‘ |

N9237 is not a significant hazard even in the worst case of infinite re-

cycle and no 1236 removal in the d‘:_i.ffusionlplént°

Distribution of Fission Product and Heavy Element Activity Over the Nuclear

Power Reactor Complex

From Figure 4 the prediction ﬁas made that by the year 2000, 35suming
700 000 MW of nuclear heat. generating capacity, approximately b x 10 curies of Q
total fission product activity would éxist in equilibrium, Arnold(eJ)@almuﬁated
that the nuclear power complex and waste system will contain 5 x lO6 curies of

" important transurenics (Pu259, py2H0 | pp2HL -

, 242) by that year as shown in
Table 13. Using these data we have calculated the distribution of the im-
portant radiocactive elements ambng reactors, deeaj cool;ég systems, chemical
processing plhnts and waste disposal or containment'systémsAfor the forty year
accumlation period énding in the year 2000 A.D. -

Although the buildup'of fission product activity in an expanding nuclear
econony depends only upon the rgté of bulildup of power with time (the reactor
parameters are negligible), the disﬁibution. of radidactiv;ty”'i'-s strongly 'de...

pendent upon the choice of reactor operating conditions and recycle assumptionsf5

In this section we have calculated the activity distribution for one set of such

375 077 e
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oonditions and assumptions to provide an approximate basis for estimafiog tﬁe
'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.
(l) The buildup of nuclear power will follow the curve espimated by J.,A,
Lane, with the nuclear heat po&er being 7 x 10° Mw in 2000 A.D,
() The‘average irradiation level 1s LooU MWd/too of l%veSriehed uranium,
(3) The average specific power of the reactors is 20 Mw/ton of uranium,
(L) Decay cooling period for discharge ‘Puel elements is 200 days°
(5) 1Inventory in radiochemical processing plant is 20 days.
(6)‘ Loss of O. 1% Pu + 100% of the transuranics and transplutonics to the
high-level waste stream,
(7) Number of reaotors = 1000 at~700 Mw of heat produciion capacity eecho'-
(8) Number of procesaioé plants = 20 at 7 tons/day each.

(9) Number of waste disposel or containment sites = 6 to accept 7 x 106‘

gals/yr each.

Based on these assumed conditions? the calculated activity distribution
shown in Table l#Aindicates that 80-90% of the total activity due to primary
long-lived fission products (Cs137,‘Sr90,'Kr85, plus’éﬁ% of total Am?ul)
would éxist in the waste systems (with the exception of Kr85, which would
probably be in the atmosphere) Almost 100% of the total,short-lived'activities
(I131 lho, ; lho) would exist in the reaofors. Only 3-6% of the long-lived
radioactive elements would exist in reactors, while the short-lived activiiies
would be almost non-existent in the waste. Only 1.7% of total Pu?? 4 Pue)+O
would existiin the waste since only.Qal% is lost to the waste stream. The
remaining fission products would distribute much more uniformly over the system
'as shown in Table 1¥. 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.

N
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TABLE 114-

PERCH\ITAGE OF TOTAL ACCUMUIATED ACTIV'I.TY
BY YE°.R 2000 A D IN VA.RIOUS PARTS OF THE' REQ.CTOB 'COMPLEX ) ! -

Assumptions: 7 X 10° MW Heat Reactor Power, l|»000 de/'ton, burnup, 1% enrichment, Lane curve T .
: 20 W/ton specific power, 200 days decay prior to processing
. 20 days in processing plant , _

Pércent of Total Activity of Bach Isotope at the Following Polnts

/ S _ ~ Avg. Activity Avg. Activity Avg, Activity in Accumlated ~
Isotope In Reagtor ﬁn Decay , Chem, PJ_.ant' Activity in JWaste
- T2 o013 8832
sc%0 sm T 0.73 ~ 88.23
iy 000", 1.8x102 - . e | :L
B w007 03 - | -
5 | 5.1 ' 9.95 " 0.91 639k ‘.A ﬂ
Celhhmprluh 26,78 37.75 . - 0.82 . 32,65
%20 g8 46,88 - b0 LT3
Aml*L: ;2,48 - o7 05 o 9h8
pm?%2 . 39.60 25.80 1600 33,0 ]
Pt ' 12,00 22,20 - 2,00 63.9
| | e
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Assumptions:

7S

¢
ot :

{ i
I'

- TABLE 15

EXTENT OF ACTIVITY IN VARIOUS PARTS

OF

THE REACTOR COMPLEX .

-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 Activitj At The Following Points ‘ A '
' Activity in Reactor Activity in Decay Avg, Activity Inven- ~Total Accumulated Total:
Avg. ATD Avg. - At End tory Chemical Plant In Waste Activity
cs??T 2.18 x 102 L.35 x 108 .35 x 10 4.30 x 103 k.29 x 107 5.30 . 6. OO'X’109 \
sr7° 2.56 x10° © 5.11 x 100 5.06 x 102 5.06 x 10° 5,03 x 107 © 6.09 x 107 6.90 x 10° =A
1131 1.60 x 10°° 1.60 x 10° 2.93 x 10° 4.8 x 10° 10 - -- | 1.60 x 10°° -
Baguo | 3.5%x10° 35x10%° 152 x10° 6.93x10° 2.35 x 10* - 3.50 x 100
- - ¥ - B
Kr? . 3.6 x100  7.1%107° 6.97 x 107 6.85 x 10! - 6.80 x 10° 5.875 x 10%° 7.00 x 108%§;-
. o
Pt *7 1.14 x 100 2.26 x 107 2.10 x 10° 1.95 x 10°  1.92 x 10° 6.07 x 107 9.5 .x 102 =
) . ’ . : 3%
P29 4 0 38x10% 7.6x10° 7.6 x10° 7.6 x10° 7.6 x 10° 2.8 x 10° 16.2 x 10° |
Al 2.90 x 10 2.90 x 10* 2.90 x 10*  2.90 x 107 1.1 x 10° 11.16 x 1o6§§;
C) plowk ‘ 6 6: : 6 ’ 5" : 6 . '
-Cm- - - . 3%.96 x 10 2.58 x 100 1.68 x 10 1.54 x 10 3.3 x 10 1.0 x lO \
B L o™ g3 x10° 1.8 x120° 1.7 x 10 9,06 x 100 8.7 x 10° 1.013 x 10 3.10 x 10%°
5 —
¥ Probably in atmosphere. :
*¥*  Assumes 0.1% loss of Pu to first cycle saqueous wastes. ' N
*¥*%  Cm-242 decays rapidly; its activity w1ll decrease by factor of lOO in 5. years follow1ng accumulatlon period_

..'gL-
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The distribution of radioactivity per unit in the total structure of the com-
piex of an assumed 1000 reactors, 20 processing plants, 6 disposal sites, is
shown in Table 16. This table indicated that the radioactiv1ty in each 700 MW

131 and Balho)

heat capacity reactor would be much less (with the exception of I
than - the total radioaetivity existiﬁg in each of 20 decay. canals, or 20 processing
plants, or the 6 waste systems, In all ceses, except for the very short lived
isotopes and plutonium, ose waste sjstem could contain as much as hOOO times as
- much radioactivity as exists in one 700 MW reactor, as is the case tor Sr9o
We are the first to recognize that it is possible to argue with the growth
estimates and dlstrlbution calculations and to question the assumptions made
concerning the numbe: of upits in parts of the reaétbr-reéycle complex, Hewever,
it is certain that potential 16ng-£erm redioaetive'hazérd (to people other than.
those in the immediate vicinity of a reactor catastrephe) is far greefer in,
1) decay cooling systems for fuel and wastes associated w;th large multi=pufpose
radiochemlcal reprocessing plants, 2) in the chemical plaﬁfs theﬁseives; and !
3) particularly in any ultimate waste disposal site than in any single reactnr.

For this reason we urge that overall hazard analyses, similar to those in

progress for single reactor accidents, be made for the decay cooling, radiochemical

plants, waste disposal site system is urgenﬁly required° Such an analysis has
the possibility of dfestically affecting the wisdom of manufacturing large quan-
tities of fission products and heavy'elementsoz The cost of insuring against
single total catastrophe risks for chemical plants or for & waste disposal area -

may be far greater than the value of power produced.

_76-
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AsSumptions:

e e LeRTe e e . EREN

v

77 | TABLE 16

~ ACTIVITY LEVEL IN ANY ONE UNIT OF
THE NUCLEAR POWER COMPLEX BY 2000

1) One thousand - 700 MW (heat) reactors operated to 4000 Mwd/ton of 1% enriched uranium

2). 140 tong U/day processed in 20 - 7 ton/day chemical plants 6
3) 43 x 10" gals waste/year sent to 6 integrated waste disposal sites, each handling 7 x 10 gals/year
Averagv Activity (Curies) in a Single Unit
1o F*‘Ch(gfr e;:og)zeactors - In Each of 20 Chem. Plants In Each of 6 Waste Sites.
A & ~ In Decay** In Process ‘ e
) N . - (Average) ‘ R
st 2,18 x 10° 2,17 x 107 2,15 x 10° 8.5 x 10°
sr7° © 2.56 x 107 2.53 x 107 2.52 x 10° 1.0 x 107
ot . 1.60 x 107 147 x 107 0.5 - N -- :
Bal,L’o 3,50 x 107 7.6 x 106_ 1.16 x 10° - . o
-85 ol . 6 T2 hA 5 T
Kr 3.60 x 10 3.49 x 10 3.0 x 10 9. 8 x 10: %
Pt 1.1k x10° 1.05 x 10° 9.6 x 10° 1.0 x 10% %f,?
cel _py i 8.30 x 10° 5.09 x 10° b x 107 1.69 x 10° =
an2* 29 | 1.5 x 107 1.45 x 10° 1Bk x10°0
o2 3.96 x 10° 129100 7.7°x 100 | - 5.5 x 107
239 , pu2H0 5.8 x 10> (at 4000, Mwa/t) . .66 x 1,01*

3.8 x 10°

3,8 x 10

* Assumed condition of normal disfribution for irradiation level in reactors.

¥* . Part of decay may take place at reactor or during transit.



5.0 Relative Blologlcal Hazards of Fission Products and Heavy Elements in

(2k)

Accumulated Radloactlve Wastes

In this section we shall estimate the relative contributien to the overall .
radiation hazard to man of the various fission proaucts and parasitically pro- -
duced heavy elements that will accumulate as a result of a growing nuclear éoﬁer
economy . To underetand the results of‘this study, it is necessary that the terms

used be defined.

Relative Hazard - The relative hazard of any radioisotope as.eompared to
another is directly proportional to the quantity of material present, in-
versely proportional‘to its biological tolerance as measured by the maximum
permissible.concentration in eir er wvater; ana finally inversely propor-
tional to its half life. This relationship may be expressed mathematically_

by the following equation: . . ’ '
Relative hazard = _ ity - | ) L
MPC
3 T x lO sec
curie

where N, = the number of atoms ol a specific radionuclide
i
: existing at any instant per gram of fissionable
materials (as charged to a reactor) :

. X . -1
:\J.= radioactive decay constant, sec

maximum permissible ¢oncentration as given in

- MPC )
references((7) (36) for water or air. -

In the consideration of long-term accumulation and storage-of radio-
active wastes, this relatire hazard can be'used.to define e more useful
quantity, which we shall call potentiai‘hazard. Relarive hazards, in
conjunction with an estimate of the bﬁildup rate of ﬁuclear power and‘the
counterbaianeing natural decay of fission products and parasitically pro-

duced heaQy elements, defines an integrated hazard which results from the
-78-
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total quantity of radionuclides produced in-any .time interval.. - Potential

a” . -hazard is more carefully defined below.

~Potential-Hazarde.The potential hazard‘due'to.radioactive~elements in a
SR . given‘system»is‘determined'by the total.accumulation of:activity:divided by

-the MPC. . Thus, the value ofuthe,potential‘hazard is«teally‘the quantity of

air or water (depending upon-the fasis.uSed)inéc¢5sary to dilute the-total

accumulation of each isotope to the accepted value of the maximum'permissible

concentration.
Thus ' .
. A
Potential hazard = i
MPC
where . ) :k :
A; (curies) = 8.012 x 105f\iyi a-y | 1-e it « ¥ Bt -;\it @)

‘;‘ | 7\:i. Zi + B e - e

where o, B, 7y 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 equation in which the constants are:

a

= 2000
p = 1In 1.09
- Yy = 23, 200

Ai thug gives the totgl accumulaﬁed quantity éf any radionuclide ex-
isting in the -entire reactor eoﬁplex of reactor, decay cooling'systemé,
chemical plant, 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

=79~ :
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rough estimates have been made and a particular waste disposal method or

" site has not been established. However, the absolute hazard will depend

on how much of the potential hazard (accumulated activity) can be released,
what is the probability of releaée; what is the mechanism of release, how
many pedple-will be exposed by-ﬁhat mechanism;'and'what effects will the
‘direct radiation and residual coﬁtamination‘have on biological systems

.exposed.

375 (8o



The relative hazard of the accumulated waste products was based upon the

dose dglivered following a siﬁgle ebeSqreﬂ :We éhose=this éﬁﬁroééh because of
the assumption that any catastrophe involving the'waste sysfem will cdntéminate
the air and water of a éiven'area for a short time only, andﬁfﬁéf:if necessary,
the population will be evacusted shortly after an accident in order 6 limit the
ingestion or inhalation of ra&ioacfivity‘from the environment. We have assumed,
without tod much justification, that a comparisbn of hézards on the basié of
long-time (a;sumed to be 70 yeéré) continuous equilibrium expoéurelﬁéy not be
justified at present, since it is doubtful thaf wastes per se will be added con-
tinuously to ‘the environment. Wastes will probabl& not 5e added directly to .
streams or oceans until the most hazardous isotépés have been removed, if at all.
Also, wastes that are stored by probosed surface or subterranean meﬁhods will
still be carefully contained under.ﬁormal conditions ana presumably will not
contaminate thé‘natﬁral water table.. The prinéipal hazard will thérefofe be
that of accidental releaée of large quantities of éctivity, which is most diffi-
cult to é&aluate.- | | |

The maximum permissible concentration for air contamination is that quantity

of a radioisotope ian(F/cc of air, which will, when this air is breathed at a
rate of 2 x 10/ cc/day (normal breathing rate) for one day (or at an equivalent
rate-time relationship if taken for a period shorter than one dayi give a 15.7

rem dose to the critical organ indicated over the following year. In a like

"manner, the maximum permissible concentration for water contamination is that

-

quantity of a radioisotope in-A(é/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 15.7

‘rem 1s the accepted allowable dose for one year as determined by (0.3 rem/wk)

leﬁ
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X 52 wks/yr (However, thls dose should not.be used as the allowable dose for each
year during the worklng years for people employed in atomlc energy 1nstallat10ns )
The maximum perm1s51ble concentratlon of a radlolsotope depends on such
factors as the crltlcal organ 1nvolved and 1ts 51ze, fractlon of 1ngested radlo-
1sotope golng to the organ in questlon, energy and relative blologlcal effectlve—
ness of the radlatlon emanatlng from the radlolsotope, and effective half llfe
If it is assumed that radlonuclldes are. ellmlnated exponentially, the effective
half- llfe T, is determlned by the radloactlve half- llfe, T blologlcal half-life
Tb, as follows: =T, T /(T +T, ). - .
The maximum perm1s51ble concentration values listed in Table 17 are for a
single exposure to an 1nd1v1dual These values do not reflect any genetlc effects
and at present there is no- ba51s for translatlon from these values to allowable
concentratlons for the populatlon as a whole in terms of genetic effects due to
internal exposure. The Oak Ridge National Laboratory Health Physics D1v151on is
investigating by means of spectrographic analysis of tissue the distribution of -
trace elements in human tissue. Partioular emphasis is being placed on the éenetic
organs and those organs in close phy31ologlcal prox1m1ty to the genetlc organs.
" The results of this 1nvest1gat10n should permlt a more precise evaluatlon of
maximum perm1551ble concentrations in air and wvater in terms of genetlc dama.ge . -
This 1nvest1gat10n should be completed during 1957.
The relative blologlcal hazard as used in this study is, in truth, the num-

ber of cubic meters of air or water necessary to dilute the total accumulatlon

of act1v1ty to their correspondlng max1mum perm1551ble concentration for a one- »
day 1ntake which w1ll then glve a 15. 7 rem dose durlng the year follow1ng ex- 12
posure. ‘

The following‘tables list dafa and results of our calculations:

. N -82-
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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,'the critioal organ(s) in-
volved and the maximum permissible concentration in both air and water for a 15.7
rem dose following a one-day intake; | |

Table 18 lists the total accumulated activity in the total nuclear economy waste

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

"added to this wasle system.

Table 19 lists the relative biological hazard of each important isotope in the
waste‘systemL Flgures 17 and 18 describe graphically the magnitude and decay of the
important hazardous isotopes for- both air and water contamlnatlons

The ma jor blologlcally hazardous radioactive elements in the waste after a 30-
year accumulation perlod and a 5-year decay following accumulation are shown to be

90 13T LMk o akk

arranged in the following order of decreasing hazard: ©Sr” , Cs°~', Ce” ', -Pr ’
Pm;h7, Am?ul, Pu=3? and Pueho (+ Pu238 in some cases), Np237 and Cm?uz.

Several. assumptions other than those already were necessary before an evalu--
ation of relative biological hazards could be determined. The hazards of the heavy
elements were based on 4000 Mwd/t irradiation of uranium havlng an initial enrieh-
ment of 1% U235. Plutonium losses to the waste stream were calculated-on the basis
of 0.1% of total plutonium productlon, while Np 231 losses to the waste stream were
assumed to be 100% of the production (700 g Np237/ton U), based on infinite recycle

and no U23 removal in a diffusion plant. The concentratlon of the heavy elements

will vary con51derably with changes in 1rrad1at10n level, enrlchment, diffu51on

. plant recycle and flux. The variation in the concentration of the radioactive-

fission products will .vary much less with these variables. In fact, with the ex-

1L

ception of fluxes between 3 x 10~ - le n/cm?/sec, the variation of fission product

activity with reactor parameters is insignificant.
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| TABLE 17 . ‘ -
SUMMARY OF RADIOISOTOPES CONSTITUTING IMPORTANT BIOLOGICAL HAZARDS IN WASTE ,

Maximum Permissible _
Conc. in Water for .15,‘7
rem ‘dose in 1 day

Maximum Permissible
Conc. in Air for 15.7
B rem dose in 1 day
Critical Organ

Isotope (curies/cubic meter) (curies/cubic meter) -
5r%9 Bone 2 x 1076 2 x 1072 |
sr P Bone 2 x 1077 2 x 1073
ot Tungs, Béne b x 10'6 )
GI Tract 1x 107%
N'b95 ;gngs 6 x 10"'6
Bone | ¥ x 107t -
31 Thyroid 8 x 10'7: 6 x 1073 -
cst37 Lungs 1070 !
Muscle 6 x 107t
Balho-Lalho | GI Tract b x 10-6 6 x 1077
Celéh-Prlhh Lungs, Bone 8 x.lOv"7 |
| oI Tract | b x 1072
Pml)+7 Lungs 1077 -
GI Tract 8 x 10'11:
Np2o T - Bone 2.9 x 1078 8.4 x 1072 —
Pu239, Pﬁzuo Bone 6 x 1077 ) | -
GI Tract 10"'3 | -
anZ*t Lungs 1078 |
GI Tract o 1073 :
Cm2u2 Lungs 2 x ib;8 | -
GI Tract - 9 x 1o‘u
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TABLE 18

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

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

Isotope (curies) ' (curies)
Sr89 | ‘ 1.0 x lOlo |
570 2.6 x 109 o 1.2 x 107
v | ‘ 1,3 x 10%°
m? | 1.4 x 100
+31 6.3 x 107
cs3T 2.3 x 10° ' 1.2 x 107
palt0 12140 1.5 x 10°°
el opptth | 1.3 x 1020
et 4.0 x 107 | 1.3 x 10°
Np237(oo recycie) , 1.1l x 105 1.1 x lO5
Pu238(oo recycle) o 3.3 x 10° 2.6 x 10°
pu39_py 20 1.2 x 10° : 1.2 x 107
Pu2hl*' 2.4 x 106 5.4 x 10°
Amehl 4.8 x 10° 5.1 x 10”
cm2+ | 1.43 x 10° | 9.7 x 103
P 1.2 x 10 | | 9.7 x 105

TOTAL 8.0 x 10%° 2.4 x 107

*Not bilologically ilmportant compared to Pu239 and Pugl"O except for
decay to their respective daughters.
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TABLE 19

RELATIVE BIOLOGICAL HAZARD

Hazard in Waste

- Hazard in Waste

by 1990 After 30 years decay
In Air In Water In Air In Water
cubic meters cubic meters. cubic meters cubic meters

Isctope x 1071 x 1071 x 10750 x 1071
Sr89 5 b
570 13 13 6 6
Y9; 3;25 1.3
> 2.34 0.35
13t 7.9 10.5
cst37 2.3 3,83 x 1072 1.2 2,0 x 107%
Ba 0o 3,75 2.5
oottt _p 16,2 3.25
pri 7 0.k 5 x102 1.3 x 107" 1.6 x 1077
NS 3,8 x 1073 1,3 x 1077 3,8 x 1073 1.3 x 1077
py 238 5,5 x 1072 3.3 x 1075 4,3 x 1072 2,6 x 1073
Pu239~Pu2hO 2 x 1072 1.2 x 1073 2 x107° 1.2 x 1073
Amzhl h;8 x 1072 4.8 x id"3 5.1 x 10"2 5,1 x 107
o2 2 1.6 x 1072 k.9 x 107" 1,07 x 10’”

7.2 x 10~

¥Based on oo recycle of U2

375

091

36




UNCLASSIFIED
ORNL-LR-DWG 13176

Qe .
!
. o 101 e — S, 90
\
& Sy
=
. S \
. z
s -\
. ] 2N \ I e Cs'37
S
\
o
1 X
x \
I it Sr8% 4 v 4+ N2 +1'% 4+ B0'0 - Lo'*°
@ \ I
5
(o) T
e \\41 Ce'd% — p,i4d
hld
. 9 I\ \
a 2 \
2 x - \
B v 0 ‘}\
. - S AmZ4!
=0 AN
. 5 W] AN
o \! \ \ Py23? 4 p, 240
x 2
- I
g 10 2 X .
2 \ SE
. = \ AN
i g 5 \ AN 237
B 5 \ \ N\, Np
& \ \ N
s, [ 1\ \ 8
- ’<—I \ \ \ '9)
-
o A3
B x {0 \\» ‘X \\\
- ~— \; Cm?242 .
4 3\
5 \ AN
. \ \\
- 2 \\ \
0 1074 \

-0 5 -0 - 15 20 25 30
DECAY TIME (years after 1990)

Fig. 17 Effect of Decay Time after 1990 on Biological Hazard of Accumulated

N s
Waste (1960 -1990) Based on Air Gontamination. Qb £92




© _88-

UNCLASSIFIED

102 ORNL-LR-DWG 43475

5

2
Q 10 e — 5,90
> \

89, |91 95 | 134 140 140
s Sr="+ Y  +Nb " +1° +Ba -Lo
g SE—
g |
e
Z
s
= 2
-
Z
3 |
- ' ER
G Ly
= \
S \\
x
g \,(—Ce‘“—Pr'“
] 2
[
(&)
s L
8 10 14 Y
. E‘J . '{ ‘\\

5
5 ° \
= - Cs'37
2 N \\
N | N\
a 1 1 s
f \\ ! \\\\\ A 241
g ° ' o~
s \ \‘ AN
g L, \ . AN
z \ \ \ \ pu239 4 py 240
> -
A — \ =
| A \ AN
& s ‘\ \\ \\A"’)

\! \ N\
\ AN
2 1 ™
\ \¥ \ Cm?242 \
40_4 ‘ Y <
0] 5 ' 10 15 20 25 30
DECAY TIME (years after 1990)
Fig. 18 Effect of Decay Time after 1990 on Biological Hazard of Accumulated

Waste (1960 -1990) Based on Water Contamination.

