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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 radioactive isotopes from fission or neutron 

capture present mankind a most complex technical, economic, and political problem. 

On one hand, the possibility of using the fission process to produce energy from 

an unexploited and abundant natural source is emerging from large programs of 

research and development. We are also beginning to see the promise of use of 

particulate and electro~gnetic radiation for the good of man. On the other hand, 
-',',J 

we are presented with the problem of controlling the dangerous products of fi~~~on 

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

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

devise ways of protecting ourselves in the present and for our lifetime but, in 
~ '. ~ 

addition, we must establish the basic technical, social, and administrative 
:s: -

control of vast quantities of artificial radioactivity that must remain effecti~e 

for at least ten to twenty lifetimes. 

This status report on radioactive wastes has been prepared as a logical and 
." ); ~'=3" 

necessary part of the Study of the" Biological Effects of Atomic Radiation, spon-
'. , 

sored by the National Academy of Science, the National Research Council, and the 

Rockefeller Foundation. (1)(2) 
., 

Radiation exposure to man and to members of man's ecological cycle comes 

from both natural and "manufactured" sources. The natural sources--cosmic rays 

and naturally occurring radioactive elements--have been with us for periods of 

time sufficient to have their effects integrated into the ecological and genetic 

equilibrium of mankind. The new source of radioactivity, the fission process, 

promises to produce sufficiently large quantities of radioactivity to effect 

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

governmental establishments must participate in the definition and solution of 



the radioactive waste disp~sal problem, 

The projected large-scale production of long-lived radioactive isotopes by 

an atomic power indUstry coupled with the diverse routes by which these elemen-

'. 

tary and highly toxic'substances may traverse the whole of our physical, chemical, 

and biological environment presents us with an entirely new kind of problem in 

industrial pollution. The studies aimed at defining a means of ~ging.this ' 

unparalleled problem must first extend deep into the basic life processes them-

selves. The need for measurement and knowledge of rates of spread in nature of 

these substances as waste products extends the problem of interest into the 

provinces of the physical sciences which deal with our environment. The interest 

and responsibility ,of industrial groups as operators of nuclear reactors and 

chemical plants is obvious. The necessity for penetrating and careful study' of 

risks 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 provided 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 regulat~on 

is implied. 

In the atomic energy industry any waste containing levels of actiyity in' 

excess of safe limits ,for h1lIDB.n exposure is potentially hazardous throughout the 

period of its radioactivity. Ultimately, such wastes when released reach man or 

his environment through one channel or another. The integrated total of many 

small facets of release, each possibly of little consequence by itseif, may be 

highly significant. The public interest requires that responsibility be placed. 

for recording and integrating the cUDiulative 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 At6iidc Energy Act of 1954 places responsibilityford1s-

posal of radioactive wastes on the Atomic Energy Commission. Wisely, the 

Commission is seeking to carry this responsibility ona cooperative'basis-with 

established regulatory agencies 'in the various states and territories.: It is 

known that many of these agencies feel strongly that they shOUld exercise control 

in matters of public health and safety over industries using atomic'energy>as 

they do with other industries. Indeed, under existing laws unless they do,so . , 

they may be charged with default in meeting their legal responsibilities;: 'On ~ 

the other hand, in Great Britain under'the Radioactive Substances Act of~948" 

the various ministries of Health concerned are charged.'with responsibility ~ ..:::.~ .. " 

"to secure that any radioactive waste products reslll.tiDg froID: : ",::."" ," .. " ' 
such manufacture, production, treatment, storage or use as 
aforesaid are disposed of safely." 

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

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

Because of the progressive changes in the technology of the industry based 

on research and experience there will be corresponding changes 'in processing and 

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

fleeted in the kinds and characteristics of wastes and·in methods ,of treatment 

and disposal. Because of nuclear energy industry is unique and in such an early 

state of development'its Ultimate potentialities cannot now be measured.,:Tbe 

dynamics of its development viII, therefore, need more than normal scrutiny from 
, \ 

the standpOint of ' its ,'impact on man and his environment. 

Solutions to the'problem of radioactive 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 more technical aspects of the 

problem. We have accomplished little more than the preparation of a. s1lllDlJ8.ry of 
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what has been said about the physical nature of radioactive wastes, their produc-

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.wil~' 

be required for economical power production,' discuss relative biological hazards 

of fission products and transplutonic el~ments, discuss various processes proposed 

for isolating cer.tain fission products, and ~eview current work on processes. for 

gross wastes that may precede ultimate regulated disposal. As background iriforma-

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 following purposes: . 