093



It is obviogs that Sr9O and 05137-present the most serious long-term waste

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

~

the third most hazardous isotope, Am?ul; ‘In water Sr9o.is 3000 times more hazardous
than Am?ul. As has been suggested by all workers and commentators on waste d;sposal

it is des1rable~under some c1rcumstances to remove Cs and Sr from.bulk waste streams,
provided: | ~ I
(a) That there is a safe way to permemently store Cs and Sr once they are
removed. | | | | B
(b) That satlsfactory heat removal technlques can be developed to remove heat
from the f1$$1on product concentrates.
(c) That the hazard of the bulk waste ‘streams be?éufficiently reduced to
. employ disposal or containmeht measures that require lees control and
are less expensive. This will oe true if:
1) The decontamination factors for és and Sr removal afe high‘emough
' (DF = ldu, or greater) to3allow release to certainfchosen portions"

(25) at Argonne has observed that

of our environment. W. A. Rodger
the removal of strontium must be quantltatlve to materially affect
the disposal picture for the bulk of f1$51on product wastes. Hie

calculations are reproduced in summary in the follow1ng Tables 20

and 21.

-89-
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TABLE 20

7

am———

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

Bas1s, 2 2 x lO6 Mw Installed Reactor Capacity 3 Tons Fiss1on

Products/Day A

Moximum Permissible® Volume Required to Dilute

_06-

Accumulated Concentrations in to Tolerance.

Quantity in Water " Air . Water o .- Adir
‘Isotope 50 Years, curies ‘ §§Z§i -EEZE : cubic miles cublc miles
73:7? 1.3 x 10M b x 1073 4 x 1077 7.8x 105 7.8x 107
cettH 1.1 x 107* L x 1072 7x 1077 6.6 x 103 3.8'x 107
R0 1.0 x 10t o1 3% 107 o x 102 8x10°
T 5,1 x 1000 1 S ex107T 2 6x100
sr?° 8.6 x 1070 8x 1077  2x107° 2.6x10 1x107
cst37 8.1 x 10%° 1.5 %103  2x1077 1.3x 0% 9.7 x 107
Te?” 2.0 x 107 3x102 3x10° 0.2 1.6.% 103
P23 P 2.8 x 10° 1.5 x 100 2 x 107 4.5 x 102 3.4 x 10°

% Taken from IDO-14363 (Pt I), p. 328, by W. A. Rodger, Argonne Natiqpal"Laborafory.

a Decay Neglected -

b Based on a loss of O. 1% in Processing -

¢ From Natlonal Bureau of Standards Handbook St (1953)

(-



TABLE 21

EFFECT OF RESIDUAL Sr90 o DISCARDABILITY OF WASTE -

Per Cent o 'Decontamination - " Years' Storage
Sr Remaining S Factor .. .. _. Required
o ' ' T 'L ' 13 years
0,00001 B 107 | 7 13 years
© 0.0001 o 10° - " 90 years
~0.001 S 100 ,, o 7. 180 years
0,01 R T 270 years
0.1 - ' 107 ‘ o 360 years
1.0 ; T 450 years
10.0 o 10 By 540 years

100.0 | A | | 630 years

* Taken from ID0-14363, (Pt I), p. 329, by W, A, Rodger,
Argonne National Laboratory.

a -“To point where 1 cubic mile water will dllute activity
-..to tolerance.

Rodgerzfurther observes that p#ocessés that aéhieve'sépéfatibh factors of
the order of 10 to 107 such as solvent:extiaction have been developed for
plutoniuﬁ and uraniﬁm. He states that iﬁ is po;sible for cesium=strontium
removal, but that the costs of such processing may be comparable to’thdse
incurred by the“iniﬁial separation of ﬁranium,ahd plutonium‘f?om fission
products. It is'possible that income from séle or uéé 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 présence in bulk wastes
of transuranics and transplutonics, assuming that these trace elements

report to the high=level wastes°
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The most significaht fact revealed by the plots éfArelative biolegical hazard
'-is the marked significance of Am?hl, Pﬁ239,_Pu2h0; Np237;“and Cﬁ?hg. Ve Should a
note here that the production calculations for these heavy'élements'have just'b;éh
made, and that a full evaluation of théir significance has not been compieted;}
It is also significant that the best recovery processes alléw sufficient plutonium
to report to the waste streams to cbntfol hazards in waste after Sr and Cs. TFhere
are no developed processes for removal of Am, Np or.CmoA N | o
Another féctbr that siweilld be recognizedvin discussion pertaining to‘relative
biological hazard is that the déterminaiion of the relative biﬁlogical'efféctive-
ness; MPC values, and the critical ofgans for.almost all radioiéotopes are nqt
wgll established, nor is sufficient research in progress to establish Bétte;'
understanding, Very little experimental dﬁta éxist to define the effects of:the
simulfaneous bodily retention of two of moré'rédioiSOtépésa A definite cynerb.
gistic effect has been observed for radioisotopeslthat produce the same sytomﬁticA
fesult by affecting different organs in the body: ige; blood cell pioduction Q.
impairment by. effects on boné marrow simultaneously with damage to the spleen.
Dr. K. Z. Morgan currently estimates that this cynergistic effect where it :
exists, may not change the MPC values by more than a factor of two. (27) We mst
expect this effect to be importagt-in considerations involving potent1a; ex~

- posures to mixed fission products and heavy elements.

. u92 i
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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
beta particles, and by gamma rays emitted by the radioactive materials as they
undergo various nuclear or decay processes.

Potentially, accidents involving release of radioactiveAmaterials may occur
whenever such materials are present, Accidents may occur with release of hazard-
ous amounts of'radioactive substances from nuclear reactors, plants:manufacturing A
fuel elements, plants decontaminating and recovering unburned fertile and fission=
able materials removed from nuclear. reactors, handling and transportation of all’
types of" radioactive materials, manufacture and use of all types of radioisotopes,
and waste storage areas. “Thus, accidental release of radioactive materials mayﬁ:
occur wherever natural radioactive substances, suchEaS'radium, or materials'irra;,

&

diated in a nuclear reactor or accelerator are utilized, N
0 03157

The accidental release of longwlived hazardous isotopes such as Sr9 )

Am?hl, and Cm»h» while poss1bly confined to 11mited areas (and to limited numbers
of people) at the time of . the accident, can become generally distributed over
the period of the hundreds of years during which their hazard persistso The prob-
ability of population exposure to such a distributed act1v1ty varies markedly with:
the system'in which activity.is contained, i.e. whether it‘is in the reactor, a
chemical plant, or ‘a waste disposal system._ “ |

We will not discuss at length the aspects of accidents involving radioactive
materials, but it is very evident that the ac01dent potential of all parts .of the
‘reactor complex must beQbetter defined. This’rather obviouslyvcannot 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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' "major release" potential must exist for a reactor”e'conomy°

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 h 2 r/hr and lO 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,
since an exposure of several hours would equal the allowable lifetime dose. It
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 costdy.

6.1 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 vhich 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-
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 'ma jor disaster may<occur despite all human efforts

- 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
(sabotage) to an upper limit of 10° /reactor-yr (present statlstlcs)° Thus the

IR ”Cﬁp
The few reactor accidents which have occurredfhave involved reactors of

relatively 1oﬁ”§¢ﬁe£ generation capacity. In.Appendixiigiwe have extracted re-
ports of the following reactor exoursions. (30) | .

1. - Borax Destructive Experiment(52)
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rather extensively in the declassifiedliterature

2. Canadian NRX Reactor Incident in 1952(?3)
(34)

3. ‘Bxperimental Breeder Reactor Incident

Since problems of reactor safety and reactor Site selection are covered

(37)(38)(39) hO)

we Wlll not

discuss this subject further°

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

Virgin FiSSionable and FPertile Mateiial

6.21 Natural uranium - the hazards associated With radioactiVity from the
procéssing of. natural uranium to all the classes or population Will be

238

> and U537

slight since theiactivity;associated with the decay chain of U
is not great° The activity exposure to plant operating personnel will be

easily controlled by a minimum of protection from ingestion and inhalation
of particulates.‘vIn the case‘of a serious accident, such as an explosion,
in a natural uranium processing plant.the exposure to the surrounding

and general potulace will belslight and the area of'contamination.limited

to the plant site itself Transportation hazards-with natural.uranium are
negligible, assuming normal handling precautions° Wastes will contain

238 U235 2311-°

products in the decay chains of U and U
6. 22 Natural uranium - the decay chain of thorium contains B and 7y emitters
that will increase the hazard of handling natural thorium above that for
natural uranium. ‘If very low exposure limits are - established some prob—
lems of control ofaexposure to plant operating personnel Wlll arise, al-
though limited exposures can be obtained by proper handling and operation.
Wastes will contain small quantities of the decay chains of Th232°

In the event of an accident in a thorium processing plant, exposure.of the
surrounding'populace.uould 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 Hazdrd from Handling of Fiss1onable and Fertile

Materlals After Irradlatlon and Decontamination from FlSSlOn Products

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

irradiation in. a reactor is made more hazardous by the production of U
The U237 activity depends upon drradiatidn history and decay cooling period,
assuming complete decontamination from fiesion products, plutonium and other

heavy elements. For'l0,000 de/ton irradihtion and infinite recycle, approxi-

4237

mately 180 days decay cooling are required to allow “to decay to the .

. background activity of naptural uranium. For short decay cooling periods

U237 activity will make limited thickness shielding necessary for operations

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

237

will require shielding. ’An

237

containing appreciable concentrations of U
accident in a plant processing uranium containing U will greatly in-
crease the immediate exposure potential to operating personnel and to the

popnlace in the immediate vicinity of the plant. No long-term radiation

‘hazard greater than that for natural uranium or slightly enriched uranium
will result, since y237 decays with a 6.8 day half-life.
6.32 Thorium - The recycle of {rradiated thorium after decontamination from

234 and Th228° Th23h

fission products is compllcated by the presence of Th
concentration is dlrectly dependent upon the 1rrad1at10n perlod, it decays
with a 24k.1 4 half-life with the emission of beta and gamma energy. A

decay period of about 300 days is required for the decay of Th23h°
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' Th228‘presents a much more serious problem. It is the decay daughter

of U232, produced by an (n, 2n) reaction on o2, The. decay chain

228

of Th"“".contains very high energy @ ,. 8 and ys In addition, the

Th228 (and all irradiated. thorium will

‘activity of thorium containing
contain a quantity determined by the fast neutron flux-time product
- of the irradiation) will increase for teﬁ‘years after solvent extraction

8, vhich follows the separated thorium

separation, - The qﬁéntity of Th22
product, can be reduced by processing reactor blankets with very short
cooling (about 30 deys), but the thorium.product is then very radio-
active beéause of the presence of undecayed Th23u.' ‘

- It appears that the thorium recycle Will‘alwgys‘provide-radiation

" exposure potential to 6perating~pefsonnel, The wastes from thorium -
recycle plents mey contain certain elements in decaj chain of U252,
which will undoubtedly dictate their controlled storage and disposal.
The hazard of an accident in a thorium recycle plant to operating: 9
personnel and to the population in the surrounding area is signifiCantiy
greater than for natural uranium or unirradiated thorium. A rela-
tively long-term exposure haiard wili result from the dispersioh of
“recycle thorium. Transportation of thorium at any time after ex-
posure in a reactof'may require some shielding.

”}Ggfj Bnriched U2 - The activity of ﬁarasitically brdduéed 7 yin

govern the cooling period for this class of material, but this period
'in'no case will exceed 180 to 200 days‘to allow decay to background.
AIn some reactor cycles the inventory'cooling charges may be of such
magnitudes as to require shorter decay cooling, in which case, the
uranium cycle subsequent to solvent extraction ﬁill be ‘slightly to
moderately active. The cycle will offer no long-term population
hazard, affecting oniy operating plant personnel, shipment, and the

..,97 -
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immediate enrirons of the processiné plant, Lower radiation tolerance -
llevels can increase the cost of uranium recycle, |

0235 The decay of. parasitically produced U‘Q52 mekes the hazerd in-
volved in U253 recycle greater than for»any other source or fissionable
. material except“possibly plutonium. After separarion by solvent ex-
traction from fission products and thorium, U253 product is at its
natural background activity, but after separation if increases in
activity level, reaching maximum ectivity levei-after egproximstely
ten years. From processing to‘reector-fnel it is’possible‘that.no
marked problem will exist if final fuel'elementior~material preparation
is accomplished within several months after separation° U‘23 decay
dgughters can be removed at any time by. reprocessing through. solvent
extraction. Considerable care and control of U255 will be required

to keep U233 recycle from belng a hot operation, which requires heavy
gamma shields. Wastes from stepslsubsequent to solvent extraction 3
could contain the deca§<daughters of U232, and possibly would require
a'limited decay period. The lowering of radiation tolerance levels
will have a serious economic effect on certain U233 cycles.. Accidents
from a U233-thor1um plant can bave a serious long-term effect on
plant.personnel and the populationAin the. immediate vicinity of the
plant, Transportation of U‘253 must be considerednfrom the longéterm
hazard viewboint° | |
Plutonium - Processing and subsequenf recycle of plutonium presents
‘the‘most serious plant ond general population hazard from the fission=-
able and fertile material recycle. In Concenfrated form, plutonium
must be carefully handled in absolutely sealed systems. Irradiation
of Pu?> fuel elements will produce higher isotopes of Pu that in-

crease4the hazard, All operations in-which nlutonium is handled must
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. be carefully controlled; wastes must be contained and'plutoniumlisolated.
Plutonium presents a serious long-tefm hazard to plant operating per-
sonnel, population in the immediate vicinity of the processing plant, .

and to the general populace..

e Hazards in the Chemical Reprooessing Plant
| Hazards due to radiation and chemical toxicity in a chemical processing plant
under COnditions'ofpnormel-Operation can be controlled. Generel radiation levels
for radicactive fuel processing equipment can beireduoed with proper shields. In-
gestion and inhalation of radioactivity can be controlled. |
6 hl Hazardous Cperations - the most hazardous operations from a radiation
: exposure standpoint are: o ﬂ |
-a. Sampling of radicactive solution and solution ‘transfer to
analytical laboratories
b. Analytical chemical analyses of radioactive solutions
Co Product removal operations conducted on a warm basis,
particularly for such materials as thorium, U255 and plutonium
d. Maintenance of equipment
e, ‘ExPosure‘to accldentally released fission product gases or
'radioactiVe perticulates i
f. Handling or»radioaotiue feeds to the chemical plant
g. Storage and disposal of liquid wastes
These obviously are hazards to plant operating personnel;‘AThe population
surrounding a chemical plant’can be exposed to hazard from uncontnolled dis=
charge as waste gases containing fission product gases end particulates, Simi-
larly, the controlled or accidental discharge of liquid Wastes to ground water -

can expose a relatively large number of people.
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"géaﬁé” Accidents - Accidents in a chemical processing plant can be of very
| serious consequence to operating personnel and possibly to people
. ‘.livihg in the environs of the chemical plant. The type qf accidents
that can occur in a plant aref
a. Leéké due.to'equipment failure and corrosion
b. Chemical explosions.from such materials as organic solvents;
hydrogen evolved from'agid dissolution; steam explosions;
oxidation of such materfals as molten metals; fluorine or
interhalogen reactions; uncontrolled dissolution of metals.
c. Criticality. Since this subject is not too Vell covered in fhe
open literature, a separate discussion of cri;icélity control
| has been included in Appendix III, prepared by J. W. Ullmann
f;gg ggc;gssified.data:~
(Any explosionviﬁntge cﬁémical plant inself probably will be contained within the
plant and, at most, in a limitedAarea sﬁrr6undingﬁthe plant. Any single aécidenfﬁ
| -will inVoivé only several pieces of'process equipment fram-which relatively |
limited quantitigé c'>f""aic£iv1ty could be discharged.) |
a. Eﬁém&m;cfign in time of war, Results of bémﬁing of :a radiocheﬁié;i'
élant with its necessary waste tanks could pfovide a very serious
hazqfa:fs a large pbpulation group iﬁ%én:afeajsurrounding the
cbgmibél,plant. The hazard would be of long duration.
e. Natural Eatastrophies, such as eérthquakes, windstorms, and partic-
ularly floods.,
' Thé radiochemical processing plant and-its'associated wgste storage facili-
; ties can be considered as an accumulator of fission products and heavy element
'#ransmﬁtation products., Because of economic considerations, it is probablg that -

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

oy 1o e 10 5 : ‘ o -100-
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.‘il's

have a constant "inventory" of approx1mately 10

processing costs versus processing plant capacity, based on extrapolatlon of our.
existing process technology, 1ndlcates that a central chemical processing plant |
may be of economic neces51ty large enough to process the fuel from reactors pro=-

ducing about 30,000 megawatts of heat,(;5) Such a chemical processing’plant will
8 to 107 curies of fission product

activity
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7.0  Transportation of Active Wastes

7.1 Regilréments'fér the’ Shipment of Fueliand'Wasté(})

B

A nuclear power economy., will require the shlpment ‘of large quantities of
radioactive material, first as irradiated fuel from reactors, then possibly as.
waste. In 1980, using Lane' s build-up data, and qssuming that stationary power
feactors will average approx;mately 1000 Mw heat prgQuction cgpacity each, about
‘700 reactors will be in operation. Fuel from theéé!?OO"reactors:may be shipped
after an estimated 100 days decay cooling, tp 20 large 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 roughlapproximatioh'of what the transportation of
fission products and fuel element will do ﬁé'"sﬁrééd{ng the hazard", J. W.
Ullmann has prepared the analysis shown in the following table.

TABIE 1
. ANALYSIS OF SHIPMENT OF RADIOACTIVE FUEL AND WASTE

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

Build-up and Produétion,pgtg - In 198Q In 2000
Megawatts of heat from stationary reactors (Lane) - 1.1 x lO5 T x lO5
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 cobling: | 10.02 0.02
Watts of fission product heat per ton U
after 100 days cooling : 26,000 26,000
after 2000 days cooling 4,000 1,000
=102
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(Tableccontinued)

- 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
HﬁéééWaLL days per ton, burnup
Tbﬁs_U per day processed

Gallons liquid waste per ton of U processed

Shipments of Fuel

Tons of U in transit

Eission products, curies in transit-.

Tons of fuel per carrier (assumed)
Shlpplng time elapsed (days)
’Number of carriers in transit
Flssion products per carrier, curies

Watts heat per carrier
(Cooling required)

Shipmenéé of Waste

Gallos of waste in transit

Fission products, curies in transit

F;ssidn products, curies per galion of waste
,Gé;;ons of waste pér:éafriér (assumed)
rfiééién products per cafriér, curies
‘- Number of waste carriefé in transit

r Watts heat per carrier
(Cooling probably not required)

Thickness of lead shielding
- Probable carrier weight
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12,000 1bs.

3
an

In 2000

In 1980
200 200
5.2 x 10° * 5.2 % 10°
8.0 x lO5 8.0 x 10°
4,000 4,000
27 175
1,200 " 1,200
189 1,225
9.8.x 100 6.4 x 107 3
2
T
95 613
1.0 x 10' 1.0 x 107 J
5 xAth 5 x 10“ |
227,000 1,470,000
1.5 x 108 .9;8 x 108
660 660
450 450
3.0 x 10° 3.0 x 10°
505 3,270
1.5 x 105 1.5 x 100
4 inches U4 inches

12,000 1bs.
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The signlflcance of this estimate is that is points out a very,important
problem, that of the dlstributed hazard resultlng from.the required movement of
irradiated fuel and radiocactive waste to chemical plants and disposal s1tes The
fact that 108 to 109 curies of radiocactive flssion products (plus many: millions h

; 239 Pu238,-Pu2h1 Amghz’ Cmguz

of curies of the alpha emltters, , and others )

are in motion as fuel elements and waste at any instant presents a distributed

'hazard that has not yet been evaluated Wlthout‘the benefit of.experimehtal data,'A

we may flnd that it is necessary to decide whether ‘the shipment of large quantltles
of radioactivity will be allowed at all; and certainly we must early establlsh
the controls under which shipments of radloactlve materials can occur, and to
provide emergency regulatlons to be used when act1v1ty is a001dently released by
accident in transit. , '

Shlpment of radioactive materials on a large scale may be a necessary part

(2) “The un-

of a -nuclear power economy that is competltive with fossil fuel.
economical alternate to large central chemical process1ng plants with capacity
to process fuel shipped from many remote reactors- 1s ‘a mult1p11c1ty ‘of small T
chemical plants, each located with a single or small group of reactors. “'The
dispersal of radiochemical plants in'turn“spreads the hazard due to wastes to
Possibly the same or greater extent than the dlstributed hazard presented by
transported fuel and wastes. Such a- coupllng of ‘small chemical plants w1th a
few reactors may also make recycle costs too-great for the productlon of com~
petitive powpr in the United States. |
Wastes can be shipped from the chemical plant to disposal sites as either-
solids or liquids, with the latter form probably being-the most hazardoiis and
the most expensive, assuming that solid wastes dan be-shipped'without7external”“
cooling. They can and probably should be shipped in small pacﬁages'to timit
the total quantity of activity that could be released in case of aceident: -
Packaged and shielded shipments can be made- (in increasing-order of cost) by
water, truck, rail and air. IR
Arnold(3) has ‘peinted out both the economlc attractlveness'of a protected
pipeline for radloactlve wastes and the possibility that the pipeline may actu-
ally be the cheapest and safest method of wasteé movement. The total volime

of wastes shipped in 1980 can be pumped through a 2" diameter pipeliney’”

.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 block systems and cooling systems, might be as safe as other

waste transport methods.

7.2 ‘Regulations Applicable to.Shipments of Radioactive Materials

The following information was taken from a report prepared by A. L, Ayers,
Philllps Petroleum Company (4 )
A very useful source of federal regulatlons is the "Handbook of Federal
Regulations Applying to the Transportation of Radiocactive Materials” obtaln-
able from the United States Atomic Energy Commiss1on, Division of Construction
zapd Supply, Traffic Management Seetion, Washington, D. C Transportation: of k
radicactive materials in interstate commerce by land or water is subjected
- to regulations of the Interstate Commerce Commission. The regulations. appli-
.cable to radioactive materials are-not issued separately but are included.in
the complete regulations covering the,packaging; labeling, and transportation
of dangerous articles published as Title 49, Part 71 to 78 of the Code of..
Federal Regulations.; Between revisions, annual pockef supplements are . ..
issued. Ammendments subsequent to the period covered by the most recent
revision or annual supplement may be obtalned from the daily issues of the
Federal Register. All of these are for sale by the Superintendent of Docu-
ments, U. S. Government Printing Office; Washingtoh 25, D. C.
The ICC Regulatlons are published also by the Bureau of Explosives of .
the Association of American Railroads, H. A. Campbell, Agent, 30 Vesey - -
Street, New York 7, New York, as "Tafiff 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
it 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 radioactive materials appear in Title L6,

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 Eiplosives,

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

Transportation of radicactive materials in interstate commerce moving
by rail, water, or public .-highway is regulated by the Interstate Commerce
Commission. Some states extend the ICC- regulations to include intrastate
shipments while- in others-specific and semetimes more restrictive regula-
tions apply to shipments within the State. :Additional regulations.upon
this transfer of radicactive materials may be made by local authorities
- as in the case of movement through tumels, port areas, etc.

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:

PART T1 -- General Information and*Regulations

'PART 72 -- Commodity List of Explosives and Other Dangerous Articles

PART 73 =-- Regulations Applying to Shippers

PART 74 -- Regulations Applying Particularly to Carriers by Rail

Freight : ' ,

PART 75 -- Regulations Applying to Carriers by Rail Express

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

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

Contract or Private Carriers by Public Highway
PART 78 -- Shipping Container ‘Specifications

/

Regulations in Parts Tl to T8 cover- preparatlon of explosives and

other dangerous articles for transportatlon common carriers by rail freight,.

rail express, reil baggage, highway or water, comstruction of containers,
packing, wéight, marking, labeling when required, billing, and shipper's
certificate of compliance with. these regulations;ialso cars, loeding,
storage, billing placarding,,endAnovement thereof by carriers by rail.
Thevregnlations define that anyene knowingly .not conforming to these
regulations is subjected to fine or imprisonment, or both.
The Commissioq{has been given nower by Congress to formulate regu-

lations for the safe transportation of these‘materie.lso The Commission
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or any other interested party mey initiate reqnesfs for changes in regialations:

The Bureau of the Safe Transportation of Explosives and other Dangerous Articles
may at the request of the Commission accumplate data from &ll available sources

to determine the most effeéctive-and logical regulations. - '

Generally, a notice of ninety days is given before a new or modified regu-
lation becomes effective. However, a shorter time;may'be authorized if spécial
and peculiar circumstances Justify it. Periodic public hearings are held in
which evidence'may be‘produced concerning proposed changes. Thé Commissioh
may act’ without hearing and without notice, although usually twenty days
notice of proposed changes or additions are given.

The regulations’ show the kind of label when-réqpired 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 regu-
lations apply are also given. Items are listed in alphsbetical order and
for each item there is given the proper shipping name, the class of hazard,
cross references to sectioﬁs specifying exemptions and .packing, color or
label required, if not exempt, and meximum quantity in one outside container
for shipment by rail express.  All radioactive materials are classed as
poison, Class D, and are properly shipped as “radiocactive materials". A
blue or red label is required as specified. ' |

It is the duty of the shipperito follow the regulations. All the radio-
active materials, that is Class D hazards, which have ai;o anothef hazard-
ous characteristic are subject to this specific regulation for both hazards.
As an example, radiocactive sodium would be classed as a- flammable solvent
as well as & radioactive material. Shipments of radioactive materials
made by the Atomic Energy Commission under escort are:eXempf from these
regulations. However, the regulations with the AEC specify the ICC regu-
lations as a standard of safety for_transpoftation of radioactive materials
without exception. Escort may be provided for'sﬁfety reasons as well as
security. ' - ’

The consignees must report promptly'fo the Bureau of Explosives all
instances o6f improper staying and broken, leaking, or defective containers.

The Bureau of Explosives, upon receipt:* of such reports from consignees,
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should promptly feport to the shipper full particulars covering all such cases.

| A 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 remaan in empty containers and when the vagors remaining are
unstable it is permissible to add sufficient inert gas to render the vapors stable.
Empty containers must be leak free. The empty containers. mist not contain more
than 1/10 millicurie of radium; polonium, or more than O. l35~millicuries of
strontium-89 or strontium-90 or bariumwlhO, or mofe than 1. 35 millicuries of
any other radioactive substance° There must be no 51gnificant alpha, beta or
neutron radiation emltted from the exterior of the rackage.. ‘Gamms radiation
at the surface:of the package must be less than 10 mllliroentgens per 24 hours.
When shlpments of radioactive materials are loaded on the cars by shippers
. or unloaded from cars by the comsignee, the cars must e placarded and unloaded
according to regulatlonso A radioactive material is any material or combinatlon
of materials that spontaneously emit ionizing radiation..

Radioactive materials, Class D, poison, are dlvided into three groups
according to type of rays emitted at any tlme during transportation, as follows: L

GROUP I - Radioactive materials that emit gamms, rays only or
both gamma and electrically charged corpuscular rays.

GROUP IT - Radiocactive materials that emit neutrons and either
: or both types of radiation characteristic of Group
I materials.

GROUP III - Radiocactive materials that emit electrically charged
corpusculgr rays only, that is alpha, beta, etec.,
or any other that is so shielded that the gamma
radiation at the surface of the package does not
~exceed IO‘milliroentgens for 24 hours at any time -
during transportation.

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

The purpose of classifying radioactive material by grour is to facili- ‘ o
tate the statement of regulations covering labeling and handling. Group I

or II materials require special precautions in transit and in storage -to -
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protect personnel and photographic film. The stipulation "at any time during
trangportation" is made necessary due to the possibility ofran increase in
gamma. radiation during transit due to the formation of .gamma emitting déughter
products of the material being shipped. ‘

Not more than 2000 millicuries of radium polonium, or other members of
the radium family of elements- and no more than 2700 millicuries of any other
radiocactive substance may be packed in one outside container for shipment by
rail freight, rail express or highway, except by special arrangements and under
conditions epproved by the Bureau of Explosives. - ' '

Radiocactive materials such as ores, residues, etc. of low activity packed
in strong tight containers are'EXempt fromAspecificatian packaging and labeling
requirements for shipment in carload lots by rail freight only provided the
gamma radiation or equivaleht will not exceed 10 milliroentgens per hour
at a distance of 12 feet from any surface of the car and that the gammh‘radia-
tion or equiﬁalent will not exceed 10 millirocentgens per hour at a disfance
of 5 feet from either end surface of the car.

The term. "low activity material” is not defined by the ICC. However, it
is implied that any gamma emitting.material, a full carload of which does
not produce radiation in excess of 10 mr/hr at a distance of .12 feet from
any surface of the car, may be considered low activit& meterial for this
purpose. The limitation on the radiation from either end of.-the car at
10 mr/hr at 5 feet may be achieved either by spacing or by the use of shielding.

Although no exact provision is given, it would appeaf that ICC approval
for shipment of tank cars of low enriehment recovered uranium solutions may
be possible on the basis presented here for full car shipments.

In the event of breadagé'of'ébntainer, wreck, fire or unusual delay in-
volying radicactive shipments as covered by the regualtions under discussion,
the car containing loose radiocactive materials mﬁst be isolated as far as .:
possible from danger of human contact &nd no persons must be allowed to re-.
main close to the car or contents until qpaiified persons ére évailable to
supervise handling. The shipper and Bureéu'of'Expldsives should be noti-
fied immediately. a C :

Cars, buillding, areas, or equipment in which Class D'poisons haveAbeen

spilled must not be again placed in service or odcupied until decontaminated
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by qualified persons.

Any box car or motor vehicle which, after;ﬁse for the transportation of
radioactive material in carload or truckload lots, is contaminagted by radio-
active material shall be thoroughly cleaned to-the extent that a.survey of
the interior surface shows that beta-gemma radiation is not.greater than 10
millirocentgens physical equivalent.in 24 hours or that average alpha contami-
nation is not greater than 500 disintegrations per minute per 100. square
centimeters. A certificate to that effect must be furnished to the lacal
agent of the carrier or to the\driver of the motor vehicle. Cars and ve-
Hicles which are used solely for the. transportation of radioactive-materials
are exempt from the provisions of this seéction.

Containers of radioactive material must not be placed in vehiciés;
terminals, and other places closer than 3 feet to an area which may be
continuously occupied by passengers, émployees-or shipments of animals.
Materials of undeveloped film must not: be placed closer than 15 feet to.-
this type of shipment. No more than hb units- of radioactive material shall
be transported.in any vehicles or stored:at any location at any one time.
One unit of radiation equals one millirocentgen per hour at one meter for .
hard gamms radiation or any amount of radiation that has the same effect

on film as 1 mrhm or hard gamma rays of radium filtered by 1/2 inch of lead.

Permissible Radiation ILevels

The carrier must be designed so that there will be no significant-
radiocactive surface contamination on any part of the container. All outside. .
shipping containers must be of such design that the gamma 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 whén necessary in order to satisfy this requirement. The outside = .-

of the shipping container must be at least eguivalent to a heavyfwdoden .
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 gamma radiation




at 1 meter from any point on the radioactive source will not exceed 10 milli-.
roentgen per hour. This shleld must be so des1gned that it will not open or
break under conditions incident to transportation, The-minimum shielding mst
be sufficient to prevent the escape of any primary corpuscular radiation to the
exterior of the outside shlpping container In this regulatlon, at 1 meter fram.
any point on the radicactive -source ig interpreted to mean at 1 meter from the
nearest point on the source. _
Radioactive materials Group III, liquid, SOlld or gaseous, must be
pAcked in sultablc ingide nuuLainexs completely wrapped and/or shielded with
such material as will prevent the escape of primary corpuscular radiation to
the experior of the shipping containers, and secondary radiatlon at the surface

container must not exceed 10 milliroentgens per 24 hours, at any time during

”transportation. Acceptable instruments for measuring gamma radiation packages

include the gamma survey meters listed in the SIC series of the AEC Instruments
Catalogue. There must be no loose radioactive material in the car, and the
shipment must be braced so as to prevent leakage or shift of lading under
conditions normally incident to transportation. Except when handling is super-
vised by the Atomic Energy Commission, shipments must be loaded by the consignor
end unloaded by the consignee°

The regulations covering transport by water are in most. cases identical
with those prescribed by ICC. The vessel must be loaded s0 that a gamma
radiation or equivalent at any spare point in any space or ares continuously
occupied by passengers, crew, or shipment of animals will not exceed 4o milli-
roentgens per 24 hours at any time during transportation,

ICC approval must be obtained for- shipping containers not specifled by
regulations. This is obtalned by certiflcation through the Bureau of Exp1051ves.

s

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 liqulds to a
remote ultimate disposal site such as might be provided by a deep well or
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salt bed. Their study vas aimed at deternining'the optimm cooling time for.
wastes at the chemical plant site assuming ‘the worst conditions of:«_llashippingf
liquid wastes (800 gallons/ton of U) in small 250 gallon capacity shielded
carriers, 2)'initiai radiation burnup to'lO 000 Mwd/T of fuel 3) several
storage costs as shown in Table 33 and h) varying decay coollng times and.shlpplng
distances. ' .

After calculating the shielding reqnired ‘and determining overall carrier
' rate using rail freight costs in the United States were: 1) $l~&0£hundred.lbs
round trip for one way distance of 200 miles;  2) $2.60/hundred- Ibs round trip
for 500 miles one way and $4. So/hundred lbs* round trip for one way distance of
lOOO miles, they determined optimum coollng periods as shown in Table 2.

TABIE 2

o
=

UNIT STORAGE cosTs*($/ga1/yr)

$0.25/gal Initial Investment for Tankg

Rate for Fixed Charge : 15% 12 - )
Fixed Charge 0.038 = -~ 0.030 0.010
Direct Charge - 0.003 0.003 0.003

Total : S 0.041 . 0.033 0.013

L $2.00/gal Initial Investment for Tanks
Rate for Fixed Charge . 15% . 124 Wb

Fixed Charge 0.30° - 0.2h4 0.08
Direct Charge . 0.003 0.003 _ 0.003
Total 0.30 0.2k 0.08
Assumptions

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

>

(h) Fixed charges were calculated for initial -investments of
4 $0.25 and $2.00 per gallon at three different annual rates.
e 12% and 15% per year represent the range used by utility
companies to write off 'investments ‘inclusive profit; taxes;
and interest on capital. ufi per year might be the rate
« for a government-owned burial site (2% amortlzation 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

= $0.005/gal was neglected.

2 men/shift x 4 shifts x $h5007man-year_ L oan A .
50,000,000 gal = $0.0018/gal/year

Allowing for 6T% overhead; the direct charge will be $0.003/gai/year

TABLE 3

- OPTIMUM WASTE COOLING TIMES AT CHEMICAL PLANT SITE

Storage Cost $/gal/yr .0:013 - 0.041 0.30 -
$ Gallon Tank Cost $0.25 $0.25 $2.00
Tank Amortization Rate uh/year  15% Private ~  15% Privste

Optimum Cooling Time
(years) for One Way
Shipping Distance of:

200 mi | 9 6-1/2 0
500 mi : . T-1/2 5=1/2
1000 mi 1k 9 6-1/2

M3 375 118




From thls 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 poss1ble shlpment to an ultimate d15posal site. The same cooling.
period would be advantageous in reducing shielding requirements and costs
for waste processing'opefations léading to recovery of useful fission products

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

7.4 Possible Costs vs. Shipping Distances

In order to check the economic fea51bility of shipping wastes for less
than a' 0. 05 to O. l mill/kwh of electrlcity, we have estimated shipplng
charges as shown in Table 4, which also includes the costs of sborage of

wastes for optimum_éooling periods discussed in Section T7-3. Shipment of

liquid wastes in a 250 gallon lead shielded carrier was assumed.

We venture to draw sevefal'genefal'conclﬁSiOns from this study: R

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 radiochemical separations to meet the requirements . :j
of 8 mills/kwh electricity; i. e. allowable radiochemical costs )
may be 0.5 mill/kwh vs. approximately O. 025 mill/kwh for shipping.

2) Combined costs of shipping plus interim deecay storage prior to
shipment can be kept below 0.05 mill/kwh of electrlcity if tank
investment costs are lower than possibly $0.60/gallon.

3) Waste tanks at the radiochemical separatlons plant for(decay
.cooling of wastes are 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 disadvantage.

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 INTERIM STORAGE AID SHIPPING OF‘E[GH LEVEL WASTES

) Ny

Assumptions: 500 mile shipping dlstance rail frelght no escort
round trip base rate $2. 60/cwt
2) TFuel irradiate to 4000 Mwd/T uranium.
3) Reactor operates at 25% thermal eff1c1ency
k) Storage costs taken from Table 3
“5) 800 gallons waste per ton of uranium processed.
) & . : ' s ey
Yoars Interim Storage Costs q)[ggl or. mills/kwh Shipping Costs . Total Costs
Cooling  $0.041/gal/year $0.30/gnl/year v 0.0k1/gal/yr 0'50_/ gal/yr
Time gel mills/kwh $/eal mills/kwh $/eal mills/kwh mills/kwh - mills/kwh
0.5 0;02 ¢0.001 0.15 . 0.005 2.73 . : 0.091 O'.O9l 0.096.
5 0.20 0.007 1.50 0.050 1.19 . 0.039 0.0k6 0.089
7 0.29 0.010 2.10 . 0.070° 0.79 . . 0.026 0.056 0.096
10 0.41  0.01% 3.00 0.10 0.71 . 0.02h 0.037 0.124
20 0.82 6.00 0.20" 0.66 o 0.022 0.222

Conversion factors;

0.027.

'Vlult:l.ply $/eal by 3.3 x 10

-2 to get mills per kwh of*elecf.ricity.

0.049
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such as the Idaho Chemical Processing Plant, Savennah River and Hanford,
liduid waste raffinétes 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 where gréund eddy currents require it)
and provisions for maintenance. The experience with piping. wastes has been
uniformly good. At Oak Ridge National 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 R
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, but the area through whiclr lines 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. A | -

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 transport agueous
solutions of radiocactive fission products. The tank has been used in test
runs between Arco, Idaho and Oak Ridge National Laboratory to check the
performance of design features.

The spherical shape of the container 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 ié 28,200 1b. The wdrking volume is 210 gal
of iiquid weighing 2,000 1b. The total capacity of the tank is-250‘gal°

The inner tank, containing the’liquid, is a 48-in:-diameter sphere,
made by welding together two hemispheres pressed from 3/&-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, clad
with stainless steel on the outside, éncloses the lead-shiel@ed inner

container to provide protection against external 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 fill 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 automatically seal against: pressure from within the tank when the coup-
lings are disconnected. The entire external piplng 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 1liquid level in the tank is measured by conductivity probes which
indicate volumes &f 125, 200, and 210 gal.

The total of fabrication of the shielded transfer tank was $22 726
of which $12,791 was for material $6,624 for labvor, and $3,311 for over-
head. An additional $2,5OO 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 Cs137, and a total of 30.3 gross beta
curies, per gallon. The radiation reading on the outer surface of the con-

teiner vas 6.2 mr/hr.
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8.0 Possibilities of Ultimate Waste Management and/or Disposal

8.1 Introduction

Perhaps the most significant problem in radioactive waste disposal
is that of determining the final repository for radiocactive materials. - ' -
It appears from surveying both the cléssified and the unclassified litera- -
ture that the research and development}proérams aimed at ﬁroviding in- ‘ -7
formation on safe ultimate disposal (and-cor@llary efforts in environmental
effecté) are ﬁost urgently requiring inveétigationo' Research and develop-
ment leading to the selection of satisfactory disposal sites and to the
undertaking of significantAexperimental’prbgrams to define the health
and séfety aspects of ultimate disposal methods must be sélected to give
significance to any chemical steps taken to reduce volumes, mobility of
| radioactivity, costs, heating problems, etc.

A rather fundemental question that probably must be answered without
the enlightenment. of much development data is whether or not any large
quantity of.léng-lived fission products‘and'heavy'elements can be placed in
sbme remote natural sink without surveillance. If the answer to this
question is no, then it is necessary tovseriousiy 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 éxist
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 radioactive wastes presents a different
and more difficult problem in that the radiotoxicity of these wastes
cannot be destroyed or diminished by any known ‘breatment° Furthermore,

the limits. of biological tolerance of radioisotopes in the environment
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are eO'restrictive that the problem of\adequately diepersing large quan-
tities is almost insurmountable. Most of the radioisotopes appeer in o
aqueous effluent streams from chemical processing plents”and the practice
has been to store this'material in large tanks interred at'the surface.
Only a relatively minor portlon, including certain of the gaseous wastes,
have been released to the env1ronment The advent and growth of a nuclear
power industry portends a great increase in the volumes or radicactive
wastes to be encountered during the next half century, and the present
practices which are at best only temporary expedients, cannot be expected
to meet the requirements for ultimate or permanent di§POéal.

In recognition of these facts there has been both speculative and
serious consideration glven to methods which might serve the purpose of
ultimate disposal. It has been proposed that the oceans, by virtue of
the tremendous dilution factor they offer, might serve as a medium for
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;
the carefui study and consideration of experts from a number of highly
specialized 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'raq1oactive wastes,
While there is, admittedly, insufficient information to form a positive.
and final evaluation of any proposed method at the present time, it was,
nevertheless, possible to evaluate the potentialities in a qualitative
sense and specify the research yet remaining to be done before signifi-

cant field-scale experiments can be performed.

8.2 Fixation of Wastes in Solid Form Prior to Ultimate Disposal in Ground

Although the occurrence of radioactive wastes as aqueous 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 and chemical reactivity render liquid wastes espe-
cially hazardous to dispose of permanently. A substantial reduction in
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the long- erm hazardsvassociated with disposal could be achieved by com-
bining or fixing the radloisotopes in solids from which they could not
easily be removed These solids could then be disposed by storage in
suitable areas.

The basic requirement of any process for this purpose is that 1t
economically produces a thermally and mechanically durable solid which w1ll
retain the act1v1ty should 1t 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, intermm_storage,'
end ultimate disposal methods have been defined. However, it should
be pointed out that the high—lewel liquid waste streams are as large in
volume as the primary product streams in the chemical processing plants
and that consequently, 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 which the fission products could not be leached within limits
of detectioh, it would seem‘morelrealistic to'accept greater leachability
if substantial sawings in process simplicity and costs resultedl There
is reason to believe that partially leachable solids could be either
packaged economically or stbred-without packaging in dry spaces- like salt
cav1ties without unacceptable hazard. "

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 pilotAplant 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 Uti11z1ng Montmorillonite Clay -
Pos31bly the earliest work on fixation of radioactive. wastes wasiniti-
ated by L. P, Hatch at Brookhaven National‘Laboratoryo(l)(e)

involves'asla,preliminary step, evaporation of the wastes to dryness and

This process

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 ieachable figsion products.. The resulting leach
solution is passed over extruded montmorillonite ciay which sorbs essentially
all the fission products in solution (except ruthenium) and these sorbéd activ-

ities are subsequently "fixed" by firing the clay at 1000°C. Fission product

‘bearing clays are heated in silicon carbide or incénel containers.

(3)

The nepheline syenite process as studled at Chalk River, Canada, con~

8.22 Fixation with Nephéline Syenite

sists of mixing nepheline syenite (a low-melting silicate) with acid wastes.

A gel is formed which is porous and cen be dried with little entrained activ-
ity. When heated to 1200°C, it fuses to a glass from which the 6nly leachable
activity is that apparently reéulting from surface contamination. Work is
currently underway to convert the procéss from a batch fé a continuous oper-
ation and to reduce the temperatures by édding fluxes to promote the forma-

tion of non-corrosive, lower-melting glazes.

8.23% Self-sintering in Insulated Pits with Shale as Ultimate Disposal
Possibility and‘Extremely Fired Sintering Prior to Ultimate Disposal

The self-sintering process is desiéned, 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 Struxmess
et al(h) at Oak Ridge National Laboratory. ILiquid wastes are mixed with
definite proportions of shale or clay, limestone, and soda ash, then are
allowed to stand in well-insulated pits until the fission product heat has
evaporated the mixtufe to dryness, decomposed the nitrates, and finally,
elevated the temperature of the resultant cake to the region of 900°C,

This proceéss has the potential economic advantages of requiring no chemi-
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.propdrtions in a heated and insulated pit:
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720 gallons of 2.2 M. AL(NO]), ‘waste
2405 1bs. of 200 mesh Conasauga shale
T20 1bs. of’ 11mestone '

720 1lbs. of soda 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 act1v1ty,A

8.24 Brltish Process for leatlon of nghly Actlve Wastes

The Brltlsh have been worklng on the fization concept s1nce 1955 Amphlett
(5)

and co- workers have stud;ed all the approaches being considered in the United
States and Canada without'cerrying any of them into ‘the engineering or equip-
ment stage° They:have obtainec excellent fixatioﬁ‘and'higher capacities by
disregarding the ioneekchange effect and mixing ﬁheir wastes as solﬁtions

or slurries with clays, soils, and fluxes and firing at temperatures near
1000°C. Although they agree that self-fixation should be feasible iﬁ those
cases of very high concentrations of activity, they appear to favor at this
time mechaoical heating of their own wastes and are ready to begin tests of

L

the equipment and remote handling devices required.