1. To provide a summary' of present techn~cal 'knowledge and data on problems 

of radioactive waste disposal. 

2. To provide 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. 

, 3. To, estimate tl.l.emagnitude of the waste problem for. the next forty years J 

based upon predictiOns of nuclear energy growth., 
, . ~ . 

4. To discuss the . few possibilities for permanent wast~ di,sposal. 

5 . . . To suggest areas of development· and research. 
.~ . 

6. To indicate those segments of our technology, ~usin~~~,' and governmental 

, structure that will be affected by production control and disposal of 

radioactive materials. 

The report has been written for scient~stsand technologists who possess or 

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

,:j .' 

i 

, .' , 
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( with nomenclature, calculations, and materials involved in atomic energy work. 

'" 

However, since understanding of basic units used in the discussion of radioactivity 

will be required throughout this report, we include the following de~initions: 

1. Curie (c): The amount .of' radioactive material which disintegrates at 
, " 10 ' " 

the rate of 37 billion atoms per second (3.7 x 10 disintegrations 

- , , '226 
per second). Latest measurements of the half-life o~'Ra 'seem to 

- 226,', ' -', (8) 
indicate that a gram of Ra is slightly less than one curie. 

2. Millicurie (mc): The amount of radioactive material 'whi~h -diSintegrates 

at the rate of 37 million atoms per second (3.7 x '10 7~"dr~ihte'~t{6h~":~'~ 

3· 

per second) .(9) - ',~, ':':,;"_:' -:,,~;,::::r :'1:., 

Roentgen (r): The quantity of x- or gamma radiatiori ~such tha.t'~ 'i}{e::l:2:·t r:::, 

associated corpuscular emission per 0.001293 gm' of air' (eq~l:; t6::i cl'·' 

of air at OOC and 760 mm Hg) produces,' in air;' ioris' carrying 'l'esu"!~~" 

quanti ty of electricity of either sign. (9 ) ;' , ' ' 

4. Roentgen equivalent phYSical (rep): The amount of ionizing ra'diat£on" 
• ,'" \ ...... ' _ .. " .. - _ • .1°"1" ........ 

of any type that loses e:i:lergyat the 'point' in question in' soft tissue- '. 
. . .• . -\~:! <> ~:! ~"",~ A~.,:t'>. ;~:! 

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

roentgen of about 200 kv x-radiation 'in softtissu~::(8) :'~TIii~~:'~it-:'~' '::( 

has been replaced by the rad. 
'.:, - • _1. ::' L~~~:::::r;r.~ 

5· Roentgen equiwlent man (rem): The amount of ion~~ii~g '~;diation':6f:'~'-" 

any type that: produces the same damage to man as one ;6e~tgen of about 

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

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

gamma radiation; (b) 1 millirad '(0.1 ergs per gram) iri the case of beta 

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

One twenti~th millirad for alpha rays and heavy recoil particles. 

-5-
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7· Relative biological effectiveness (RBE) means the biological effectiveness 
( 

of any tyPe of energy of ionizing radiation in producing a specific bio-

logical damage (e.g., leukemia, enemia, sterility, carcinogenesis, 

cataracts, shortening of life span, etc.) relative to damage produced 

by:~~or gamma radiation of about 200 kv. It is given frequently as an 

average value in the cammon energy range of a particular type 0; ion.(8) 

'" 
8', Rad means an ionizing radiation unit' corresponding to a loss of energy - .,' 

in any medium of 100 ergs per gram. (1 rad in tissue = 100/93 rep). (8) 

Definition of Problems in Radioactive Waste Disposal 
i 

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 ,the present and for'a:s .long as ',a",radlOactivity ,hazard 'exists ,from the 

waste materials. This definition, when considered in parts, points to certain 

important aspects of the waste disposal~roblem. First, for proper perspective 

of the waste problem, it must be realized 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 will consist of that 

which occurs naturally (cosmi~ rays, naturally radioactive elements) and 

that which has been and will be released in an uncontrolled manner so that 

it acts subsequent to release as part of the natural environmental radio-

active potential. 

a. Natural radiation 

Cosmic rays ~ 0.6 mrad/week 
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Natural radioactivity -:-,1-.2 mrad/week 

40 . . 
K .in the body 0.3 mrad/week 

Total 2 - '3 mrad/w~ek' 

( 14. 
Natural tritium, C ., and Ra, etc., in ~h~ body add.insignifi-

cant contributions) 

This' is the radiation which res~ts from natural ·causes. (cosmic 

rays, naturally occurring radium, etc.) not imder our. control. 