8.25 Fluldlzed Bed Calcination
A concept qulte closely akin to fixation, is that of simply calc1n1ng

the alumlnum 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 technique for this process has been studied both by Jonke( )

at Argonne National Laboratory and by Grlmmett('r) of Phillips Petroleum
‘Company, National Reactor Testing Station, Idaho. The concentrated aluminum
nitrate waste is injected .into a wvigorously fluidized bed of eluminum main-
tained at about 500°C. The fission product and aluminum nitrates decompose
to their respective oxides and accumulatein 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 a maximum of 200 curies of 1 Mev gamma radiation has been con-

-106-
373 131



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 signifigant radio~

activity.

8.26 The Brookhaven Waste Calciner
Manowitz and Hittman(z){“8)

wastes in a screw calciner. The presence of sodium nitrate in these wastes

have proposed calcination of aluminum nitrate

serves as.a‘flux,and a free-flowing solid, melting‘at 300°C,is produced. 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

storage.

8ﬂ5 Separation of Strontium and Cesium Prior to Disposal

The major long-lived: contaminants and biological hazards in radioactive
wastes from reactor fuel processing are 26y sr7° and 26.6y 03157, 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 disposal in. salt formations
or deep wells, but decontamination by -factors. of 106 to lO7 would be re-
quired before the wastes could be safely released to the environment. In
most cases, the additional decontamination of plutonium and the transplu-
tonics by factors of 10 to 103 would have to be achieved before release
could be permitted. It can be expected that separations of such high order
would be very difficult to attain-and probably would not be economically
feasible. |

Possibly the greatest experience in separating fiesion products from
waste streams exists at Oak Ridge where the production of radioisotopes for
commercial purposes has been underway since the war. Ruppt9) 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 separated 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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_ the heat production to levels where more economical storage and disposal might -

(10) and Idaho based

on metal ferrocysnide 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 bhazard and

be effected. In addition, they could provide economical production'for purs=

poses of commercial utilization.

8.4 :Oceéﬁ-Disgosal )
The oceans have been used only to a very limited extent for disposal of .

certain low-level wastes, In the United States wastes from laboratories

and other research use have been carefully péckaged and dumped at sea, The
British have carried the practice further by dumping liquid wastes eff-shore '
in the Irish Sea,(ll) In both instances only inconsequential quantities

~ were involved compared to the large-scale disposal operations required'by

a nuclear power economy. The conclusions of a number of qualified special-

ists who have considered the longer-range aspects of ocean disposal have )

been summarized by Renn,(le) - = -
It has been proposed that radiocactive 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 boles where large bodies of

stéénént water are known to exist. It is expected that the wastes would

rempin"in such locations until their activity decayed to safe levels. How-

evef, there appears to be sufficient evidence based on temsprature and -

oxygen content of the waters in such deeps, to conclude that there is a more

frequent overturn than had originally been assumed., Prolonged 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 canhyons on S

the North American continental shelf, the gdvantage being that such areas

are well-defined and close to shore. -Submarine‘geologists have pointed out,

however, that these canjons are produced by local instabilities and are .

scoured periodically by submarine mudslides which reach velocities of 15 ”

to 20 miles pér hour, It seems unlikely that economical containers of the
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-structural;strsngth required to withstand such treatment could ever be .
developed. - o  v _ ',_ %“ 

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

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

A subject of great importence and uncertainty is the degree of assimi-
lation of radioactivity one can expect of plankton and organisms in the. sea.
Marine biologists and ecologists are concerned over the potential hazards
associated with assimilation and concentration of fission products by plants
and animals in the sea. Little is known about what the rate and form of
concentration of long-lived strontium and cesium wouid be, but a careful
examination of all the important variables_that enter into the marine en-
vironment would be required.

Many proposals for disposal of radicactive wastes at sea are.based’
entirely or partialiy on the concept of dilution by ﬁhe ocean.watérs.
Experience has shown, however, that the mechanism of mixing in large masses
of water is very unpredictable. Cases have been studied where dense, saline
wvastes were dumped in the ocean and it was found that movement occufred,
horizontally at much greater rates than veftically. Sﬁch a phenomenon
greatly restricts the volume of water available for diiution and emphasizes
the necessity for discharging liquid ﬁastes directly into the stratum where
dilution is desired.

Siich 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 aresas, bresent 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 confidegce in such an operation can be
established. |

- =129~ |
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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 involve 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 sdfest and possibly -the most
economical method ‘of storlng waste.

2) Disposal in salt .is the most promlsing method for the near futurea

' Research should be pushed immediately on the structural problem
of stability vs. size of cavities at a given dépth; on the thermal -
problem - getting rid of the heat or keeping it down to acceptable
levéls - and on the economics of such disposal.

3) Next most promising seems to be stabilization of the waste in a
s561id and preferably non-leachable form such as a ceramic material.
This could be followed by controlled stnrage in dry mines, surface
sheds or large cavities in sélt.

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 conmate
waters of 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 oL
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 Cs157 and Sr9o from the waste would make dispossal
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 land disposal leading to the above recommendations is given. E ' -

8.51 Tank Storage : , | | '

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

of sight, out of miad" policy. A great deal of study and plannlng has pre=
ceded the building of these "tank farm systems, and" to date there have been
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“no instances of important structural failure. Reliable monitoring and leak

detection systems have been developed. Inrsome cases a second line of defense

against the ever-present danger of leaks and breaks developing in the tanks

.was conceived through interpretation'bf results of extensive studies of the

geology and geochemistry of the local regions, the theory being that an 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 hazard, An overall factor of safety might thus be foreseen in a
higher degree than would be pé;missible from a consideration of the physical
and chemicai 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 mbre is known about the important factors of
corrosion. Consequently, 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.

8.52 Disposal in Salt'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 locations within
the United States and commercial mining operations create annually, spaces
which are 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 radioactive waste storage. 1In eddition to offering an iso-
lated and relatively ﬁhiform chemical and mineralogical..environment, salt
is plastic under load and deposits are impervious to water. Cavities can
be mined in such a manner 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, earthqﬁakeAhazard to a unique degree. Heroy
has made a preliminary study of the use of salt formations for the purpose:

(13)

of radioactive waste disposal and has described its availability and charan
teristics in some detail.‘ " -

Occurrence of Salt

The pr1ncipa1 areas underlain by salt in the United States are, shown in

Figure 1. The ma jor deposits occur in the north central statés:and in the
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southern states along the Gulf Coast The salt formations of New York, Michigan,
Ohio, and Kansas underlie many thousands of square mlles and extend from surface
outcropplngs to depths 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 Nlagara Rlver 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 Pennsylvanla At its max-
imum, the salt is about 1000 feet in thickness and in northwestern Pennsylvanla
it is found at depths of from 1500 feet to more than 8000 feet in the deepest

part of the syncline.

The Salina beds extend westward into Ohio where they underlie an area
of over 15,000 square miles., The;salt is all below the surface at depths of
from 1000 to more than Looo feet‘and‘have a thickness'over most of this area
of more than 100 feet. | | ‘

It is estimated that an area as great as 35,000 square miles in Michigan
is underlaln by salt-bearlng formations. The formations are found within the
Michigan basin at(depths ranging 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 square miles in the central and southeastern parts of Kansas
are underlain by salt-bearing formations, This salt dips from its outcrop
in Salina and Sumner Counties to depths ofA65O‘feet at Hutchison, 1000 feet
at Lyons, 1700 feet in Kiowa County, and 2000 feet in Clark County. . Its
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 the.state.

In the Gulf Coast area of Loulsiana 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 ;s known,.ranging in size from nearly
circular domes, one-half of two miles;tn diameter, to elongated masses
several miles in length.' Thioknesseslof 500 to several thousand feet are
normal. ' ) ' ' . | I _ .

Rock salt also oceurs in eastern Utah,and western Golorado. 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. - i |

In the southwest salt occurs 1n the Delaware Bas1n of New Mexico and
Texas to an extent that may underlie approximately 76 OOO square miles. The
’beds vary in thickness up to 3500 feet and lie within about 500 feet of the
surface. In part of this area a zone of potash salts is present which has
been extensively deueloped nedr Carlsbad, New Mexico during the past 25 years.
The salt is not mined, however, except as a bysproduct of the potash, and it |
is marketed to only a very limited degree. -

Mining and Production of Salt

‘ Salt is mined commercially both in its solid form and by dissolution in
water and removal as brine. It is also produced as natural brines which
are pumped to the-surface"from porous formations andcevaporated. The total
annual national production currently exceeds 20 million tons, about 60% of
which is produced as natural or artlficial 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 end to the form

in which it was produced., ' .

Rock salt was mined at 14 sites in the United States in 1953 with
locatiomsbin New York, Michigan, Kansas, Louisiana, Texas,and;Utahl The
production by states as estimated by Heroy is given in Table II. The total
space mined in 1953 was 1547 acre-feet (67.4 million cubic feet), and based
on reported production, a volume of 21,250 acre-feet has.been mined durihg
the last 20 years. The deepest mimes 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
aré quite leveliand are extremely dry. Inspection has showvn them to be
frequently devoid of faults, indicatihg a geological history of stability;

Production as art1fic1al brines is accomplished by pumping water 1nto
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 o

fail structurally due to the unsupported weight of overlying rocks. Greater
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/1SS TABLE I
= , SALT - PRODUCTION BY STATES - 1953 - SHORT TONS -
- : 'per Héro (13)
: Heroy
: Salt in Evaporafed - Value
:\ 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 53,656 - 534,656 370,569 905,227 7,480,556  8.27
" Louisiana 1,358,99756 1,600,.827’_e 2,939,824 121,410 5,061,234" 9,189,526 3.01
Michigan - - ~1,ooo,ooo¥ 5,306,7‘27’{‘ 4,306,727 860,.660 s 5,127,387 22,171,988 4.31
New Mg:{i‘-fc'o - - - A 62,087* 62,087% 216,364 3.48
. Wew Yark 1,200,000  1,589,735% 2,789,735 532,924 3,522,659 17,351,111  5.28
= Ohio - 2,51, 799% 2,541,799 498,438 3,040,237 7,48k,795 2.48
! Puerto Rico - - ' - 13,692 13,692 131,490 9.60"
Texas . h0D,000%  2,333,339% 2,733,339 11,851 2,845,190° 5,010,624 1.76
-Utah 5,000# - ,_ 5,000 149,088 154,088 T72,035 5.00
West Virginia B ﬁ 419,907* 419,907* - 419,907 1,490,592 3.55
Others(l) - 5k2, Shlx . shp, Sl - 171,586% 713, 930, 714,527 1.00
& TOTALS 4,478,655  12,608,0b3 17,086,698 - 3,702,305 20,789,005  $78,276,667  $3.77
3 | a o |
- * Estimated
E} (1) Alabama, Hawaii (evaporated); Oklehoma (salt in ‘tzring)‘;: Virginia (salt in brine).




Kansas
Louisiana
'Michigan
New Ybrk
Teﬁas

Utah

TOTALS

(1)

Spec1flc gravity, 2.15; 134 1lbs. per cu. ft

TABLE II

ROCK SALT
ESTIMATED PRODUCTION BY STATES - 1953 - SHORT TONS
o per Heroy( 13)
Equivalent Average Acres Depth
Per space, . (1) 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 - | 462 80 10 600-800
1,000,000 346 . 30‘ 25 1000
1,200,000 bk - 10 68 1000
400,000 138 " 60 5 766;1500
5,000 S 2
4,478,655 23,777,527 $5.34 1,547 145

2900 tons per acre-foot,

(2)

Ca e,

Assuming 50% or 60%, according to locality, left as pillars.
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experience with these.téchniques, however, has provided an increqséd“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 pféssure.
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

a number of processes under development designed to convert high-levél liquid

" wastes to less mobile, solid forms. Excavations in rock salt would séem to

be especially suitable for storage of these packaged or solid wastes. Before
such disposal_praqtices;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 piaced 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 cooliné and ventilation equipment
designed. Finélly, engineering stgdies must‘be made of the best methods
and equipment for handling and conveying radioactive solids of the typé
to be disposed. . . '

The disposal of liquid wastes in salt offers the advantages of a maxi-
mum of control over the disposed wastes with the possibility of ultimaté
recovery if desired. It can be énticipafed that wastes already near satu-
ration with dissolved chemicals could be stored in contact with salt without
incurring serious chemical or physical changes. The success and safety of
such en operation will dépend in large measure, however, on the severity
of the thermal préblems 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
extract it by some mechanical means designed to operate on a long-térm
basis. A

The temperature of the wastes coild be maintained at a desired level
by submerged cooling coils; 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 probahle that either operation could be accomplished
more safely ‘and ecohomically in steel tanks near the surface, and that, conse-
quently, disposal of liquid wastes. in salt should only be cons1gered in those -
cases where subsequent cooling is not required.

Hydraulically mined cav1tles offer some attractive features for liquid
.storage. They can. be excavated in a ﬁariety of sizes and shapes with great
precision which should make possible the attainment of struchurally safe.
spaces possessing large surface-to-volume.ratios for efficient 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’ possiblllty for ultimate disposal of radicactive wastes

appears to be the utilization of deep wells probing into subterreanean
' geological formations. The feasibility of such a concept is suggested bj
the tachnigues of brine injection as practiced by the petroieum industry.
For a number of years great volumes of brines have been{sucaessfully in-
Jected either for the purposerf disposal or for the secondary recovery of C
(1h) With such a technology already established, it seems reaéonable to )
expect that applications to radiocactive waste disposal may’exist‘
Analyses of the antlclpated problems associated w1th the dlsposal of
radioactive wastes in deep wells have been made by de Laguna,(l5)
BOedder,(.7) Kaufman, et al, (8) (49)

define the attributes of an underground formation sultable for containment

and Pecsock. Attempts were made to
of these wastes and preliminary consideration.was given to the most likely
site-locatians° .While many of the arguments presented are specuiative and
therefore controversial to some degree, it is of interest to ncte that nome
of the problems so far env1s1oned appears 1nsurmountable ‘ ‘
Hazards V
In a category by itself, separate and distinct from considerations of “
technical feasibility, is the'pfimafy requirement that the disposal method
meet those specifications required fqr.the protection of this and future &,
generations of man. These specifiqations are far more figorous for radio-

active wastes than for brine or other chemically toxic substances. Sodium
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chloride 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 wéstes, 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 radiocactive waste injection system to thoroughly
seal the well below the potable water bearing formations and to maintain a
completely leak-proof system. Injection must be made into formations where
Lhere is maximum assurance that migration to ground or surface water does not
occur, and in areas where it is least likely that valuable petroleum or min-
eral deposits exist. There must, furthermore, be assurance that no:other
wells -~ new or abandoned - pierce the injected formation within the area to
be contaminated.

Chemical Compatibility

Experience with brine injection has shown that if plugging of the.wells
is to be avoided, care must be taken to ensure chemical compatibility be-
tween the waste and the residual liquids and solids of the aquifer. With
brines, plugging is minimized by such pretreatment as sedimentation, filtra-
tion, and the addition of certain chemicals for control of objectional bac-

. teria and algae. Because of their diverse and complex chemical nature, it
seems likely that the radicactive waétes will also require treatment pfior
to injection, In all likelihood this will be a more severe problem than
for brines :since their chemical nature will differ radically from that of
typical connate waters. Treatment by dilution and eddition of complexing

) agents are likely avenues of approach to chemical compatibility, but a wery

- - thorough chemical and mineralogical khowledge of the aquifer will be re-
quired before compatibility with any particular waste can be assured.

e Roedder has discussed the severe problems to be expected should aluminum

nitrate wastes be injected. While wastes containing other chemical consti-

- tuentg ma& be more amenable, these cénsiderations could, nevertheless, im-

pose limitations on the types of wastes suitable for injection.

i Heat Evolution

A problem entirely unique to radiocactive wastes is that of heat genera-

tion. The energy of the radiations from fission productidecay ultimately
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appear as heat which must be effectively dispersed to the environment if
intolerably high temperatures are to be avoidedo 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
prdblem 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 . geblogical'formations,
and whether or not any tendency exists toward reconcentration of the fission
products throughAprecipitation 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 III presents the thermel conductivities of a number of sedimentary
rocks selected by Theis from a more extensive compilation by Birch et al. (20)
The rocks selected are -among the more prominent species to be considered in
ground disposal of radioactive wastes.,

Hydrologic Considerations .

While it is not expected that the hydrologic problems associated with
deep well disposal will be severe, a detaided 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 ancanticipated
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 dispoéhl however, injection pressures must:
be held to a minimum for assurance &hat upward leakage will not occur; thus
both the transmigaibility and the capacity of the storage aquifer must be
well defined. . While high transmissibility and large capacity are desirable
from the étandpoint of large injection rates at low pressure, their advan-
tages may be compromised to some extent by greater and more rapid distri-
bution of the contaminated waters.

It has béeh suggested that an outer ring of wells would be required
for ﬁonitoring the flow within tpe aquifer., For efficient‘monitoring,_such
wells.ﬁould be pumped, and could thus serve as & source of water for di-
lution of the injected wastes as a means of redﬁcing pressure within the

aquifer,
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TABLE IT

THERMAL CONDUCTIVITY OF ROCKS

per Theisf%q)ﬁ _ , : .
L . . .
Conductivity,
- : . , Temperature. ‘ ( Cal.
. . Rock A . (Degrees C) . , - \Sec. cm.deg.
- Limestone, dolomitic, Queenston . , By 10
Ontario 123 3.4 x07
25k 3:3
. ‘ - 332 . 3:2 -
Marble (17 varieties) . ' 30 T7.7-5.0
Proctor, Vermont, Parallel to bed 0 7.36
: : ' 100 6.0
: 200 5.2
Perpendicular 0 7.2
100 5.7
200 5.1
Quartzitic sandstone o e
Parallel to bed : 0 13.6 ;-
100 10.6 -
_ 200 . 9.0
- Perpendicular T 0 13.1
: 100 10.3
. 200 8.7 -
- "Recrystallized sandstone" 30 11
"Hard sandstones" | 10.8<6.2
" Sandstone, Boreland Bore 17 10 ;
- "Soft sandstones" 4
Slate, Wales
Parallel torschistosity 6:7
Perpendicular to schistosity : 3.9
Slate 30 L7
Shale . h.1-2.k4
"very fine-grained" : A7 1.4
"with sand" - 17 2.8
» Gerhardminnebron Bore(Witwatersrand)
from 6457 feet 25 - 6.6
from 4190 : : 25 L.k
Silty clay 17 3.7
t Silt, Hankham (borehole) 17 S T
‘ "uncemented" 17 5.3
, "micaceous, argillaceous" _ 17 2.5
e Fireclay, Borelend Bore 17 bk
N Red marl, Holford o ‘ 17. 5.25
Gray marl, Holford o7 2.2 3.5
- Rocksalt, Holford , S N 17.2
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. The Ideal Aquifer
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) - The transmissibility'éhould“be high, preferably ten thousand gallons
a day per foot, or more, although limiting values cannot be specified.

2) The hydrologic properties 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.

6) A simple mineral composition is desirable. Assuming a dominately
. quartz sand, iron oxide, clay and glanconite are likely to be
annoying adsorbents; sulfate, and to a lesser extent carbonates,
"may promote undesirable precipitation; chlorides are mo 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 less.
_permeable material, rather than a single thick aquifer, may serve to -
reduce the problem of diss1pation of heat.
. Site Location
The choice of the most suitable location,for'injection of radioactive
wastes will be based princ¢ipally on two geological considerations. First,
the location will be restricted to those areas where large, permeable aquifers,
geologioally isolated, might be expected to exist° Second, the regional hy-
drology of the area must be such that the hazards of inadvertent contamination
of the ground water would be minimal. If two or more areas meeting the above
requiremehts,to an equal extent are found, it is possible that economic con-
siderations can determine the ultimete choice, However, recent studies by
Zeitlin, Arnold and Ullmann(gs) and by Wolff and Rekemeyer(26)

that the optimum costs of shipping irradiated fuels from reactors to a single

have shown
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processing plant and shipping wastes from the"plant fo an ultimate disposal
site are not greatly affected by the relativé locations of the plant and dis~\
posal site. '

The search for an area possessing the characteristics desired for deep well
disposal mst 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 relévent 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 preliminary and general fashion where
suitable aquifers may be expected to exist. In descfibing these areas,-}efer-

(27)

ence was made to the ground water provinces deflined by Meinzer and illus-
trated in Figure 2,

In parts of the Southwestern Balson province, particularly in much of
Nevada 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
minimum 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 neer the wells. '

. The Columbia Plateaﬁ lava ground-water province may possibly contain deep
aquifers well below the main drainage of the area. It would be expected that
these aquifers would pbssess very high permeability and low ion exchange prop-
erties. One disadvantage would be that the rock is very hard and would, conse-
quently, be difficult and expensive to drill. _

Large scale brine disposal by deep well injection is currently being
practiced by the petroleum industry in parts of Kansas, Nebraske and Texas.
These areas lie in the Great Plaips Pliocene-Cretaceous, Great Plains Pliocene
Palcozoic, and. the South-Central Palcozoic provinces.

Advantages of uéing'sbme of these séme aquifers for radiocactive waste
disposal would accrue from close association with a well established practice

and from the detailed knowledge that exists of the local geology.
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In the South-Central Palcozoic and North-Central Drift-Palcozoic provinces
there are large, deep aquifers contaiziin_g highly miheralized.wa,ter_. 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 .contamination, : .

Aquifers in the Atlantic Coastal Plain Province are coarse beds composed
of sand or sand and gravel. It is conceivable that deep aquifers covered
with beds of low permeability end containing stagnant salt water could be used
for radioactive waste disposal. There would have to be assurance, however,
that overlying aquifers or landward extension of the injection aquifer would

not be useable for water production.

8.54 Storage in Dry Mines or Gaves
It has been suggested that.abandoned mineé or caves could be used for
storage of high-level radioactive wastes. To ensure adequate containmentland
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

periods of centuries,

Although there have been reported instances of mines which were dry,,
particularly at great depths, the consensus is that the vast majority of
mines and caves are quite the opposite. Theé possibility of finding a suit-
able area within a reasonaﬁle d@istance of a likely. chemical processing site

seems remote,

8.55 Surface Disposal of Liquid Wastes

In the processing of irfadiated reactor fuels, large volumes of liquid
wastes areAproduced which, while not containing the bulk of the fission products,
are nevertheléss of sufficient toxicity to pereclude their release to the en-
vironment. Because of their dilution, the expense of concentrating and stor-
ing thése wastes in underground tenks 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,

-145-



(24)

Brown et al have descrlbed the ground disposal of radloactlve wastes
at Hanford where the wastes are dlscharged into gravelnfllledAplts, or cribs,
and allowed'to seep'into the soil. "The eoii'has an‘exchange'capacity of about .
0.05 mllllequlvalents per gram and is used .to retain the radioisotopes above

the’ ground water table which 11es between 500 and 40O feet below the surface.

Monitoring wells are used to determine the presence and extent of the radio-

‘ nnclides in'the'éoii'and when trace coritamination is detected in the ground -
water, use of the, affected crib is discontinued and ‘operation of a new faclllty
" is initiated. Laboratory and field studies have determined the soil capa01ty
under various conditions of waste acidity and salt 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, Futhenium, and ‘nitrate..
u ‘ Ground dlsposal at Oak Ridge has been summarized by Struxness et al(25).
Three, one milllon gallon surface plts, obellsk in shape, have been used to
57

dlspose of h 2 mllllon gallons of waste containing 50,000 curies of Cs’ -
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 formatlons of that region to retain the radloactlve species;
This shale has an eXchange capacity of sbout 0.25 milliequivalents per gram,
is of reasonably unlform, although low. permeablllty, and has been found to

retain all the radlonuclldes in the wastes to a hlgh degree W1th the - ex-

ception of ruthenium, The ruthenlum, together with- the nltrate which is

also not retained by the shale, eventually finds its way into the ground

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 suitability of those areas for ground
disposal of radiocactive wastes, it is largely due'to‘good fortune and care- -
ful handling and monitoring techniques that disposal operations'of this nature

have been possible. Every potential site must be evaluated in the light of ’ TN
~local problems. Brown et al have outlined the most important factors to be .
considered in determining the feasibility of ground disposal. They include: : i
1) The chemical and radiochemical content of the waste.

2) The.effectiveness of retention of the radioisotopes in the avail- :
ableé:soil column above the ground water table. :
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3) The degree of permanence of such.retention, as influenced by subse-
quent diffusion, leaching by natural forces, and additional liquid
disposal.

L) The natural 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 1iquid dlsposal practlces. :

'5) Feasiblllty of control of access to ground water in the affected
5o . region.

- 6) Additional retention, if any, on sands and gravels in “the éxpected
- T ground water travel pattern. '

T) Dilution of the ground water upon enterlng publlc Waters.

8) Maximum permissible concentrations in public waters of the radio-
elements concerned :

The basic disadvantages of ground disposal are concerned primarily with
the hazard of disposing of dangerous products in a manner that leaves them in
unrecoverable forng yet doeés 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 contlnuing or expanded scale would obviously rénder

large surface areas uninhabitable for centurles.

9.0 Chemical Processes for Fission Product -Concentration; Rémoval

(very little done)
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25, E. G. Struxness, R. J. Morton, C, P, Straub, K. E, Cowser, "Disposal of
Intermediate Level Radioactive Liquld Wastes in Terrestrial
Pits", pp. 145-159 in "Compilation and Analysis of Waste
‘Disposal Information", ORNL-CF-57-2-20, Feb.-11l, 1957,
see also Geneva Conference. Paper P/55h '
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'10.0 Economic Considerations and Data -

10.1 Rough Estimate of Allowable Cbsts of Waste Disposal

It is impossible to preaiet the exact chemical procedures and steps
that will lead to safe radiocactive waste disposal; equally uncertain is the
choice of the nature of the ultimate disposal centainer and eﬁvironment°
However, it is possible to define in a more or less general fashion the
steps that will lead to ultimate disposal~of waste, and fo suggest possible
means of accomplishing each of the generalized steps, basing the suggestions
on.experience, development work now in progress, or in opinion, Eaving done
this mach, it is then possible 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 colleeting costs. Costs have been
accumulated or estimated for certein 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 meny other
variables been considered. Costs in this report may best serve as a gen-
eral guide as to what can be expacted. 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 disposal, cannot
exceed ten per cent of the recycle cost (or 1% of the total cost of elec-
tricity), establish a rough guide to allowablelcosts for waste operations
and disposal. Since many costs have been reported as costs per gallon of
wastes, Zeitlin(z) has prepared a set of "conversion" charts incorporating
the variables of fuel burnup, gallons 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

-151-
373

ok
i
<



Cad
g
¥}

LSE

-Z51-

/S 2,

' _PRODUCTION TREATMENT DECAY COOLING AT CHEMICAL PLANT (WITH.POSSIBLE SELF CONCENTRATION,
T=100 TO 200 DAYS FROM REACTOR DISCHARGE AT = 30 DAYS AT =5 TO 10 YRS
. r———-[ PRODUCT ISOLATION & POSSIBLE USE I' ————————————————
T g
. L

POSSIBLE REMOVAL OF 3
TRANSURANICS,Cs 8 "=~

Sr, BY PRECIPITATION
SOLVENT EXT.,ION EX-
CHANGE

CHEMICAL PROCESS

i
! BULK FRS
1
i

ANALYTICAL LABS ¥
NEUTRALIZATION FOLLOWED
BY EVAPORATION

L

fACID STORAGE IN STAINLESS}

TREATMENT & PACKAGING SHIPMENT
AT = 3D DAYS AT = 14 DAYS

OR OTHER METAL ~

TREATMENT STEPS CAN BE SAME
AS BEFORE DECAY STORAGE .

WASTE FROM RECYCLE
AFTER CHEMICAL
SEPARATION

RATION <

SOLID WASTE PREPARATION

§.CLAY ADSORPTION
2.MOVING BED SPRAY
DRYING

3.FUSION WITH N.HNERALS
4.CASTING IN CONCRETE
5.GLASS FORMATION

L

HOSPITALS, INDUSTRIAL USE l——

fNEUTRAL STORAGE IN STEEL)_ l

Nl MEMBRANE LINED, SAND ’
FILLED PITS ’

OR CONCRETE

HEAVY LINES INDICATE ROUTE AGAINST WHICH COSTS MUST BE COMPARED.
TIMES GIVEN ARE TIME FROM REACTOR- SHUTDOWN & ARE ADDITIVE THRU THE DISPOSAL CYCLE.
BROKEN LINES INDICATE ALTERNATE ROUTES.

Fig. 1 Schematic Flowsheet For Overall Waste Disposal.

PACKAGING FOR CONTAINMENT OR
SHIPMENT FOR ULTIMATE PURPOSE

SHIELDED CARRIERS BY RAIL ,MOTOR
FREIGHT, OR EOAT

UNCLASSIFIED
ORNL-LR-DWG{3943-A

ULTIMATE DISPOSAL

OCEAN DISPOSAL OF NON-
LEACHABLE SOLIDS.

- DRY CAVE DISPOSAL OF NON-
LEACHABLE SOLIDS.

f’{ SOLID OR LIQUID DISPOSAL IN SALT
—-lEP WELL DISPOSAL OF LIQUIDS l

SHALLOW OPEN PiT DISPOSAL
DIRECT TO GROUND.

TANKAGE
|.STEEL .

2.STAINLESS
3.MEMBRANE PITS

SELF-FIXATION IN PITS OR
CONCRETE TANKS




" UNGLASSIFIED
ORNL-LR-DWG. 76 24- AO6OO |

8
. A
o BASIS POWER COST /-\LLOCATED TO / G/ LS./TON
o MILLS /-
WASTE DISPOSAL I/o 008 KWHRE
J b
g |
O
~N
Fr-S
-
N .
®)
- . : -
a 4 '°|2.00 |
N GALS/TON
®)
a 1
)
5 .
w - o,ISOO
o GALS/TON
< e | '
= | 2400
2 o)
8 . GALS/TON -
1 g '
g
o)
0] ° I l . J - I -

O 2000 4000 6000. 8000 10000
~ BURNUP, MWD (HEAT)/TON <

Flg 2. Allowcble Wasfe Dlsposal Cosf as a Funchon of Burnup cnd Process Wasfe Volume

-153- . 8%5 158



per-iton 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 toAroughly 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 irradiation potential in
the wastes. .

Both the activity level of radioactive wastes and their physical form
affect costs of processing, packaging, shipping, storage and ultimate dis-
posal. Activity levels of liquid wastes now produced as solvent extracfion
raffinates from irradiated fuel processing can be as high as 1000 curies
pér gallon (proposed power reactor fuels may be higher) to a few millicuries
per gallon. Radioactive solids can be pure or almost‘pure fission product

137 with specific activity of approxi-

concentrates (example: Carrier-free Cs
mately 500 curies per gram) or véry slightly contaminated solids for labora-
tory tracer level studies. ‘ S

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 heévy shields, but gammacemitters require shielding
supplementary to the container itself.

The costs for'quite a variety of operations for all types of contﬁmi-
nated solid or liquid wastes have been collected from a large number of
sources. Freqﬁently a specification of activity level, plant capacity,

or other factors pertinent to the cost was not availaeble.

(%)

10.2 Costs of Evaporation of Radioactive Wastes

Costs of evaporation of radioactive wastes are summarized in Table I,
annotated along with activity levels of feeds, capecity of units involved
and other pertinent inforination° ‘

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 tenks, this self=-concentration,
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‘ . Anortization: }
_ ' ) p ) 10 years for building
Table 1 : 5 "' " equipment

300 days per year

SUMMARY OF SELECTED RADIOACTIVE WASTE EVA?ORATION COSTS

/\ .
PR T ; v . Sl ' x y : S A
S \: . , oyt L [ ! i
. . ' i . ! : o . . E
- .
.

!

’ .

> .

|

|

Estimate . : ' ) Installation i Operatingbi Appfoﬁimate Total:
Unit Date or Approximate Nominal Cost Costs $/gallon cost Reference
Year Built Activity Level .. Capacity ) $ $/gal Including Amortization
Oak Ridge National 1949 . 106-108 d/min/ml 300 gph 45,000 building 0.054 0.06 " ORNL - 1513
Laboratory ) 2 years or older as condensate hS,QOO egquipment .
Idaho Chemical Plant 1952 108-109 d/min/ml 350 gph 450,000 equipment 0.149 0.179 by W. G. Stockdale
. . 120 days cooled ‘as condensate - 300,600 building . . )
Estimate by Mound Lab 1952 a. Highly salted a. 100 gph. a. 200,000 building a. @20:1 = 0.169 0.253 Mourd Lab MLM-672(1)
for High Level Solvent ‘ full level feed (as feed) 200,000 equipment .
Extraction Raffinates ' . . C )
b. . " b. 1000 gph - b. 800,000 building b. @20:1 = 0.037 . '0.069 oo e e
(as feed) 800,000 equipment . -
- Westinghouse Atomic  Very lov -1,600,000 gal/yr* 43,000 building : 0.023 - 0.035 ~ NYO - 7830(3)
Power Division Low : ) as condensate : 71,100 equipment . . ' ’
Level Concentration . .
Brookhaven Low 1952 Low level ’ " 367,000 gai+ c 92,900 building. @ 130:1 = 0.033 .~ 0.17 . - Saﬁe(3)
Level Evaporator . .per year as' feed 204,400 equipment ; _
Knolls Atomic Power 1950 Low level ‘ - 'k,500 gal/day*t 324,000 building @200:1 = 0.025 0.156. Same(3)'
Laboratory lLow . as feed = 570,000 equipment ’ : . T

Level Wastes

+Aom§al processiﬁg rate rather than nominal capacity

(W2}
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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 L4:1to 6:1. Condensate can:be |
sent to further purification if hecessary. In practice it is dumped to the
ground into low level "cribs" under controlled and closely monitored conditions. -

A brief description of each of the evaporatorS‘follows.' ‘ -

10..21 Oak Ridge Netional Laboratory Liquid Waste Evaporator System -

Capacity: Design, 500 gallons per hour

General Description:

The waste evaporator cons1sts of a shlelded pot evaporator w1th feed
tank, an entrainment, separator, condensers, and a condensate tank housed
in a one’-cell concrete-concrete block structure. Feeds vary from'lo6 to 109
disintegrations/mln/ml | o

References: ORNL-393, "Des1gn and Initial Operation of . the Radlochem1cal
Waste . Evaporator”. . .o

ORNL-~1513, ORNL Radiochemical Waste Evaporator Performance -
Evaluatlon - December . l9h9 through December 1950.

10..22 1Idaho Chemical Processing Plant Low Level Waste Evaporator System -

Capac1ty Desighi, 350 gallons per hour

General Description:

The evaporator for concentrating dilute radioactive stream is a ther-
mal cycling type with the thermal-leg ornsteam 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 Sultable entrainment separator, condenser,. and condensate receivers
are installed.

References: IDO-1433L4, "Experience of Handling Low Level Actlve quuld s

Wastes at the Idaho Chemical Processing Plant"

ORNL-1792, "A Cost Analysis’of the Idaho Chemical Processing
Plant". o
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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 saltcd feed/year
Amortization of building: 10 year periocd
Amortiaatlon'of equipment: 5 year period
(BASIS: 100 gph - eh hours/day - 300 days/year)

10.24 Mound Laboratory Estlmate of High Level Waste Evaporatlon at 1000
gph Hot Feed Capacity

Amortization of building: 10 year period
Amortization of equipment: 5 year period

(BASIS: 1000 gph - 24 hours/day - 300 days/year)
7,200,000 gals salted feed per year

10.3 Waste Tank Costs(h)

Data on costs of tankage for the storage of: high and low level wastes
is available. Table 2 summarizes waste tank costs; details of waste tank

system costs follow:

10.31 Site A, High Level Waste Storage Tank Costs

Construction Period - 1952-5h
Tank Capacity: 600,000 gallons per tank

General Construction:

Flat roof; carbon steel, 75-foot-diameter tank, encased in concrete.
Roof supported by éight 27-0" 0,D. seamless pipe columns filled with concrete.
Earth cover 9'-0". Ground water to top of concrete.
Cost: ‘ |
Figures listed in-table are .based on'material, labor and distribution

(wage increases, administration charges, overhead, etc.).

Number of tanks ' 8 8 A 8-

- Coadling Coils 4 Yes, 4 No No Yes

Vent. Condenser and Filter 4 Yes, 4 No Yes Yes
. ~157-
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Installation at

Site A High

"Ievel Waste Tanks

Site B High
level Waste Tanks

Site B High
Level VWaste Tank

. Estimates

Hanford Hot
Semi Works Tank

1 CPP High Level
Waste Tanks

1 CPP High Level
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

| 1952-195k

1954-1955

Bids 1954

1951-1952
1951-1952
1954-1955

1954-1955

1954

.

)S§

CAPITAL COSTS OF RADIDACTIVE WASTE STORAGE TANKS

Material of
Construction

Carbon steel
Carbon steel-
Concrete

Carbon steel-
Concrete
Stainless steel

liner

Stainless steel-
Concrete

Stainless steel-
Concrete

316 Stainless
Steel

Asphalt lining in
earth pit

Internal

Cooling

P-ovided
Yes

No

No

o

No

Yes

Yes

Ho

Total

Reflux
Condensers Cost $
Yes Avg. 1,080,000
Yes Avg. hQ3,000
Yes 172,000 -
83,090
Yes 546,415
Yes 869,390
Yes 255,000
No * 700,000

$ Cost per

gallon capacity Comments

1.80 Can handle neutralized
wastes only
0.ko Can handle neutralized
wastes only ’
1 0.17
.
2. U
17 3
3
1.77 Can store acid raffinates
2-80 |4l n " . ¢ " ’
8.20 Interein storage of acid-
' fluoride and sulfate wastes
0.14 Not in use;

still being ‘studied




10.32 Site B, Waste Storage Tank Costs -

Construction Period - 1954-55
- Tank Capacities: 1,000,000 gallons each - Total 6 OOO 000 gallons

General Description:

. Tank farm cons1st1ng of six buried storage tanks of prestressed rein-
forced concrete with 3/8-1n 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 insulated metal siding on a concrete foundatien;’ Aiso included are
a pump pit, waste cribs, and sampler pits. Chain link fence surrounds the
tank farm and woven wire fence encloses the waste cribs. Tanks are of domed
roof design, 75 feet i.d. by 34 feet high at the wall. Capacity 1,000,000

gallons each,

10.33 Site B, Waste Storage Tank Costs

Bids Received 1954 '
Tank Capacity: 1,000,000 gallons each

N General Description: Bid on Work:

Work consists of 15 underground steel lined reinforced concrete tanks
having a grqss capacity of approximately one million gallons each. These
%anks 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. Thelbottom of the base slabs average 50' below the natural ground
level, and the domes of the tanks have an average of 8' of earth .coverage.

. The tanks are a nominal 75' in diameter and are spaced on approximately
100' centers.
In addition to the above tanks, work inlcudeés a diversion box with

catch tank, concrete encasement with steinless steel tubing, etc.

- 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 $300,000 in total project cost. The tanks would have the same effective
*

capacity, wall height would be approx1mately h 1/2‘ less, all other features

s 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 Descrlptlon |

A 50 Q00- gallon underground storage tank 20.feet i, d by lh feet
5 1nches hlgh One-foot thlck cone wall and roof. Lining l/h-lnch stainless
" steel. )

lb.35 Idaho Chemical Preceesing Plant Waste Storage

Construction Period - 1951-52

Tank Capacity: 318,000 gallons each
General Description: ‘ )

Tank farm consists of two 318,000-gallon 3&7 stalnless steel storage
tanks, each 50 feet in dlameter and 52 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,

Beth tanks are equipped with liquid levelcand deneity recorders,
multiple thermocouples, and pressure-vacuun relief valves.. One.tank is
provided with two reflux condensers. '
Reference ORNL-1687.

10.36 Idsho €hemical Processing Plant Waste Storage

Additions to Original Construction

Construction Period - 1954-55

Tank Capacity: BO0,000,gallons each
General Description: |

Addition to the tank farm consisted of three (3) stainless steel
300,000 gallon tanks (two equipped with cooling cotls) erected on concrete

pad, with precast concrete enclosures. -Instrument control house iz in-
cluded in contract. The following features are included:

(a) Tie-ins to existing first and,eecond cycle systems to permit
by-passing the installed tanks (WM-180, WM-181) to fill 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 flrst cycle waste tanks (those;éQuipped with
cooling coils). o o
: (d) Access means for portable*pumping device in case of -tank failure.
. , (e) Liquid level, temperature, and pressure recording 1nstrumentation.'
-~ . ' (f) Jets in tank enclnsures.' ' ' R
(g) Vent system, with relief valves, to stack.
B _ (h) Nine feet of earth cover. ' R
: The firkt cycle tanks have the following additional features:
) (a) Cooling coils with 100% spare capacity and suitable valving for
testing and removal of the system in case of failure.
(b) Recirculated water ‘system cons1sting of heat 1nterchangers surge
tanks, and clrculatlng pumps ' :
- : (¢) Vent condensers for each tank.
(@) Suitable instrumentation.
Reference: IDO-24011

10 37 Idaho Chemlcal Process1ng Plant Waste Storage Costs O W IR T

- Construction Period - 1954-55
- Tank Capacity: 30,700 gallons

General Description:

y Four (4) temporary underground 516 stainless steel waste storage '
| tanks (30,700 gallon capacity each), including cooling coils and four (L)
condensers, set on concrete dralnage pad. Auxiliaries consist of waste
storage control house, instruments and instrument control panel facilities
for monitoring and sampling, process and utility piping, electrical equip-
ment, and waste lines (750 feet) between process building and tank farm,
Earth cover approximately 24 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

I1.1955 A. B. Joseph, Johns Hopkins University, made a survey

'(5)

of a

number of atomic energy sites to determine practices being followed and the

approximate costs of handling low level wastes in solid and liquid form. He

divided the low level wastes into two very general catagories:

1) Wastes which require llmlted personnel exposure or shleldlng

because of a  gamma rad;atlon rate of 2 roentgen per hour in

. air a short distance from their surface. This level cah be

achieved with a.very few curies of mixed fission productsw

For example, the number of curies of mixed fission products,

aged about one year, (which emit gamma energiess

Mev) in a cubic foot of material that would give

of 2 r/hr at a distance of one foot in air is as

of about 0.7
a dose rate

follows:

Specific Gravity Typical Material - No. Curies .
1.0 Water ‘ 1.89
1.2 o Compressed Wastes 1.97
2.5 ~ Concrete 3. 42

2) Wastes which give a dose rate of 0.05 h/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: :
Speéific Gravity Typical Material No

T.00 - " - Water 0.047
1.2 : Compressed Wastes 0.049
2.5 - Concrete - 0;085 -

We should'point out that there is a'greatldiffefence

between the

level of thesé wastes and those which are produced as raffinates from high

level radiochemical reprocessing. Most of these wastes result from labora-

tory investigations and are sink drains, laundry wastes; possibly rinses

or equipment which contained traces of radicactivity; solids such as kleenex,

contaminated containers, etc.




Although the cost accumulations are not highly accurate nor the. in-
dividual units discussed gnhlysed on a common basis of comparisom, the infor-
mation sﬁmmarized by Joséph represents an approximation of what present low
level waste handling and disposal may cost. The summaries also- indicate
current prgcticé for this type‘ofVWgste at various AEC sites.

The following is taken ffom the summary of Joseph's report.

There is no established nationwide AEC policy concerning the disposal
of radiocactive wastes other than having those wastes which are teturned to
nature be below certain allowable limits of actiVity.‘.The,prqcfice of re-
leasing waste to the environment varies among all the installations. Some
installations releaée,curies of activity at their sites every year. Others
release little or no activity at their sites, transferring their waste materi-
als elsewhere for release instead. In general, those'installations which
have large areas of land release low level liquids and bury radioactive solids

within their site boundaries. Necessarily they keep a continuous check to

~determine if any activity escapes and-tq,measure effects of the released-

activity on the environment. Those installations which are relatively small

in size package and transport the bulk of their waste rédioactivity to the

larger sites for disposition or to the sea coast for dumping into the oceans.
Waste Collection

'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 hazanrdous wastes, whethér 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 vafy-in‘size, eXx-
tent and method of construction. Wastes flowing in them are,unde:lmore

or less continual scrutiny as they pass through monitoring points. , Usually
monitoring points are located at the point of origin of th@ 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 uneontfolled release of radiocactivity to
the environment. Sewers which carry high level westes have built-in safe-
guards, such as a sewer within a éewer, which gives more positive control
over the wastes: Monitoring points, built-im safeguards and-other:special
facilities and controls make the collection of liquid wastes more expensive
than the mnicipality counterpart of gewer collection.