Each ·person in the U. S. receives on the 'average; 'a total accumu-

lated dose of about 4.3 roentgens to the gonads. "aver a 30-year 

period. At high altitudes this dose is greater j:·because·of. the 

increase of cosmic rays. Thus, this' background''':is' as :hi"gh"-as 

5.5 r i'n s'ome places in tli,e United Statei:i,:·(2) ".£ •. ..::--:.~ .. ;.:::, .~;:-:;:., 

b. Estimate of' radioactivity released to the environment . ,~we-~"~' 

. " ..... ·?~;::.:i':.\·r~;:-;:F:':~r!' H:"::::, ,f;.' ;:i:~.:.~~::t:J~~J.'~" "". . , . ,.'. _;. 
. - Many ·sources"have·contiibUted;:'.'a.nd:·probably."Will .continue:to 

contribute, to.release of radioactivity tothe·environment •. 

(1) . Atomic Energy-Co.ssion production ~~ -rE!lsear~h 0pE!lr-' 

ations and counterparts. in. other .coUIltries~ ::.1 
. . ""--"~ ~ .... - ..... -... ,:.-.... ,---

. '(2) . Rea.c~or ~c~.~dents·: ' ..... 
!,.,,~ ~~-6 }S:! f.1 

(3) Release of eXper1meii.tal·radioisotope'~:· :"'; .. ;, ~ 
:~'l " .• ", " 

. ··r" 
~ '",' 

(4) . Nuciear weapons' fall-out. in partial ev8.ltu;,tionof' this 
. . ' _. . .' .~ '~r- ,"-

. (10) 
'. contribution, we. quote . from the. NAB Summary Reports: . 

I~With certain . understandings [as enumera.ted in the 
ref'erence] it may be stated that U. S. residents have, 
on the average, been receiving from f'all-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 f'ac.tor of' five, one could better'say that the 30-. 
year dose from weapons testing if maintained at the 
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past level would probably be larger than 0.02 roentgens 
and smaller than 0.50 roentgens. 

liThe rate of fall-out over the past five years has 
not been uniform. 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 a doubling of the test rate might 
be expected to double the fall:-out." 

(5) Operation of power reactors. As yet the general,population 

has not received radiation from atomic power plants or from 

the disJ;>0sal of radioactive wastes. These are future sources 

of radiation that might become dangerous. 

2: Intentional ~nd controlled low-level radiation exposure pf limited numbers 

'. 

of people for medical diagnosis and treatment, for occupational purposes (reactor 

and chemical plant opera~ors; nuclear-powered vehicle crews, waste disposal 

crews). 

a. Medical and dental X_rays(lO) 

According to present estimates, each person in the United States 
receives, on the average, a total accumulated' dose to the gonads which 
is about 3 roentgens of 'x-radiation during a 30-year period. Of course, 
Some persons get none at all; others may get mqre. 

b. Occupational exposures 

It is our understanding that limits for occupational exposure may 
be set as follows: Individual persons shotiid 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 International Commission on Radiological Protection recently 
reviewed the regulations pertaining to radiation protection. The gener
al recommendations of ·this group result'ing from a meeting in April, 1956, 
have been s~rized by D~. Morgan as follows:(7) 

1. The basic permissible absorbed dose rate will continue to be 
0.3 rem in,aweek for occupational expo6ure~ In exceptional cases, this 
weekly absorbed dose may be increased by a factor that might be as large 
as 10 provided the, integrated absorbed dose during the 13 week period 
following the beginning of the, higher rate is not greater than 3.0 rem. 
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2. The absorbed dose to each occupationally exposed individual is 
not to exceed 5 rem per year averaged over a 10-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'lirilit the--permissiblegenetic..:..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 woraing 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' Staridaras--for 
maximum permissible dose is as follows:, " ... ,~: ','J .::-:_': ,:,. i' 

1. Accumulated, dose. The maximum perridssible 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~'I' 
This applies to a~ critical organs-except the Skin, for whicn the' 
value is double.' .. ..... ..:: ::,,~.,:''' 

2., Weekly dose. The previous permissible .weekly whole-boCiy' dose 
of 0.3 rem, and the 13-week- dose.of 3 rems when the weekly limit is ~x
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 exanlple/Dr'~ 'iI>M. ':" '>. 
Parker reports that a safety factor or five has' been maintained undeftthe'" 
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 O.l to. 0.2. rem. The average expos~e probable in 12, years 
.work at Hanford woulp therefore be 2 to 4 rem. Since current measurements 
do not determine the actual dose at . the gonads . from , internal depositions. ,of 
radiOisotopes', this range might more properly increase to·'3···to 5,frem •. : 0·~.:': 

Statistics on occupational exposure control at Hanford may be of 
interest. In attempting -to- control- average, exposures ··to-an ... annual-limi t-of 
3r; it was found that: 

1. If 0.05% to 0.2% or the force exceeds 3r in any one year, 3% to 5% 
will exceed lrfl and the annual average will be about 0.2r. 
2. If 0.0% ~Q o.oli exceed 3r in anyone year, about 0.1% will exceed . . 
lr, and the annual average will be about O.lr. 

Dr. K. Z. Morgan summarized radiation exposure experience in 4000' employees 
at ORNL as shown in Figure 11.(7) 

-9-



COmparative Summary of Accumulated Exposure of ORNL Employees 

to Ionizing Radiation 

1.6 rem = 
*(2.6 rem) 

,; .. :' ,,:::;.',: .r.". :t.;;' (;', 

Average accumulated occupational exposure of all employees now 
at ORNL 

49.1 rem = Accumulated expo~ of the single employee at ORNL who has 
*(76.8 rem) accumulated the'highest recorded exposure, 

98 rem = 
*(196 rem) 

Accumulated exposure the person would receive who worked at 
ORNL for the average employment period of 6.3 years and 
received the absorbed dose rate of 0.3 rem/wk to the entire 
body or'0.6 rem to the skin for the entire periOd as present
ly permitted by HE-59 and HE-52. 

31.5 rem = Accumulated exposure the person would 'receive who worked at 
*(63 rem) , ORNL for the average employment period of 6.3 years "and' ' 

received the,average absorbed dose rate of 5 rem/yr to the 
entire body or'lO rem/yr to the skin for the entire period 
as proposed by the ICRP. . . 

*Values given in parentheses indicate the dose to the skin. The other·values 
are for the penetrating component-of dose. 
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3. High-level radiation exposure 'to large segments of the world's 'population 

from intentional or accidental release of activity from fission and fusion 

weapons (used either for test or warfare), stationary or mobile power reactors; 
" " .. ,.~ -.:- ... , ~ .... ~ .... 

radiochemical processing plants or fission product processors; transportation 
l' " ... 

of irradiated fuel or concentrated fission product wastes; liquid waste tanks 
:. ~ 

that are part of the reprocessing plant; or from the ultimate disposal of 
'!. ~ I ::.. :..; ~ .. ~ 

wastes to the environment. 
. '~~"""",'f';::~ r t '.:. 

One of the most significant questions to be answered early in the consideration 
'" ~'...::._. «-."1':-" ·~<:)·~':::,"':) .. l:f-

of problems associated with radioactive wastes is whether or not !Bl of the fission 
:"~i ':' •. " ~ :· ..• ::J::;x~·r :-::-t w.t.:,* 

products and transplutonics produced by the growth of a nuclear power economy can 
,,,,.:.:.~..;~ .:~ .... ;::-:.;::"!, tr~':~::;~. 

be by plan freely released to the environment, in view of the radiation exposure 
.• J, ...... [.~,!< [: •. .:-~ •• 

potential from all sources other than nigh~level wastes as compared to the pro-
",1 ", ..:.:- .. "~.:~. ·f .. .. 

posed maximum permiSSible dose for the general population. As a partial answer 
~': ~ -":,.;- :"C ~::: .. ~:~' 

to this ~ortant question we must conclude, in view of the recommended general 

population radiation limits . of 10 roentgens from conception toag~ ;~t3 y:~:. th:t: ' 
.. ;,,""i,. 

high-level wastes cannot be released, directly to the immediate environment in 
.'",' '''':': .-' ~:;= 

which man exists. 
t - ...... " ~. ,; 

\{ith this conclusion the'definition of what is safe for ultimate 'disposal 
;, ,~ " . t .. ' _~ _ '. ; ':"': .. '''''' _;. .. z:; :;",:;~~::. 

becomes difficult, since we .are presented with the paradox of having.only our 
;,1. .. ... ~. 