Solid Westes: Almost all solid wastes are accumulated in laboratories

and wofking areas in regular G,I. (galvanized iron) cans, cardboard cartons,
kitchen style garbage cans and 30 gallon and 55 gallon steel drums. - The cans
usually have paper or polyethylene liners. There is no reason, as far as
" .could be ascertained, for -the wide variation in accumilation methods -other
than differences in opinions. The simplest procedure is that of collectlng
- the wastes in the contalners Whlch are shipped. The next simplest appears
to.be the can method using 32 gallon G.I. cans.lined with polyethyiene bags.
This method 'is low in cost, esp601ally at those places purchasing the bags
ata low unit cost. i
Another problem of collection is that of “transportation, i,e{,'phyei- .
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
make the transfer. The more spread out the installation, the more time
spent on the vehicle and vice versa.
Refinements of the central storage area also directly affect the cost -
of collection (as considered in this report). Provisionsfor 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 relative dollars and.eents because they are di-
rectly reflected in construction costs. '
Waste Treatment

The primary reason for treating radioactive wastés is to reduce the

o

volume in which the radioactivity is .contained. It is less difficult to “

monitor &nd package small volumes than large volumes. 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 has made a study of its problems. The methods in use reflect
the results of those studies.

Liquid Wastes: Liquid 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 liquids are effectively ﬁandled by
co-precipitation. Heterogeneous wastes are more easily concentrated by evap-
oration processes. Ion exchange is used mostly for selective removal of
certain isotopes.

Solid Wastes: So0lid wastes are reduced in volume by one of two methods,

namely, combustion or compression. Combustion gives the greater volume 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 contemination of ‘the wastes is rather low and does not present a very
difficult gas problem. Actual results with the Bettis Field incinerator have
not yet been made known. '

_Several installations compress their trash materials in baling machines
to reduce the volume of wastes they must transport.. Since common carrier
charges are based on weight, the principal feason for baling is to reduce
the packaging costs. An analysis of the economy of solid waste volume re-
duction is presented ih‘Appendix 2.

‘Packaging for Disposal

Pactkaging for on-site burial is minimal. The wastes are just suffi-
ciently restrained for expeditions and safe handling in collection and trans-
fer to burial, Considerable preparation and packaging are involved in ship-
ments off-site. The ultimate repbsitory, 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. Packagés

shipped off-site for both land and sea disposal are made tight so there will

be no spillage in transit.
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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 a limit of tolerable
emitted radiation. - These are based on the possible fogging of‘X=ray film which
mgy be in transit. AEC shipments of radioactive materials are exempted from '
ICC regulations if a courier accompanies the shipments, All those installa-
tions utilizing common carriers have reported that their shipments do comply
with the ICC regulations. '

Two kinds 6f packages predominate in waste shipments: steel drums
and wooden boxes. Other packaging materials include fiber 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 stéél?drums contain shipments destined for land burial. Drums
usually contain élurries and loose bulky materials and the other kird of

packages contain trash and miscellaneous items of waste.

Waste~Transportatiqn ) '

The ‘mode of transportation to any disposal site is determined by con-
.venience.and economy. AEE'contractor owned trucks are used in some cases
but mostly the shipments are by the common carriers, both railroad and truck.
Most of the wastes are packaged agcordingnto ICC specifications and these
are transported without the accompéniment of a courier. A radiation surveyor
does accompany those shipments whose radiation levels are above ICC toler-
ances; a few such shipments are made from Brookhaven, Berkeley and Livermore.
To 1imit possible contemination and to facilitate decomtamination most of
the installations cover;the floor and walls of the conveyiﬁg vehicle with a
protective layer of paper. . , | . )

., The wastes are loaded aboard the conveying vehicle by AEC contractor
personnel and with one or two exceptioﬁsﬂthey are also unloaded by AEC con-
tractor personnel,' The exceptions ﬁre 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 fegulap freight routes by
the railtoads. So far as .is known all shipments have been made 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
Area are still stored above ground.) These wastes include low and intermediate
level solids and liquids. The intermediate level liquid wastes are the residuss
of evaporation or concentration processes in the form of sludges and are more
or less solid in physical form. Usually wastes that are buried are buried in
their shipping containers. Radicactive wastes are buried by a method similar
to a sanitery landfill operation. A trench or hole is first excavated im.a
geologically suitable area. The packages of wastés, those shipped cross-
country and those collected locally, are dumped into the excavated hole and
covered with dirt. Some installations backfill by alternating layers of dirt
and wastes and others use only one cover layer of dirt on top. The excavations
range from 10 to 20 feet in depth. Dirt cover is.uproportional to radiocactivity,
ranging from a minimum of 3 ft. for low level wastes to 6 ér 8 ft. for high
level wastes. | .

Decontaminated liquids and low level radioactive liquids are relessed
to the environment at the installations. Some places release to nearby suf-

face watercourses and others to underground strata by seepage from surface

lagoons, pits, cribs or by discharge toreverse wells, 'All the installations

have established certain tolerance levels for‘thé release of radiocactive

material to the environment. Area monitoring programs at all of the installa-

‘tions releasing meterials are pursued to determine the effects, if any, on

the environment.

None of the installations reléase high level liquid wastes to the en-
vironment, These pafticularly hazardous wastes are confined within specially
constructed, underground storage tanks,

Sea Disposal .

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 &t sea. The Naval Radiological Defense

Laboratory at Hunters Point co-ordinates truck shipments from the Berkeley
and Livermore sites of the University of California Radiation Laboratory.
Wastes from these sites and from:the USNRDL constitute the bulk of the matter
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taken out to sea and dumped in a de31gnated area about. 20 miles off San Fran-
cisco where the water is at least 500 fathoms (3,000 ft ) deep°

On the East Coast the Navy operates a disposal service for defective
ammunition, An LST puts in at selected norts along the Atiantic Coast to pick
up unwented ammunition and haul it out to sea. Co=operating with the AEC the
Navy also accepts packaged nadioactine wastes;and disposes of it along with
the defnnct_ammunition{ The designated dumping areas in the Atlantic are at
- the edge of the,continental shelf about 100 miles from the mainland where the
water is at least 1000 fathoms deep. A

Both in the East and in the West, most of the waste material is packaged
in 55 gallon drums. Unique to the West Coast operation are some large (6" x
6' x 12! max) concrete disposal units which contain contaminated isolation
.(glove) boxes and other bulky items.

"Conclusiéns Regarding Liquid Wastes Disposal Costs

On the basis of aveilable data it is difficult to make equitable com=

parisons of the costs of radioactive liquid waste disposal among the 1nstalla—

tions surveyed Table 3 summarizes the prin01pal items which: nwkeup these
'costs, To make a comparison one has to calculate a unit cost -in the case
of liquids say, cost per gallon. The oolumn 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 becanse
it vaires with'the different kinds of vastes. 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 computedifrom'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 liqnid waste treatment and‘waste concentrate disposition
operations are summarized in Table . The reader is cautioned against com-

paring these costs. The basis for each item is not the same.

>Conclnsions Regarding Solid Waste Disposal Costs
Tebles 5 and 6 summarize, by instaliations, the costs of the varions

phases of handling low level and high;level‘wastes, For preparing these
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Collected Transferred Radioisotope Concentration Treotment Effluent Discharged Stored in
instoliotion after in Underground

Monitoring Contaginers Evaporated Chemic'olly lon Concentrate To To Tanks

Precipitated Exchonged Produced Surface Subsurlacem
(2)
Argonne Not. Lab. 5,732 176 66 25 1.9 46,400 500 none
3 .
Bettis Field (WAPD) 1,679( ) 79 1,600 none none 3.96 37,000 none none
) 4
Brookhaven Nat. L. 3,267( ) L2 367 none none 367 120,000 noae none
Fernold (FMPC) ’ none none 94,000 none none
Knolls At. Pow. Lab. 1,130 5 1,125 none none 4.9 126,000 none 42 —
Los Alamos 13,900 none none 13,900 none 33.2 13,900 none none
(5) .
NRTS  (CPP) 671 none 252 none none 3.56 none 671 3.56
Oak 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
(1) Discharged either "o o surface holding pond or directly to subsurfoce.
{2) Does not include high level wastes collected in "pots”.
(3) Does not include wastes dumped to sewer system.
{4) The quontity monitored wos between 367,000 ond 120,000,000 gollons.
(S) The quontities listed are for ¢ 6 month period. They would not be true
for @ 12 month period if doubled becouse woste production voried.
Table 3 Volumes of Liquid Wastes Handled (by s'toges) During Fiscal Year 1955
' (Units in 1000's gollons)
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Summory Cost s
Wostes Gross Cost Concentration Operating Operating c ote C frate C trote Concentrate Cost of Concentrating Unit
tnstallation Treated of Cost : m Cost Preduced Packoging Pockaging Shipping,,, Ungerground Packaging Summary
Concentration Per Gallon Cost Per Gallon Cost Cost Cost Stotoge f Shipping 8/0or Cost
(1000 gal} ( goticns} Per Galion Facilities!™ Storing Costs {per got.)
NO TREATMENT GQIVEN
Ocx Ridge {ORNL) 1,000 NA NA NA T NA N.A. N.A N.A R.A. $ 85,400 $0.085
8Y EVAPORATION
Argonne Not. Lab. 66 H $ k) s s 3 b ) 3
Bettis Fretd {WAPD) 1,600 56,060 0.04 37,510 0.023 3,960 3,110 0.79 3,150 N. A 62,320 0.038
Brookhaven Not. L 367 62,400 o7 12,230 0.033 3,670 770 0.21 830 N. A 64,000 0.174
Knolls At Pow Lob | 1,125 “60,900 0.05 8.500, 0.025 4,900 860 0.36"* 610! 2,400 64,770 0.057
{6}
NRTS. (cPP) 252 3,565 NAa N.A NA. 8,200
BY EVAPORATION [AND  CALCINING
i
Fernald  (FMPC) 7i8,14t 328,83 NA. A N.A.
8Y CHEMICAL PRECIPITATION AND VACUUM FILTRATION OF SLUDGE
Argonne Nlﬁ. Lad. 25 '
.. (8) . {8} {9
Los Alomos 13,900 136,840 0.01 75,630 0.005 33 200 nil nil 1,870 N.A 138,710 0.010
Rocky Flats 1570 126,120 0.08 66,870 0.043 43,000 4,140 0.10 5,940 N. & 136 200 0.087
N.A. signifies “not applicable”. . ‘ ; -
(1) Tota! treotment cost minus fixed cost. {6) The quontities listed ore for o 6 month period. They would not be true for o 12 month
(2) Estimoted as o proportion of the gross weight or volume shipped. period it doubled becouse woste production varied.
{3) Construction unit cost of storoge facilities multiplied by onnua! input. {7) Construction unit cost is $1.61 per cu f1.
Does not include operotional agnd maintenonce coOSts. - (8) Used drums ore cbtoined from other operations on the site.
{4} Only 2.400 gallons packaged. (9) The cost of houling and burying the siudge
(5] Theoreticol cost of shipping 2,400 gollons to ORNL. (21,800 Ibs ot $2.8V/cwt)
Table 4 Costs of Liquid Waste Treatment and- Waste Concentrate Disposition Operations
Fiscal Year 1955
, . '
N \ N t * v, t 1 ' v N [
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- \ g
Waoste Coliection Woste Concentration Waste Packoging Shipping ond  Terminol Hondling Dotk Toatol Total Cost
Installahon . . . . Overiend . Overheou: Known 1,
Volume Cost Unit Method |_Volume ini cu ft. Cost unit | volume Cost’ Unit Destination Distonce Volume Cost Unit Cost Cotectes
{eu.t1) Cost Before atter Cost {eu 1) Cost (miles) (cu.fr) Cost
argonne Naot. Lab 14,290 | 318,530 $ 1.30 baling 10,000 2,380 {32,580 |3 614 6,660 | 811,330 | 8170 Ook Ridge 530 6,660 | $3,460 | 30.52 312,230 848,270 $3.38
Beris Field {waPD} 18,000 3,760 0.2 incinFn | 13,200 360 4,510 123 710 2,530 356 Earle, N. J. 370 Tt0 3,440 4.8¢ 3,320 17,560 0.97
Breokhaven Not. L. 6,180 6.520 0.40 baling 2,000 640 1,190 380 . 745 2,650 355 Floyd Bennett Fieid T0 745 1,030 §.38 6,74GC 18,130 L2
Kndils at. Pow. Lab. 36,880 7.910 0.21 baling 20,000 3,300 5,170 861 | 20,950 17,840 0.85 Loke Ontorio St areo 300 6,980 f 2,735 0.39 13,320 53,445 1.45
Ock Ridge 850 13,970 ¢ 5,470 0.39

Los Aiomos 62,400 32,030 0.51 none N.A N.A, N.A Na 7 N.A N.a. N.a, Si!e. buriai - 62,400 8,970 0.14 14,960 55,960 0.90 .
NRTS . lagho 27,000 . 6,280 0.23 none N.A. Na N.A. LY N.A N.a L ¥ Site  burial - 27,230 | 9,900 0.36 4,620 20,800 0.77
Oox Ridge us,aoom 38,440° 0.33 aone N.A N.A. N.A. N.A. N.A N.a. N.a. Site burigl - 116,400 25,830 0.22 28,900 93,170 0.80
Rocky Fl;ns N.a N.A. N.AA. none N.A. N.A, N.A N.A. 33,900 I5,380‘m 0.45 NRTS, 1doho 700 33,900 ! 35,390 t.04 2,700 $3,470 1.58
V. of Ca. Rad.Lab. H .

Serheley 6,200 3,610 0.58 mone N.A. N.A. N.A. N.A 6,180 11,330 1.83 San Frontisco 20 6,180 : 4,850 0.77 11,290 31,070 5.01

Livermore 4,260 3,520 0.83 none N.A, N.A, N.A. N.A 4,160 8,640 2.08 Son Frangisco 50 4,160 3,550 ©.86 6,910 24,620 5.78

i

N.A. signifies “not applicable”
{1} Concentration umit cost measured in dollars per wunit of concentrofion.

(2) For 12 months bosed on 6 months

{3} Mcrerials only.

of

record.

Table 5 Costs of Very Low Level Solid Wastes (0,05 r/hr) Disposal Prccﬁc_es
Fiscal Year 1955 '
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- Cottection {and Storage) Pockaging Shipping ond Terminol Hond'ling Dato Capital Total Total Cost
Instaiiotion- Investment Overhead Knowz\s) ‘per cu. f1.
Volume Unit | Volume | ) Unit - Volume Unit Depreciat'n .| Cost Collected
(cu. f1.) 005‘1 Cost (zu. 1) Cost Cost Destination (cu. f1) Cost Cost Chorged (!
Argonne Nat. Lab. 39t 810.440(2)4 $26.70 N.A. N.A. N.A. Site storage ) N.A. N.A, N.A. 310,260 s 100 810, 540 s 27
Bettis Fieid (WAPD) 268 | ' 9S00 33.60 268 $23,930 $ 893 Earle, N.J. 26.8 $10,600 | 8392 none“) . 3,510 38,940° 1450
: g2 . ' ‘ o
Brookhaven Nat. 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 2,900(2, 518.00 N.A, N.A N.A. Site storoge . N.A. N.A. N.A. 1,950 300 3,200 572
: ; 4 ’
'NRTS, doho  |. 230 600 26 | nNa NA. N.A. | Site burigl 230 80 036 | none'® 375 1,055 4.58

N.A. signifies "not applicable. .

(11 Cost. of maintaining and guarding high level wastes in storage represents an additional cost not included.
(2) tncludes gomortization of construction cost of storage facilities.

{(3) Sum of collection, pockaging, shipping ond overhead costs.
{4) Some of the depreciction chorged to low level wastes proctices could be chaiged here.

Table 6 Costs of Low Level Solid Wastes (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 wés not possible because all the costs are
not known. Cost data for those installations disposing of westes 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 thét cost for removing
high level weastes from storage of for maihtaihing and guarding the high level
wusle slorage facilities in the yeafs of storage: Lven without these realistic
cost items one can draw some conclusions regarding the cosfé of disposing of

solid rediocactive wastes.

-10.5 Costs of Drum Drying Low LevélvRadioactive_Waétes(6)

Drum drying of radiocactive waste was tested at KAPL over a period of
time between 1949 and 1952 with the following results and costs.

' "Drying was discontinued because of the numerous. troubles encountered
with the dryers, the lack of any eppreciable reduction in volume of the con-
centrated evaporator slufry by drum drying, ahd the additional eipense.

The cost of drying in addition to the cost of evaporation based on pro-
cessing 3,000,000 gallons of raw waste a year is estimateéd at li cents per
'gallon of raw waste. The drying rate obtained was 50 pounds of solids per hour

with the larger of the two dryers, oi 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 103 -
1.7 x 107)1.0 per gallon.




TABLE % -
71,000 LBS OF SOLIDS PER YEAR = . . ’ .

Estimated Costs ";QgpreciatiOn Annual Costs B

Building ~ $158,000 5 $ 5,7h0 -
Equipment, Installed 221,680 20% ' 4, 340
Operating Costs : -- -- . - T4, 9k0

TOTAL , - $125,020

s

Cost per pound of waste dried is $1.76 per 1b. of dried SOlldS
Cost per gallon of raw waste is $O ok pet gallon.

Note: _ ) ~
' Storage costs for slurry $1.18/gallon (Drum costs) )
Storage costs for dried powder - -  $1.43/gallon (Drum costs) -
T
) 4
" -1Th-
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APPENDIX I

Description of Present Reactor - Chemical Processing = Waste Complex

VT e

Characterization of the nature of radioactive wastes starts witb the nuclear
reactor, in which the following variables have a de01ded effect on the radioactive,

- wastes produced. The first set of variables,'relating to ‘the nuclear properties

of the fissionable and fertile material, and the manner in which the reactor is
" designed to operate, shall be labeled nuclear variables.

Nuclear Variebles

1. The’fissionable material used

,A.

E.

Uran1um-235, ‘highly enriched Used for reactors for research

(high neutron flux), mobile power, core elements of two-region

.'power producers'
*Natural uranium - contalning 0. 71% U235 initially After start of

1rradiat10n, which 1is supported by U235 fiss1on, Pu 39 is produced '

' which in turn fissions at 1ncreasing rate depending upon

concentration of. Pu produced by capture of neutrons in fertile

nucleus U23  Natural uranium is now used " in productlon reactors:

for Pu, and cah be used in stationary power reactors as a combined ;
fuel and fertile material.

Partially enriched uranium - containing from 1% to highenrichment
(~90%) 732, mis type of feed is belng studied for many . statlonary
pover reactors, there is a .high probability of producing more Pu 239

than fiss1onable material -consumed. N .
Pluton1um—239 This second fissionable'isotope has- potentially the
same applications asbﬁgﬂhﬁenriched UE35 reactors.- It is being '

‘considered for fuel cores for "fast" stationary power reactors.
‘operating on a breeding cycle u81ng natural or - depleted uranium as
the fertile” material. , :
.Uraniump233. This third Pissionabdle material is produced by neutron
- capture in thorium»232¢ Major probable use may be in "thermal" reactors

operating with a fully enriched U233 core and a breeding cycle using

™23 a5 the fertile material,
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(Comment: The products of fission of l_1235 ,v Pu239, and 0233 are a.pproxdma.tely the
same for thermal neutron (2200 m/sec) fission, The fission product spectrum changes
with the energy of the neutrons causing ﬁ,ssion. Complete data on changes in fission
product spectrum with fission neutron energy level are not availabe for all thfree
fissionable materials. In this first report, all fission product yield da.ta have
~been calculated from U235 thermal fission values, a safe generalization. The
latest compilation of U235 thermal fission velues, a safe generalization. The
latest compilation of U>S? fission yield data for thermal fission is given 1n
works by Blomeke(l), Glendenin and Steinberg(a) ) '
2. The fertile materiasl used
A, R innaﬁu“a.l, depleted (from gaseous diffusion cascades or. dther
reactor cycles) or partially enriched, Natural wranium is used as
both fuel end fertile materisl for Pu production; for "fa.st" reactors
operating with a plutonium breeding cycle in which nature.l or
depleted uranium will be the blanket material.
Bo Thorium-232, The most probable use will be for thermel reactor
breeding cycles; however, it can be uéed as a fertile blanket for
| intermediate and fast reaector breeding cycleso As in the: case of .
U23 fertile production of Pu in a reactor, U233 produced from 'm23
fissions at a rate lower than its total production rate during

irradiation.

3. The "specific power" of the reactor system, '-o‘r the number of fissions
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 A
quantity of fission prdducts is produced and the fission product spectrum differs "
for flnite periods of radiation, as shown by the following equations (using the
nomenclature of Glasstone(3) ):

-—%%— = Aph—o pA + 7a 'Zf 8 (assum’ing no chemical rembval)
where | .
—%%— = net rate of increase of fission proddcft‘ A with time
1 .
A, = radioactive decay constant of A, A= 04693

Ty/on

A = number of nuclei/cm of element A at any instant
;’@ap‘kln‘ie woss sde%ldn

A

n,eu‘w(’o )




Tp = fission yield of A, expressed as e. fragtion

=, ¢ = number of fissi_ons/(cm3)(sec)
'For periods of operation at constant power in which :E:f ¢ is constant, an

equilibrium for each fission product is reached where the rate of formation of
A equals its rate of disappearance, or.-dA = 0;’ then, defining A6 -as equilibrium

concentration of A, : gT
Ab i ZA ;z:f "¢:‘ = ZA ;EZf[ ﬁﬁg') ﬁhere >\A* :‘ )\A'+C76A~-¢' g‘e
L )\A + o= ¢ ' :. >\A* o . . ,;T . fx“ _“' . g .

A

Thus, the equilibrium 'anountnof A is seen to' depend upon the neutron flux or the
specific power of th'e reactor. . , )

L. Smce many fission products have long effective ha.lf-llves and small neutron
capture cross sections, as 1llustra.ted by the examples in Table No. 1, their -
; concentration in the reactor may. not reach equllibrium before the fuel element
' is removed. , Thus, the time of irra.diation, assuming a constant neutron flux or,
more exa.ctly the total of ;6 T product, ‘determines the productlon of a 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 byA the
following equation: ' |

aA | |
aT +>\A¥_‘é‘ = 7Auzf" #,

L if Zf $ is constant, this can bé integrated to

7y Sy # _ TN o)

| A(T)." - 1l —-e

A p*

where A(T) and A(0) are concentration of A at times T and zero.
“The determination of other than primary yield fission products in &’
nulti-membered decay chain H B ——9 C—> D is treatéd in many published
(%)(5) :

sources,
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Properties of Long-lived Fission Produdts . .

Barns o
A ' . ’ . 3 : . memal . '\’
FP ;: - Yield;% - ° ° - Half<Life - ' Capture Cross Section -

S 05 - Sy . 000
ce3T 5.9 By <2 A
a0 529 . 28y ~ <1 i

85 - .
Kr 003 - . 10.27 y - >15
Pmllﬂ 246 . 246 y - - ~60
Mo 20 . hmey ] ' .