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

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

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

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

.;.11-



The Dual Nature of the Radioactive i.faste Problem 

We must consider the disposal of radioactive wastes as two separate problems: 

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

materials that are greatly diluted and possibly widely distributed geographically; 

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

elements that have high biological hazard and long radioactive half-life. 

The first problem will involve the control of a large number of distributed': 
'" 

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

research and medicine, the use of radiation sources, and the industrial applica-
~~ ~ .. 

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

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

analytical laboratories and reactor cooling circuits. Control of the distributed 

low-level hazard may be difficult because of the large number of source and the 
-, 

" " 

number of pe~ple involved. A partially satisfactory control will exist, however, 

since the total quantity of radioactivity issued to these channels can be moni-

tared. 

The high level wastes clearly present a problem of containment. There is 

a faint possibility that certain radionuclides of low biological hazard and ., 
short half-life can be bled into easily accessible natUral dispo~al systems, 

-' 

such as rivers, oceans and surface "formations of the earth. 

In the evaluation of the possibilities of routine discharge to accessible 

natural disposal systems, it will always be necessary to consider the effects 

of an accidental release of fission products and heavy elements from the large 

sources of radioactivity activity circuit such as power reactors" cooling systems, 

chemical processing plants and ultimate high-level disposal systems. A reserve 

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

-12-

.. 

, r 

" 

, ., .. 

-' 

t 



'" .. 

'" .. 
. :1. 

<. 

~. 

exposure of people who receive an accidental release of large radiation sources. 

The possibility of military use of fission and fusion weapons is another fact~r 

that may limit the quanti~ies of activity that will'routinely be disc~ged'to the 
.' ~ 
• ~ "" r _ 

readily accessible environment. 
,,\., {' t. ~.l '.. ':;. '" ' :~ 

. ..,.' :1 :.~ '1~ ·r·.~·· .!::':.t .. ! ,-I 

, The Problem of Low-Level Dist~ibuted Ha~d ,I ..., ,'. 

The' presence ofradioaptive- ~stl2a in qu'aritity will' have ·a:.:pro:fciiliid····effect 

on certain non-nu9,lear in.dustries and on other import~t se~nts"~of"o:Ur lives' 

which may be damaged' by air or -water contaminated with radioa'ctive''':wstes :"'>~There 

are numerous wet-processing induStries which are likely·t~ be·d:eteriDi~ntallY'?';': ' 

affected by radipactivity, even' in trace concentrations;' 'Among~this~VUlri~rable' 
, 

group ~re those requiring water of the highest· purity, such as"for tpe."'iJjanufacture 

of photographic .film. Other indus~ries which should be alert~d to 'the problem ' 

are pha.rIDa.ceutical manufacturers and food procesaingcolIl,panies ~,,, It : is ~~not ,:p~sEiib:).e, 

at this time, to, enumerate with assurance the industrial proces~es which:::c.an:be 
.! 

completely eliminated: as subjects of this potential hazard:,': without"the~as'sembly 

of extensive research' and statistical data,'applicable to speci:f'1c ope;oatfons 
, ' . 

For example, with ;respect-to the' photograp~ic film industry, ~'studies"must' ,'include 

the effect' of radioactivity upon all materials entering 'into the"'f1nished',product 

such as gelatine, sensitizing chemicals; paper for the .mapping-of~.fil.msi'et··cetera. 



.' ., 
-~ ~: ,', 

.It will be necessary to catalogue those industries which appear to be most 

vulnerable to the pres~nce of radioactivity and to define the level of activity 

which may be tolerated. :rn the preceding paragraph, there wre mentioned indus-

tries which might be affected by trace conc~~trations of radioactivity. other 

industries may be safe with respect to these levels of ::ad1oac~ivity". but may . 

be serious~ affe.cted .by accidental release of waste in greater concentrations. 

SUch concentrations may be brought about by inadequate dilution or by an acc.idental 

discharge. 
. ''':::' .:.::-. .~ -, 

There is the constant threat that low-level concentrations of radioactivity 
• • .' • '., #. '. 

may be intermittently raised beyond permissible tolerances because of concentra-. . '. ' . 

tions of radioactive isotopes through the ac:tion of aquatic plant life ... SUch 
, . . . ~ .' . .~ ... -. . 

growths are known to.be capable of accumu.lat1ngradioactiV1ty to a :le,veJ. of . '. , , . . 

.one thousand times that of the river water. Similar concentrations can be ," - . . . - . . " }. 

I • \,,# 

affected by selective adsorption or absorption. .. . ~. 

It, may be ent1re~ impr,actical for~e .1n~~tion C?reating ~ waste ~ t 

remove complete~ all r~dioacti~ .mate~ial before !1ischarge from ~ site. All 

.,that may be reasonab~"requ1red .is to reduce the. wastes to levels aSf!5~ing.no .. 

env1ronmen~al exposure of sign1:f'icance, a!sS1.llI1iD.g that sign1:f'icance levels. can . " , . .' . .... ~. ... . .' "" 

be defined. Industries t needs for water and,. air of. specifj-ed clq:za,ll'tY. ~~. be met 

, .o~ by an:·.~ormed.management who should be ma~ aware of the potential problems. 
, '-......... .. '" 

The particu.1.ar. industries 1 .. needs can then be met by adequate, mm:ntoring and. '. 

supplementary'treatment within the ·industry. 

It is quite possible (in fact" it seems probab~) that there will be regu-
, 

.. 
latiG!l:..ll!ontrolling radioactivity for different parts of the country and worJ.d 

which vary great~, possib~ as UDlch as several orders of magnitude. It i8:;al50 

probable that the reguJ.ations regarding allowable dispersal quantities of' radio

activity willcha.nge from time to ti:o:lf!, being dependent upon accumulations of 

activity in sma':u geographical areas and exposure experience. in limited popu-

lation segments. 
-:-14-
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Because of the long~te:rm nature of the hazard of any dispersed aetivj:ty, it 

is ~bvious that city, county, state, and Bational records of all radiOactiVe 

materials released to 'environment may become a part of our gOVel't1.tllE!ntal··· 

control structu.reo Similarly, a record of individual radiation: ~xPoSUres 'for 

,ill peOple from birtb.ma.y· also 'necessarily becane part of out'::govemmental 

and social structure. 
, • ~. .... .'. ";.: .' ~ \-"': ~ " "-,,,,,,,!" ",' .~ -

It is probable too that responsible. survey'szfd control 
. • • , • " ..' ' • " •.. ~"1 1 .:. ~. :' ~ l' " 

agenCies which measure' radioactivity in -the .environment rout:iil.ely- and' by 

regular general· surveys will be required. 
. + ,~" ~ •• ;. 

. . " • • • " •• ' \ ~ • • f';' • 

As a part of the problem of control of low-level eXpOsures "to radioactivity I 
• " • ~ ~ •• ," .' ¥'Ji. '\, . 

the development of instrumentation, saiu;pling techniques ;'~-'and measuring. devices 
. _ .' • ~. : ,~ ". r_,;,,~l"".. ·f 7' 1 .~ 

sensitive to the. low levels of radioactivity that is of' cC)ri..sequence "isrequ~d. 

It· is most desirable that these dangers :from low";Ievel',radioactivity be 
, "," ;"".~'" ! ,~'t 

publicized, af'termature anaJ..ysis, to assure aYa.reness.'·and 'cc:mtrol of the 
" w" .... " 

, ". problem. Sof'ar as industry is concerned, adequat..e dissemillation of esSential 
.' ~. .~... r r. '\ 

information can be accomplished best thrOugh group associations "for specific . 
~"', ,. ~. .,,.._ .... / -c.:1. "-

industries. T.b.ese educational programs should be guided' 'and a.t:re'cted by the 

appropriate governmental·agency. ...... - t-

The education of'.the general public to-living ~afely~th radiation will': 
..,: t . ~ '. • , -,~., ... :::.r r" 

certainly be a muchlnoie' dif'f'iCuit-':Problem.-~'-- 'j2 .-.~ (Sf 

. ': " - , .,..,' . " - ,,' /' ... ',\ . 
We shall proceed no f'urtherthan'tO 'point out theneeessitY1for consider-