5. . The energy of neutrons 'l:hat ca.use the fission event . or enter in other
reactions with nuclei in the reactor neutron field a.ffect the nature and ha.za.rd of
wastes, As previously pointed ou'b, the fission product spectrmn changes sllghtly
with neutron energy; compilations in this report .are based on. thermal fission., )
Even in a reactor in which a.lmost all neutrons have been slowed down to R
thermal energies (2200.m#ses) by moderators such’ as heavy water, water, carbon,
beryllium, or aluminum, a significant "fast" neutron flux may exist, s:.gnifica.nt in -
that neutrons of sufficient energy to producé “a.ppreoié.ble quahtities of products’ '
of reactions of the type (n, 2n) may exist. The significance of (n, 2n) paiasi'bic

reactions is illustrated by the production of U232 by the neutrons of energy in
232

" excess of 6.37 Mev on Th™>", The build-up of heavy element chains by (n, 7)

and other reactions and the effects of products of t.hese on the ha.za.rds in

reactor fuel recycles and wastes are discussed in guelgid: ’
6. The reactor "burn-up" is the degvee to which the available fissionable’ - -
material is used is usually expressed as atom per cent or welghfb.per cen*_l;
consumed, or more generally, in 'ener@r“per' unit weight of ‘irradié.ted fuel. The -
per cent of utilization of available fission element in any roa_:’.ctor per pass is
determined by many factors, thé most 1mportant of: which are: o
A, Radiation dama.ge to fuel elements - particularly 1mporta.nt in meta.l
fuel reactorss. '
B. Corrosion - particularly important in circulating f’uel reactors
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C. 'Bulld-up of fission product poisons, primarily from such nuclei as
xenon-135; samarium-149 and -151; gadolinium-155 and -157, cadmium-113;
iodine-131; europium-151, =153, -155; and others. Several reports

have been prepared on fission product poisons and their effects on

reactor design, two of which are referenced; (€)(7)

D. Depletion of fissionable material inventory in a reactor of specific
designg
E. Growth of parasitic heavy elements by complex (n,7) or (n, 2n)

capture chains ' ' .

The pey cent burn-up in a'reactor determinesfthe‘frequency of chemical.
processing and hence, the volume of fission product uastesvproduced 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, the’ growth of certain parasitic heavy elements
that may provide hazards to fuel element recycle and to waste disposal is
dependent upon the number of recycles and the nature of ‘the chemical process.

- Type of Reactor : _ -
The type of reactor has a definite effect on the nature of hazards from fuek

element recyecle and waste fission products. Classifying reactors is a somewhat
inexact procedure, but for this report we have chosen to-disCuss two broad
categories: heterogeneous ‘and homogeneous. It should be pointed out that other
characterizations are pos51ble, such as by neutron veloeity, type of fuel,
enrichment of fuel, et cetera. '
1. Heterogeneous Reactors

Heterogeneous reactors usually are fueled by metallic fuel elements. ‘
The fuel elements can contain natural, partla]_]y enriched, orihigb.ly enriched uranium.
In most cases the fissionable or fertile material is contained.and even alloyed with
a metal of low neutron capture cross section that imparts properties of corrosion
resistance, temperature resistance, dlmensional stability or other de31rable
characteristics. Since most fissionable or_fertile»materlal is contained in a -
protective metal cladding to prevent loss of fission products to coolant or moderator
and to prevent corrosion, all fission products and neutron-pfoduced heavy elements
remain with the irradiated material in a heterogeneous reactor. Thus, the removal
of fissionlproduct poisons and the recovery of new fissioneble material can be |
accomplished only by removal'of'fuel from the reactor, foilowed by chemical

reprocessing.
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The hazard potentia.l from a,cciden'ta.I 'reieé.se of fission produc'ﬁs in a '-
clad metallic f‘uel.or fertile element is' slight'; if a.l rupture occurs in a single
element, only a sma,ll portion of the total fission product activity e.ccumulated
in the reactor would be released at any time, The hazard evaluation for & solid .
- fuel element reactor can be assisted by analysis of data from.the reparts on the
accident with the NRX reactor at Chalk River('B) t. (9) -
The hazards invol\}ed in handling, transporting, and storing metal fuel elements _.
are those resulting from tlie high contained fission product activity: (1) fission '
product heat removal; (2) biological 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 'rea.ctor fuel elements, residual fission product
heat will be sufficient fo req;u‘ire Mmg f’or eeveral weeks to several months
to prevent la.rge tempera.ture rises under near adisbetic conditions during tra.nsport
and storage. The heat due to decay of fission products can be estimated from

empirical equations accurate ?o 3, factor of about 2 for decay periods of ten
{(10)(11

‘and the Borex experimen

seconds to several months a.e giveh in Appendix I.
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 usehfghly enriched U235e-:=a.lmn_inum 'alloy clad -
in aluminum. The Experimental Breeder Reactor is a "fast" reactor, cooled with & .:-
liquid metal; 1t uses bighly enriched uranium metal camned in stainless steel. Né.val )
and submarine reactors employ zirconium—cla.d ki ghly enxiched uranium-zirconium alloy.
Many of the proposed sta,tlona.r'y pover reactors are of the heterogeneous
type. Most are designed to breed more fissionable material 't;ha.n they consume, and
-thus require processing to recover-new fissmnable material and probably to
recycle partially depleted core fuela In order to extract the energy released by
the fission process, to produce electrlcitj with reasonable thermal efficiencies,
high temperature metals are employed in power proddcer fuel elements. Such materials,
new to reprocessing technology; are zirconium and stainless steel and i}ariations,
-Cladding and alloying elements, together' with possible bonding a.gente s brazing or
welding materials have a controlling influence on the chemical'process and
ultimately on the volume of fission product; wastes. '

' For example, an MIR fuel element containé roughly 200 grams of uranium | N
along with about 4400 grems of aluminum, 15:-»17 grams of silica. in brazing @lu.x
and other lesser impurities. To recover uranium it is necessa.ry to dissolve the
entire fuel element in nitric acid (catalyzed with mercury in a concentration
eq,uiva.leni; to about 2 per cent of the Al weight). = Thus, the volume of chemical
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plant feed is determined by aluminum, and inactive salts of aluminum control the

volume 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:

liguid wastes will contain large congentrations of inactive salts.

Most of the réactor types now being considered for large écale installation

for research, power demonstration, and iarge scale power production are of the

heterogeneoﬁs type, A listing of types;'taken from a recent declassified

‘_publication

Ao

B.

C,

(12) includes the following:

Pressurized Water - all reactors are. thermal, usehighly enriched to

slightly enriched'ufaniﬁﬁﬁégffubl; have rod or plate fuel elements

using Al, Zr, Zircalloyae and stainless steel as fuel dilﬁent end

cléidding materisl. Examples of this type of reactor:

a. Materials Testing Reactor( 3) Al and enriched U, no blanketa
This reactor design typifies all others of this class and has

provided the basic reactor type for most of -the reactor proposals,

b. Submarine Thermal Reacmor - erconlumrclad enriched uranium fuel,

no blanket; for moblle power. An’ MTR type reactor u51ng zirconium;
typifies many other reactor designs, such as the Pressurized Water
ReactOt(lu)

ce Engineering TeSt'Reactor(IS)— A glant MTR usiné Al and enriched
arénlum. For engineering research. .

de. Army Package Power Reactor(l ) A" stainless steel MIR, with notable .

for statlonary power,"

difference in that UO is-used in" the fuel and then c¢lad with stainless

steel to form the fugl element. Ko blanket. For small power station
use, perticularly for outlying and remote areas where power cost is

not restrictive.

Boiling Water Reactors(l7)» All, so far, are experimental, of the MIR type,

sponsored by Argonne Netional Laboratory, Fuel elements are -enriched
uranium and aluminum with no blankets. ' The Nuclear Power Group has
proposed a zirconiuvm-uranium b01ling water reactor.

SwimmingiPool Reactors(ls)- Research reactors of MIR type, of which the
ORNL Bulk Shielding Reactor was the first in the family, the Geneva.
Conference Reactor a famous davghter, and the Oak Ridge Research Reactor
is the maturing and powerful research-oriented sen}or member of the clan.

All are aluminum-enriched uranium fuel assemblies of the MIR plate type,
some with U02 rather then uranium metal as the fissionable material.

-195- o
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Heavy Water Cooled Rea.ctors( 9) Most are fueled with uranium metal, and
are used for research or plutonium production and do not breed. Most
notable examples: ' ‘
a. Savannah River Reactors
b, NRX and NRU Canadian Reactors
¢s CP-3 and CP-3* (enriehed U) - first of this type, bullt at

Argonne National Laboratory

4. Most foreign research reactors - British; French, Swedish,

Norwegia.n B Russia.n, ‘Canadian ‘
Graphite Moderated Reactors'2°)(21). me classic type first bullt in
Chicago in 1942, with many production and research descendants.

Uranium me'l;al fuel is cenned in aluminum or zirconium., Power reactors
may be the single region~type plutonium producers.

Sodium Graphite Reactors(ea) (23) pioneered 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
uranium metal clad in zirconium or stainless steel, with a bonding agent

- of sodium metal. Coolant will be sodimm, Its long-term use will be for

power and plutonium production. -
Liquid 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 Ios Alamose The classic reactor

design for power may be the Submarine Intermediate (intermediate neutron
énergies) Reactor built by General Electric at Knolls Atomic Power
Laboratory. The fuel is enriched uranium; no blanket is included.

Fast Breeder Reactors(eh)(zs)(%)(eﬂ -the classic type is the
Expern.menta.l Breeder Reactor, with bighly enriched U235 core, clad in
stainless steel, a nafural uranium blanket, and a sodium~potassium (NaX)
alloy coolant. The fast breeder cycle 'may utilize plutonium a.é fuel and

depleted or natural uranium as blanket. Coolants will always be some
material other than a hydrogeneous one, probably 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, Associa.tes,. 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

(28)

Reactor cémcept » bPioneered by Brookhaven National Laboratory y is a

graphite moderated homogeneous U233 breeder.
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Classification of Heterogeneous Fuel Elements Based on Réprocessing‘Pxinciples

Classification

Enriched (90% U235) UO,=S.Ss sinter

Enriched (90% U235)‘U and Zr

Enriched (90% U235) U=Al. alloy, Pu alloy,

Pu’ er or U02

Enriched (20% ) ¥ and zr

Natural or 8lightly enriched (~ 2%,U235)
U andAZr '

Natural or slightly enriched (~ 2% U235)
U metal, oxide, or Mo alloy

Thorium

Principle

Requires criticality control
No Pu recovery
Not directly HNO soluble

High inert content-

Requires. criticality control
No Pu recovery

Not directly HNO soluble
High inert comt

Requires criticality contrel

No Pu recovery (eanriched U case)

Soluble in BRO_ catalyzed by Hg
or HF 3

High inert content (~96% Al for

. U=Al alloy)

Requires criticality control
Requires Pu recovery '
Not directly soluble in HNO

" Low inert content (~10% Zr)3

Essentially no criticality control
Requires Pu recovery e

Not directly soluble in HNO

Low . inert content (<15% Zr)3

Essentially no criticality. control
Requires Pu recovery

Soluble in HNO, -

Low inert contemt.(<15% Mo)

. Essenti %§3§o eriticelity control
. Requires
- Soluble in HNO, catalyzed by HF

recovery -

No inert content




From the staﬁdpoint of chemical reprocessing and from the production of radio~
active wastes resulting from the recycle of fuel and blanket material, the array. of
:possible fuel types is formidable and will require process devélopment of a highly .
diverse nature., Ry E. Blanco has sumparized possible fuels from heterogeneous | L
systems in seven categories( 29) as shown in Teble No. 2, ‘ A
2. Agueous Homogeneous Reactors
'me'homogeneous reagtor is one in which-t.he fuel, coolant and moderator "
(if any) are combined in a single phase, usually a fluid. The two primary types -
that are emerging are the aq,ueous homogenecus and the liquid me'bal fuel reactor. N

A third typ.e s employing fused salts as the fuel carrier has. promise: The types
which we shall consider in this discussion are the‘aq,ueous homogeneous o.hd the
liquid metal fuel reactor, . ,

The Agueous Homogeneous Reactor combines fuel and moderator (usually
heavy w}ra.ter) In a Ifluid that cen be used as the primaery heat ‘tra.nsfer nedium,
The first circulating fuel model was built and operated by Oak Ridge National
Laboratory. Many combinations of fuel and blanket arrangements are possible, such as:

A, ' Two~region Machines = eirculated fuel and blanket
8o Core « uranium salt dissolved in D20 or a silurry of UO

3 usﬁally
fully enriched uranium-235, or for a power breeder cycle, U233 . ‘
_ Core tank probably zirconium, ‘ : .
b, Possible blankets ' , -
1%. Thorium oxide slurry J.n D20
2%40 Possible thorium salt séluble in adueous medium that is A ot
. stable chemically to reactor conditions and does not have
prohibitive parasitic neutron capture | )

3%, Natural or depleted uranium in D20 solution. Pu will be
produced but breeding not possible, A ura.nium oxide or
other insoluble salt slurry is possible.

B, Single<region Machines = circulating fuel A
ao Partially enriched uranium salt dissolved in heavy water

Plutonium is produced by excess neutron capture in U238
b.  Slurries of uranium oxide or other water insoluble salts
c. Reactor built to consume enriched U233 2 U235 or Pu without any
' fission'ablé material reeovery for production of high neutron flux . 2
: or‘for mobile power application. It .shou.l'l.,d be noted ths.t to
increase neutron flux levels appreciably above those attainable
in the MIR - (2-3 x lOlh'

may be necessary for two reasons:

© e

n/ cma/ sec) an aqueous homogeneous reactor

N
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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
A\ 2 x lOlsneutrons/ (cme)( sec), the fissionable material consump=-
tion would be appmximstely_ 'J,O%/ day. - For a core of Pixed geometry
the operating cycle would be from two to ten da.ys maximum..
2%, For systems other them the aqueous homogeneous, the maximum
concentration of U235 may be’ too low to achieve flux levels
of ‘the order of lOl5 to 1016; Dilution and parasitic neutron
capture by materials other than water will prevent the attain-
ment‘of high neutron flux levels.

Thus, the ideal experimental and ehgineering' deirelopment reactor, i.e., one
in which it is possible %o obtain much higher neutron fiuxes than will be utilized
in reactors built to produce power, could he' of the aqueous homogeneous type. '

The aqueous homogeneous reactor possesses.a high negative temperature
coefflclent of reac’c:.v:Lty and remains stable even with large additions of reactlvity
in a short period of time. Its fission rate is self-regulating dependmg» upon the
power dema.nd.. A more complete picture of homogeneous reactors can be obtained from
mumberous reports published in the deciassified literature,(30)(31)(32)

The hazard from sudden release of fission products from a homogeneous reactor is
greater than for heterogemeous reactors wi'éh solid elad fuel elements unless the
entire element vaporizes. Fission products, fissionable and fertile material, and
the parasitic neutron capture products exist in a very mobile form, either in solution
or as a suspension ‘i.n & liguid under -preSSuree in the_ event of a reactor failure ,
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
circulating fuel, the reactor and its associated chemical pll.éa.n't:y are contained in a
sealed vessel built to withstand the energy release of a reactor break. The long-
term hazard from a release of reactor fluids from a homogeneous reactor would not be
Qeater than those ‘fi'om a he'herogeneous 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 hazard from the ultimate ‘develop~
. ment of the homogeneous reactor can be less than that of the heterogeneous case. (33)(3%)

Process:.ng of homogeneous reactors is simplified somewhat in that it is possible
to remove fission product and gorrosion product poisons continuously from the reactor
| circuit without having to process the uranium fuel. However, a small bleed-;off of
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fuel must occur to maiﬁ%ain the enrichment ievel of the reactor, assuming a maximum
concentrafion limit on the fule solution. Fortunately, in the aqueous homogeneous
case, the allowable concentration range for fusl can be from a few grams per liter
to several hundred grams per liter for Uogsoh in hgavy water. In the homogeneous
case of a thermal breeder with a thorium oxide blanket, thorium oxide must be
removed and processed by solvent extraction to separate ?? and Pa2>> from _ _
thorium. In thé case of the plutonium producer, plutonium and high cross-section .
fission products can be removed from the reactor continuously. In either.case,
final separation of products must be performed by solvent extraction (or some
other satisfactory technique)a. However, the quantitylof fuel and blanket matefial‘

<

to be processed, (and as a consequence the waste volumes) may be less than for most
heterogenedus cases, since the fissionable and fertile material are present in
relatively pure form uncontaminated by diluents, and since the achievable burn-up
fraction in the homogeneous case can always be high.

The aqueous'homggeneous'reaCtor produces and réléases gaseous fission products
during its operation, unlike the heterogeneous case. A list of radioactive gaseous
fission products from 0235«thermal fission would include the elements listed in

Table No. 1, Section 3.0 cof main report.
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3. Liquid Metal Homogeneous Rea,ctors(35 ) '
The liquid metal fuel reactor is simila.r in concept to. the agqueous homogeneous
reactor except that a relatively low melting metal of low neutron capture cross -
. . section is substituted for D20. Bismuth with a melting point of 271 C and a
S neutron capture cross section for 2200 m/sec neutrons of 0.030 barns will dissolve
' about one-half atom per cent uranium at 500°C. This is sufficient solubility for
S ‘an enriched uranium to support a chain reaction.- With bismuth the two-region 'type' :
of reactor can be built economically;‘. because of ;sOlubil'ity restrictions a
single-region reaction for plutonium product'ion is not feasible. The reaction
being studied at Brookhaven National Laboratory is & two-region machine consisting
-of .8 graphite moderated core of’:hiig‘ﬁ‘ﬁyenriched,uranium (U":"33 in the long range power
picture) dissolved in bismuth ¥ith a blanket of some form of thorium; although
natural or depleted wranium could be used. Several blanket systems are possible:
l (1) Thorivm oxide slurry in D20
(2) Suspension of thorium bismuthide ('.Eh3Bls) in liq_uid b:\.smuth
The processing of core fuel will be similar to the agueous homogeneous case in
that high cross-section flssion products will be removed continuously. With the’
. _ ureniums=bismuth .8ystem this will be accomplished by treating a portion of the
- circulating core solution with a fused fluoride or chloride salt of sodlum, '
S . potassium, magnesium, calcium or girconium. _ .
‘: k - As in the aqueous homogeneous case the fission products,. f:.ssionable and
fertile material, and the parasitic capture products of the heavy elements will
be present 1n a mobile form, but not under'highpre-ssure'. However; the _liq_uid '
metal system possesses a high chemical reaction potential on exposure to oxygen -
or moisture. The fission gases 'must be vented from the reactor circuit, offering
the same problem s.s described for the aqueous homogeneous case. Fission products
will be removed in a fused. salt mixture along with some of the valuable fuel, which'
may require processing to recover, processing such as the addition of magnesium metal
“to the fused salt to reduce uranium forureturn to the bismuth phase. ﬁhe small
percentage of fuel with the fission products in the fused sa.lt can be purifled by
solvent extra.ctlon. Recovery of new fissionable material from the bla.nket ~probably
will have to be accomplished by solvent extraction. .
The liquid metal homogeneous reactor using bismuth-209 as the ca.rrler presents "
an additional hazard which results from the following parasitic neutron capture: '
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Bi209 (n,7) 90930b > Bi210 Q: ; Po lO\ 3 a3d APb206

Poloniumpalo,with an alpha emission of 5.29 Mev, -is retained in the body by the

gpleen (soluble),or lungs (insoluble) and is particularly hagardous because of the
high ionizing potentiel of its radistion. | o

' O;her liquid metal reactor systems are possible, using either thermal or

fast neutrons for fission. For example, a slurry of some salt or uranium in

sodium or sodium potessium ailoy; a eolution of uranium in lead or mercury.

The Chemical Processing Cycle ‘
A large chemical complex is required to supply fuel to reactors and to

recover from them partially depleted and new fissionable material. The function-
ing of this complex can be affected at many points by changes in allowable radiation
exposures to operating personnel. In this chemical-metallurgical complex, exposure
potentials comparable or greater than those provided by & single reactor are
possibleo_ 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 radicactivity in a che@ical plant, because of the probable economics
of reprocessing,'representsfan integration of hagard from long-lived fission
products prdduced by many reactors. Stored wastes by virtue of accumulation and
degree of dispersability may represent the greatest potential long-term hazard to
the general population.

Chemical Processes for Fission'Product'Removai'and'SeQaration )
of ‘Fissionable and Fertile Material

Following & suitable cooling period, as determined for thermal fisSioﬁfin
Figure I; &% reactor fuef end blanket mateiials a¥e ready for chemical processing

to separate fissionable and fertile material from fission products and from each

other. Two types of processes can be considered: (1) where‘fissionable and

fertile materials are removed from fission products, and (2) where fission products
are removed from fissionable material. Various degrees of separatlon can be
considered for the long~-term development: However, to-.alléw for direct (or better,
gnshlelded) handling of fissionable and fertile materials, complete removal of
fission products is required. With the development of methods of remotely accomplish-

*Total cross section of O. O30b includes capture to form ~106 year alpha
emitting Bi-210m.
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ing all other phases of the recycle after chemical separation, partial decontamina-
tion ;5 possible, As far as the reaétor is concerned; only fission products of
high capture cross section need be removed. To recover new fissidnable material
produced by reutron capture in blankets or fertile regions of a reactof, either .
complete or‘partial decontamination may ultimately be uSed, depending upon the
economics of the particuiar reactor cycle. |

A1l chemical processes developed to the pilét:plant stage tto date havé been
aimed at compiete decontamination,. All are based upon éelecfive'organic s olvent
extraction of uranium, plutOniuﬁ, and thoriﬁm from aqueous nitrate systems
(with the .exception of the first process for separation of Pu, the bismuth phosphate
precipitation'process). Figure No. 2 give;ﬁthe decontamination factors requirea'

1

to return ‘irradiated fissionable and fertile météﬁial to natural‘backgrouhd;

The reprocessing of reactor fuel elements may nﬁxaccomplishéd by a variety of

process techniquess A list of some of the better knowspossibilities follows:

i v

A. Precipitation . | S ' . -

(39 e .
Bismuth phosphate = for the recovery of Pu from uranium ana $ig=ion

products. Precipitated fission product sulphatés from aqueous homogenébﬁé"

reactors.

B.- Solvent Extraction e

-

“Add the following possible reagents;asAextractants:

a. Triglycol.Diéhlofide4(Trigly)

b.. Dibutyl Carbitol (Butex)

Co '_Ethers, such diethyl, dibutyl, diisoprophyl, and cellosolve A
The solvent extraction processes have been described in numerous papers;(39) ' i
Since the basic principles of the éeparations by solvent gxtraction are so
well reported aﬁd.since the‘technique is well established, we will not .

describe any of the processes. We are primarily interestad in the chemical

and radioactive nature of ﬁhé wastes from theée processes, Table No. 3

. ‘ _Qou_
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Processes for Chemical Separation of Fissionable end Fertile Materiels

Organic

Irradiated

( Aqueous alting
Process Solvent Solvent Metal Feed Agent
For Separation and Decontamination of U and Pu
Redox Haxone HNO, Natural U, AI(NO3) 3
: ‘ : | i'.'3 : . Al can
Metal Recovery 12,5% TBP HI\IO3 ' Caustic precipie m\103
: : in hydrocarbon o tated U, fission .
S i "~ products -
T o v o .
Purex . 30% TBP in” mo, ¢ Natural U, HNO,
. hydrocarbon SN ‘ Al can A
TTA chelation 0.25. M TTA" HNO Natural U, Al(N03)3 .
in hexone B ‘ Al can
For Separation and Decontaminatidii— of Enriched U and Al v
25 - Hexone .l,H'.[\T‘O3, U=Al alloy Al(N03)3
' Hg(NO )2 -
: cata.lyst A
25, TBP 5% TBP in HNO,, , UeAl alloy md. -
S hydrocarbon” "» ' : : :
. (1\103)3 A1(\103)3 |
ca.ta]yst
. For Separation of Un233 , Pa, and Th .
Interim-23, hexone Hexone- .. -, HN()3 s FO Th, Al can ' Al(N03)3
s catalyst HNO,
Interim-23, TBP - 1.5% TBP in m\ro3, F" Th, Al can AJ.(NO3)3,
o rocarbon,
| hydrocar + Hg ) EN03
; B _ cata.]yst ’ .
Thorex 42¢5% TBP in 3, | Th, Al can : 'Al(NO3)3, .
hydrocarbon F '+ Hg'H HNO,

catalyst
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e

gives a 1list of the solvent extraction proéesses, along with their -

‘'main features.

For materials that are initially insoluble in nitric acid such as
stainlesélsteel and ziréoniﬁm, dissolﬁtion methods in other mineral acids
hafefbeen developed. After dissolution; thé stainless or zirconium fuels
éan be converted to a nitrate aquoues system by thg‘éédition of AI(NQB)} ‘[
and HNO3 and solvent expracted by é'modifiéd Pu?ex process.- Stainleés

‘steel elements can be dissolvéd in concentfated;sulfuric acid or aqua

regia; zirconium and zirconium-uranium alloy can be dissolved in concen-

'trated,hydroflubricaqid.

Volatilization of Chemical Compounds

- (LO-=43)

a. Fluoride volatility for removal of UF6 as a gas. Wastes prob-

ably produced as a fused fluoride salt waste. Fluorinating agents

could be F, BrF_, CIF_, BrF_, and other interhalogens. May be use-

» Sy s
" ful only for enriched uranium fuels,
be @ hloride volatility, from which wastes would appear in fused salt

chlorides

Ion Exchange S

a. Possibly applicable to separation of U_and'Pu or Th and U 33.

Wastes from primary recovery of fissionabie and fertilé material4will
bésimilar to those produced from solveﬁt'extraction. Mosﬁ usefﬁl'for
' recovery and final burification of solvent extraction plant products;
Further development of inorganic ion exchange materials and permeable
ion exchange membranes may increase the applicability'of ion exchange.
b. Can be used to remove fission products from prdceSS‘sblutions or
wastes,

High Temperature Process for Partial Decontamination from Fission Products

(Lk-L6)

a, Distillation of Pu and high cross-séction fission products from
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molten utanium° This type of process must be followed by'spielded
transport, fabrication, reactor loading. : . P
Slagvlng of molten uran1um-p1uton1 (h7)(h8)(h9) with uraniﬁﬁ:oxide '
to remove hlgh cross-section fission products and voiatile coﬁboﬁents.
This, too, must be followed by'remote metallurgy, fuel element hand—

llng and reactor loadlng° Fission product wastes will appear 1n:vapor

phase end in oxide slag.

(50)(51) o (52)

'Molten salt or metal extraction for highvornqq-sectionAu

fission Product removal and p0581ble part1a1 separation of uranium |

) and plutonium, The same general comments as for slagglng are appli-

cable. This: type of process may be used for. primary separation of fuel

(52)
and blanket of liquid metal fuel reactor,

Fused salt electrolysis in which a partially decontaminated product

will result.®”

(5%)

Modified de Boer process’ for uranium recovery.

Mbst of the process in the above list, with the exception of solvent extraction

and bismuth phosphate precipitation, are.still in rather early stages of development.

Insufflclent information has been developed on the nature of liquid or solid wastes

from these processes to provide a basis for discussion in this paper although further

study will define their nature.




'(;f

(2)

(3)
(L)

(5)
(6)

(8)

(9)

‘(10)
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APPENDIX IIf

REACTOR EXCURSIONS

1.0 Borax Incldent(32)

Those who had witnessed the Borax excursion (power reached 13=20 x 109 watts
in a reactor which normally operated in the: 1-10 MW range) were 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 40% dynamite., Opinions varied considerably. Those who

( . .
had been inslde lhe control trailer ror both kinds of explosion had the opinion
that the Borax excursion sounded like 2 sticks'of dynamite, but not as sharp as the

dynamite, Most of the observers who had been in the open thought that about 3, but
"not more than 4, sticks was a proper comparison, but they felt that the Borax ex-

cursion vas a sharper explosion, -

The damage done to the equipment perhaps gives a more quantitative 1dea of
the explosive effect. The breaklng of the reactor tank was the most striking mani-
festation of explosive force. '

The fact that the reactor tank failed was not surprising, since it was con-
structed of 1/2 inch carbon steel for a design pressure'of 125 psi. ‘It was not
expected to w1thstand pressures greatly in excess of . 1,000 psi,. The manner in T
which it fragmented, without regard for flanges or other reinforcements, was; how- ‘
ever, striking,

It was estimated by examining the lines'of parting, that'the breaking process

had occupied a time of about 1/2 to 1 millisecond; and that the pressure had there-

fore been maintained at a high level for at least that length of time.~
Calculations indicated that explosive charges in the range 6 to 17 pounds of

- TNT would produce comparable damage to the reactor and shield tanks° The . equiva=

lent, energy-wise; of ,ithe 135 Mw-sec of nuclear energy released in the excursion.

is about 70 pounds of TNT.

' During e immediately follow1ng the excursion an instantaneous dosage rate in
excess of 40O mr/nr was 1ndlcated on survey meters at the distance of approximately
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 radiatlon, seem

consistent with the energy releese of the excursion. At the time of the excursion
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the air temperature was 53.8°F, and the barometric pres‘su.‘rAe' vas _25.285 inches,
Teking an effective air attenuation 1eng‘th of 270 meters for delayed fissionn;nroduct
gammas under these conditions, one estimates that, if no other shielding than air

vere present around the total mass of fission products from an excursion of 135 Mws
sec, the radiation intensity at 1/2 mile would be about 110 mr/hr after 30 .seconds.
Actually’, something like half the fuel remained in the shield tank and pump pit, -

Cf the remainder, it seems reasonable. to assume that its radiation might. be attenu=
‘ated by a factor of 2 or 3 by local obstructions. . o

Betaogamma £ilm packets located at 1500 feet from the reactor, roughly downm
wind ‘bt outside the path of fall-out, recorded exposures of 50 mr/hr, These ex=
posu:z;es were probably primarily from gammas originating 1n' the material which stayed
in the rea'cton vicinity The total integrated exposure from comp‘léte gamma decay
of all fission products of a 135 Mw-sec excursion would be about 140 mr if only
air shielding were present. ‘ _ , '

The air-dispersed material from the reactor was blown in_a direction anout
- 35 degrees west of soutb. Mobile nonitoring teams ci“ossing the trajectory of the‘
. material at 8:35 A.M, (15 minutes after excursion) at a distance of about 0.8 mi
from the reactor, recorded:a maximum reading of 5 mr/br with open-window survey
meter, 3 feet above ground., A similar reading at 8:45 A.M,, about 2,3 miles from
the reactor, gave 2.0 mr/hr. The maximum readings at these seme distances, at
9:15_=- 9:20 A.M,, after the airsborne-material bad definitely passed over,‘ .were
6 nrr/hr , with open-window metér 1 inch above ground. By 10:30 the following
morning these intensities had decayed at 0,05 mr/hr, The intensities were main-
tained at roughly the maximum level over a path width of about 500 feet, anq.'fell 4
to about 1/10 the maximum along the edges of a path about 15500 feet wideo '

For comparison with the foregoing observat:.ons, an estimate has been made of
the total activity of the fuel left in the imnediate vicinity of the reactor, by
extrapolstion of later surveys in the reactor area. This estimate indicates that
the fuel, if spread uniformly over sn area of 5 X 10,8 square feet, would .give a
reading of 6 m'/h.r on an open=window meter 1 inch a‘oove ground, 1 hour after ‘l'.hé
excursion,

‘ The integrated radia‘tion intensities of fuel in the varicus locations on this
date are given in the Table below, '




Area Integral- o@ Intensity

Description of Fragments ' , on 8/l9/5h (ex) (r)/hr
General distribution of fragments _ S .
outside fence (Figure 38) . : 12h'x 10
General distribution of fragments ' - . ; L
inside fence v A : 38 x 10
Fragments remaining in shield tank : o b x lOu
Fragments remaining in pump pit - = "ff, - , 33 x 10#
Large pieces of fuel.element - - ' 10 x-loh
Fragments mixed with other miscel- : ' L
lanecus debris 4 b x 10

" TOTAL 113 x 10"

o

2,0 Ehrly Observations and Dedmctions of 1952 NRX Incident(aﬁ)

The- activ;ty discharged by the air through the stack behaved like fission
products from a very short irradiation and is attributed to the excape of volatile
‘and geseous fission.products from the uranium with ruptured sheathing together with
most of the fission products from the melting, fracture, and rapid oxidation of the
uranium of the air-cooled rod of previously unirradiatsd uranium, '

The best estimate which it has been possible to make is that - the total fissions
. involved would be 1018, and, assuming the power surge was hOOO megawattesec, if all
the activity were supposed te come from the air—oooled rod, it would require the.
éxcape of the pr@ducts froﬁ 30 kg of natural uranium at thé’center of the rodu Much
less than this is’ likexy to have been involved because there would have been a con-
siderable excape cf volatile and gaseous flssion products from other ruptureso

The estimate is that of Drs. W, G. Cross and S. A, Kushneriuk based on the eX=
posure of 350 mr on a £ilm worn by an electrlc;an up a pole adJacent to the reactor
stack at the time. i ‘ ‘ ‘ o V

1t was not comsidered safe to stop'thé flow of water to the basement since the
~ condition of the uranium was not known, It was feared that, since some of the metal .
had been so highly irradiated (ebout 3000 Mwd/ton), it would heat itself up, oxidize
" rapidly, and might even catch fire if not cooled. The flow of water was cut back

as low as considered sufficlent to reach all the uranium, This flow was about T0
, gal/min° It.was*not discharged to the;rlver but vas pumped from the basement to a




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 l/li—-mile pipeline to a trench
system in a disposal ground where it was allowed to seep away. A check vas kept s

on activity in water draining from this aerea, but no detectable activity was found -

even in the creek draining the area to a small lske.

3.0 FBR Incildent'>*

On November 29, 1955, at AEC's reactor testing station near Arco, Idaho, the
world®s first fast breeder reactor, EBRaI vas undergoing the last series of experi-=
ments schéduled at that time. Object of these difficult tests was to measure trans=
ient temperature .coefficients, by measureing changes in reactivity of the reactor as
the temperature of the fuel elements was increased. The reactor was placed on a

short positive period and the fuel temperature permitted to rise to. 500-600°C, ',l‘o. E

obtain the tempereture coefficient of the fuel only, the liquid NaK coolant flow -
had to be shut off - so that the machine was actually operating not as a reactor at
all 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 temperature recorders and re-

alizing a runawey was imminent, gave verbal instructions to the operating technician’

for immediate skutdown. The technician misunderstood and pressed the' button acti-
vating the normal motor-driven shutaoff rods. The scientist reeched over and pushed
the scram button. The interval, a delay of at most two geconds, was enough to-: |
permit power to overshoot to a level where the fuel rods melted down, some uranium
alloying with core steel. '

One possibly encouragifx thing that remains to be verified has to do with the‘ '

whitish encrustation on the reflector elements and on the surface of the melted
mass. This is due to oxides of sodium and potassium from the NaK coolaht. The
‘core underwent a significant decrease in density due to boiling and volatilizati?n‘
of the NaK, and thereby became less reactive, from the nuclear point of vfew, It
has yet to be established whether this took place an instamh before or an instant
after the melt«icwn,, If the former, it would mean this phenomenon was operating as
an added safety factor. |
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APPENDIX 1II

CRITICALITY HAZARD IN REPROCESSING OF NUCLEAR FUELS

. : by
- ~ J. W. Ullmann '
4 Chemical Technology Division

« Osk Ridge National Laboratory .

INTRODUCTION e

Origin of the Problem . N B
Fissionable materials uranium—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 brocess consists of chemical or. metallurgical
separation of the fissionable material from undesirable contaminants and any .

- chemical, metallurgical and mechanical steps necessary to restore the fuel to its‘

' originel form. Precautions must be taken in the design and- opereiion of reprocess;:
ing plants against the creation of a critical assemble. N i
Definitions - ) a
¢ - An assembly is said to be critical if the number of neutrons produced in each j
generation by fission equals the total number of neutrons absorbed and lost by

- leakage. ‘Such a system if self-sustaining and can be operated at various. power
iévels, If fewer néutrons are produced by fission'than are absorbed and lost,’
the system is designated subcritical, if more neutrons are produced than absorbed
and lost, the system is: supercritical. ‘ ' A

If a source of neutrons is ‘directed at a subcritical assembly the steady state
néutron flux will exceed- that due to the source alonme. The closer an assembly is to

- criticality the  greater will be this flux multiplication.. Criticality measurements

&an therefore be made by extrapolation of data from subcritical systems ‘to zero

(1)

When a system attains criticality without requiring the delayed neutrons

réciprocal multiplication.

which are produced by post-fission decay it is said to be prompt critical. If the :

Y delsyed neutrons are needed to reéach criticality the system is called delayed critical.

' System Parameters . .
£ _A ) The factors affecting the criticality of a system are:

(1) The mass of fissionable material which determined the potential number of
> fissions. '
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The specific fissionable isotope which»determines the number of neutrons

produced per fission and the ratio of fission to non-fission absorptions.
(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, : .
(4) 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 fission reaction.

(6) The degree of homogeneity .of the system since the presence of" voids will
increase the mass required for criticalityo 1 . ' ‘

(7) The degree of reflection since reflection of neutrons back into the system
reduced the effect of leakage. | o o

(8) The presence of fertile material which can fission with fast neutrons.

(9) The size, shape and spacing of lattice elements in a heterogeneous system
2 S1Ap

will influence leakaege and the degree of interaction between elements.
The types of systems which can be encountered in a processing plant are:
(1) Slow neutron systems which result from the fissionable materials in water
or organic solvents,
(2) Fast neutron systems which result from the fissionable material handled
as oxide or metal. ' ' o '
(3) Intermediate systems which may result from aqueous slurries or hydrated
~ s0lid salts of fissionsble material. .
Since the slow neutron system leads to. the smallest critical mass, it is
potentially the most .dangerous, thé most of ‘the follow1ng remarks concern solutions

of fissionable material in a moderating solvent. '

METHODS OF CONTROL

Mass Limitation . o . ,
Criticality may be avoided if the minimum mass of fissionsble msterial capable
of sustaining a chain reaction is never assembled in any single location,”provided

care is taken to prevent interaction with surroﬁnding~materials. Table No, 1 gives
published safe upper mass limits for reflected and unreflected solutions with
optlmum geometry and moderation and no poison. present.,
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TABLE 1

EXTIMATED MINIMUM CRITICAL MASSES (GRAMS)

. E o @33 B35 p2%9

" Unreflected , *1150(2) - *éi§6¥é) : *;}l2hh(3)
[ o . ] ’ h): T . (u) : (LI-)
Water reflected ' A : 588( o 800 3 510

*Lowest reported mass, not necessarily minimum ;

Criticality control by maﬁs limitation requires strict accounting by analysis

* and material balance to deternine at all times the quantity of fissionable material

present in a piece of equipment or in storage. Mass limitation inherently requires

batch operation with holdun of batches for analysis te fore each stepo ‘lt is ;
A therefore usually more costly than control methods amenable to. continuous process— Q

‘ing and is certain.only to the extent permitted by the aVailable techniques of

analysis and mensuration. ' :

Géometry Control-

A sufficiently high rate of neutron leakage from a system ‘averts criticality, ‘
r Table No. 2 shows the minimum demensions of spheres, infinitely ‘long cylinders and -
ihfinite . areal sJahs required to sustain criticality of solutions.'

TABLE 2 .

. . ESTIMATED MINIMUM CRITICAL DIMENSIONS (CENTIMETERS)

233 235 239

_ U U | Pu
Bare Sphere, Diameter : T - . 3308(3)
- Water-reflected Sphere, Diameter "18;l(h) | 2300(&) ‘ ‘2005(3)_
. | Bare Infinite Cylinder, Diameter - R __ 16.,0(3)
L Water-reflected Infinite Cylinder - . 11,20
. Diameter S
e Bare Infinite Slab, Thickness R, - S -17.6(3)
i Water-reflected Infinite Slab AT - : | h.0(3)
Thickness : .




It should be noted that the mass contained in a geometry controlled system
can exceed the xggshnmn critical mass of Table No. 1 without achievement of
eriticality and. ﬂﬂ-h the minimum masses and minimum volumes occur at different
concentrations of - fisionable material. -

Geometry control 1is adaptable to safe continuous openation, but as can be seen,
the eqnipment size is necessarily small and parallel lines may be required. Adequate
spacing of individually safe units must be allowed to prevent criticality of an
assembly of umits by interaction, ‘

Concentration gontroi

Change in concentration of a fissionable material in a water or hydrocérbon v
solvent will alter the atomic ratic@af hydrogen to fiésionable 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 concentrations per
fissionable atom, the critical mass is large since there is only a small amount of
moderation. As the: hydrogen concentration -increases, the mass decreases to a
minimum. With further increase in h&drogen concentration, poisoning increases the
critical mass until a region of infinite critical mass is reached.  This is the
limit for concentration control. Any solutions more”dilmte ih-fiéSionable'isotOpe

_ ﬁhan corresponding. to this hydrogen to fissionable isbtope ratiQi%mé.éafe.

Table No. 3 lists the maximum safe concentrations for aqueous solutions in
optimum geometry. ' ‘

TABIE 3 N . -..“.;» . ,...y:;».» -

ESTIMATED MINIMUM CRITICAL AQUEQUS CONCENTRATIONS(?)4;

H/Fissionable Isotope Grams/Liter |
S | . 2330 . 10.9
R 2220 - 1.6,

P39 a 3600 T3
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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).

3¢5 228




In the absence of any moderation, at a hydrogen to fissionable atom ratio
of zero, essentially only fast fission can occur. Table Nog U4 gives values
obtained with spherical assemblies of 50 to 90% U235 metal Eflected with metallic

natura} uranium at various effective densities produced by vbids,

{
i’ o TABLE h
! CRITICAL MASS UP3° METAL spreres(®)
] '
gﬁore ) Density (Grams/cm3) : Critical Mass (Kg U°S)
moog 0P | 187 16
4 ~gop U3 13.1 25
oo uP2 9.3 | 37
o st 232 - 8.7 21
. 50 UP7 - 18.7 - coo7

i The data of the above table are correlated by assuming critical mass propostion—

al to U 235 enrichment to the -0,7 power and to core demsity to'the -1.2 power.

B The effect of slight hydrogen moderation is illustrated by thecritical mass

of a highly enriched uranium hydride assembly reflected by natural uranium. The

average empirical gg;m?%? for the hydride was UHé 97 1 ll O 25 and “the critical..’

mass was 12.1 Kg U '
Concentration .control is effective in processing dilute aqueousg solutions if

/
s
’

there is assurance that the fissionable isotope concentration will not. exceed the
values of Table No. 3, and precipitation will not occur. = Instruments are therefore
used to monitor stream‘concentrations and flows,-and alarms are. set to sound in ad-
vance of a critical condition. | |

In the handling of metallic fissionable material, concentration control permits
the assembly of masses far in excess of the minimum of Table No. 1. The 3pacing of
metal pieces,. possibility of water being presentAand similar factors require detailed
study of each individual situation to determine the most desirable method of safe
handling.

375 r’“’9
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Combined Mass, Geometry and Concentration Control -

The maximum safe values of mass, size and concentration of Tables Nos, 1, 2
and 3 are each tabulated separately for optimum values of the other two parameters.
~ It is possible to relax two.of the three restrictions if the third is well on the
f safe side of the optimum va.lﬁe° For example, the diameter of a cylinder may be
increased beyond 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 Table No. 2 if the units are, in a criticslity
sense, Tar- short of infinite cylinders or slabs. The-basis for .such relaxations
from the limiting values is illustrated by Figure 2, a plot of critical cylinder
heights as ‘a function of diameter for two hydrogen to U 235
- Poison Control '
_‘ ©If 1t is compatible with the process, a poison can be deliberately introduced
into the equipment or;process streams to prevent criticality. 1gedmium foil

atom ra.tios°

surrounding a vessel can essentially negate the'gffect of a water reflector, and

'the insertion4of-poison rods into the interor of vessels has been proposeda 'Tﬁe

latter method requires certainty that the poison.is always present in the proper‘A

geometry,

L : The poison effect of the nitrate ion and the presence of the 2h0 isotope of

" plutonium is illustrated by the estimate of 510 grems of Pu 239, as the minimum

y criticel mass compared to 690 grams found by experiments with Pu(ND3)u.(&)

> Fission products present in- irradiated fuel add p01son to the .system to an extent
dependent on the 1rradiation history of the material. TFertile isotopes also exert

" 8 poisoning effect. TFor example, the minimum critical mass of 4.9 per cent
enriched U 235 is reported as somewhat less than 2 kilograms compered to O. 8-

- kologram for ~00 per cent enrichment.(h> "Because* of U238'poisonigg, there

exists a minimum U235 enrichmentAbeldw"which uranium cannot be made critical with

light water moderation. . -
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Fig.2. Critical Dimensions of Water Reflected Cylinders Containing Aqueous
U235 Solutions. (Data of Callihan, Morfitt and Thomas ) :
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SAFETY PHILOSOPHY

The aim.of cxiticality control in processing is to prevent a nuclear

‘incident from occurring, Since it is almost impossible, ‘and certainly uneconomical,

to design against all possible operational errors,Orrsabotage, the consegnences of
en accident are of interest.. | o
In a process plant it is most unlikely that fissionable material can Be
assembled fast.enough to cause a miclear detomation. Since nuclear explosion
requires assembly- in less than a millisecond, a solution brought to supercriticality L
by preCipitation or overfilling will probably disperse itself by boiling.(3) '

»The Lunsequences ‘ot such ‘an 1nc1dent would, however, lead to serious radiation and

DUREY

toxic hazards end damage to-the ‘équipment.” '”"”W!“‘
The present practice is to de81gn For’ routine safe- operation with substantial
safety factors, to check the mode of operation with expert opinion or experiment,
0 monitor the plant to. prevent accumlatian by leakage or deposition, and to
provide instrumental interlocks and alarms such that at least two independent

‘mistakes are necessary to create a dangerous situation.




(1)
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