" < t. • ~ ,.., l ,:: i 
ing the prob~ni. Of' .. d;isposaJ. of.~ distrib~~d.low";level"Wastes in ,this report, 

but defer the _.aaaJ.y.s1;s,.Qf. tb:e .. probleilC~or;late~·:stud.Y ~y ',county, state, and 
. . ~ .. ' .", " """ 

federal, regulatory agencies. Most certa:inJ..Yt careful consideration of local 
" • ~. • < • .' • • 

disposal:f'actors and informed tecl:1:nical ana.1;ysis will'be requiredo 

." 
. High-level Waste Disposal and Containment 

. To provide information _ on .high-level waste s, -we have prepared data based 
" . 

. on uncertain predictions of the growth of- our nuclear pc:nrer. econO'lItY; of' the type . 
• -"" • '. I, 

: .. ! .. ~, ~""': ./:' .. -: ; :. " .. ':"15- " ·,r,/'· •• ~. t 



.. of nuclear reactors; and particularly on the nature of chemical processes that 

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

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

obtained' by so doing has real value. 
, . , 

Many factors must be considered' to frame properly the waste disposal 

picture. In this report we wiD. consider the following: 

(J.) The Chemical, Physical and ,'Radiochemical Nature' of 'Nuclear 'Wastes 

(a) InfJ.uence of reactor type 
" 

(b) Wastes from operating reactors 

(c) 

Cd) 

InfJ.uence,of radiochemical processes 

Chemical and, physical nature of highly active process wa.ste~ 

J.} For liquids 

2) For solids 

3) .. For gases 

" 

'(e) InfJ.uence of specific fission products and their decay, half-l.ives 

(f) Radiochemical nature 

J.) Heat production 

2) Concentrations 

" 

, 

. " 
,. " 

....... ,,;,.,. 

, (2 ) Magnitude of the Waste <Problem in a -Growing Nuclear' Power Economy 

. (a) , Rate of nuclear poWer growth 

(b) Estimation of the ma.gnitude .... of,the radiochemical waste 
,production for growing nuclear' power economy 

J.) EquiJ.ibrium quantitY of each fission product 
, 

2} Estimated 'physical volume of ':wastes 

3} Calcu.lB.ted decay rates for :individual fission products 
and gross waste 

4) Heat production py rad10activewastes 

, 5} Estimated production of' transuranics and transplutonics 

6) Distribution of fissibn product and -transpJ.utonic activity" 
in, the power reactor complex . 
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(3) Relative Biological ~zard of Fission Products and Heavy Elements 

(4) Hazard Pote~tial Due to Accidents 

(5) Processes Associated with Waste Di~posal 

. (a) Specific fission product removal and concentration 

(b) Processing of bulk wastes for disposal 

(6) . Transportation of Active Wastes 

(a) Optimum cooling period determination before shipment 
::; 

(b) Costs versus shipping distances 
...... 'f 

(c) Estimation of transport for irradiated fuel and for 
high-level wastes '- , .'._;- "S ~:",--

(7) Possibilities for Ult:1Jnate Waste Management or Disposal: "-

(a) Ocean ( :'t' 

(b) Land-

1) Salt deposits 

2) Dry caves and· sealed faults 

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

'4 ) Deep wel:ls 

5) Tanks or· lagoons ,~_i: .. :> 

.. ( c ) ~ Space 

(8) '. Economic Considerations and Data 

(9) Absolute Hazard Potential of Wastes 

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

(b) Chemical form of disposed wastes 

(c) Accessibility of gross waste deposit 

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

(e) Accessibility of radioactive components 



(f) Effect of , decay on hazard reduction 

(g) Probability of exposure of humans or human environment to waste 

(h) Effect of radiation exposure on recipients 
, . 

3.0 The Natur~ of High-level Radioactive Wastes as Defined by Reactors-and 

Chemical Process Techniques 

The definition of the' physical, chemical and radiochemical nature of wastes 

- -
must start with a consideration of the types of reactors that may be represented 

in a nuclear power economy. Figure 1 graphically simplifies the reactor picture. 

A more thorough discussion of reactor types and an extensive bibliography on 

this subject appear in Appendix I. 

3.1 Radioactivity Release from Reactors 

(1) Ih circulating fUel reactors, such as the aqueous homogeneous reactor 

(Appendix I, page 10) the liquid metal fUel reactor (Appendix I, page 

8) the primary fission gases may be obtained free of the circulating 

fUel as fast as they'are formed by the fission process. These gases, 

are (for U235 thermal 'fi~s~?n)shown in Table 1. Since it is desir--

able for reasons of neutron economy to continuously remove Xe135, 

all'gases may be bled from the reactor 
, 85 ' 

circuit; Kr is discharged 

to the ,let-dovm systems along with Xe135 . Radioactive iodine iso-

topes present the most serious biological hazard to reactor opera-

ting personnel in case of even minor leaks in the reactor and in its 

protective enclosure. 

(2) In solid fuel element reactors fission products are contained by pro-

tective metallic skins; gases are released only when ruptures occur, 

and then usually only in small quantity. 

(3) In reactor cooling systems the follm-Ting examples of induced activities 
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can be produced by neutron capture: 

In H
2

0: 

Coolant 

(a) Na 

(b) °2 

(c) N2 

In gases: 

(a) Air 

(b) CO2 

In liquid metals: 

(a) Na 

(b) NaK 

(c) Bi 

Active Isotopes Produced 

15hr Na24, 60s Na25 

29s 019 (activity negligible) 

7.39 ~6 

1416 19 ' 
C '~J ° ,et cetera, 

5.58 x 103y C14, 295 019 

N 24 N 25 a , a 

24 25 9 40 
N~2 ,Na ,1.8 x 10 y K , 12.4h 
l{'+ , etc. 

210 
138·3d Po (5·3 mev OJ 0·78 mev r) 

Radioactivity induced by thermal neutron capture on water coolants 

is of relatively short half-life. After short decay periods, induced 

activity in water (e.g., due to activation of dissolved sodium, etc.) 

probably can be~~~aTged to ground water under controlled conditions. 

Carefully treated reactor cooling water is recirculated in'closed 

circuits for most reactors. Accidental release of fission product .. 

activity through ruptures in fuel element cladding is handled as an 

emergency condition, for which processing provisions are made. In-

duced activities in gas coolants are expected to be insignificant 

factors in disposal. A discussion of induced activity in reactor 
. . (6) 

cooling water has been given by Moeller. 

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 Na24, 138.3d 

Po210, etc. Assuming a liquid metal fUel containing U235 at 600 ppm 

in bismuth, Po2.10 has an e:ff""ec1::ive yield ot: 5. ~ per fission. 

210 90 After 180 days Po activity would be 33 t,imes that of Sr ,and 

thus would constitute a very dangerous biological hazard in either 

the reactor or fuel processing cycles. This ratio' would still be" 
" 

9 to 1 even after three years operation. 
. ~ 

For all reactors, the potential hazard of accidental release of act~: 

vity due to a catastrophic accident exists. As an indication of 
'-c 

how much fission product activity is contained in a reactor, it 
. ~. 

has been pointed out(12) that a 500 MW :(heat) 'electr~~al:power unit 

which has operated for three years contains 

exists in our stratosphere. 
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Table ~ 
. f\ 

GaseouSFissi~ Products f'rom.',1l35 Thermal Fission, 

A)sotptiEm ,Total '13 Be 1 ' 

Nuclide Mass No., Half~life ~ss Section Y~e~d Decay,: Fhergy 

t J/2, , ~a Ba.rn~, ;,. ' ' 'Miv: 
, , 

, . 
3?r 82 35.& 3.8 ~ 10";'5 ,'3.8, : 

83 2.4h 0.48 0.364 
84 ' 30.Om 1.1 3.5 
85 3.Om . .,.. 1~5 0.83 

other very short h.al,f-li:fe 

36Kr 85 10.?7y 15 0.3 ' 0.232 ' 

87 78.Om 470 2.7 1.57 
88 :, 2.T7h' , 3.7 0~36 

'8 ,3.1Bm ' 4.6 1.3 
.- , 

,9 .' 

other very short half:-life 

53
I 1.72 x 107y 

, ' 

129 II 1.0 "'O;,~ " 

131 8.05d 600 2·9 .0.58 
132 2.4h 4.4 2.43 : 
133 20.& - 6.5 1.01 
134 52.5m 7.6 1.92 
135 6 .. 6& , ,~ , '5.9 1~85 , 

other very shor~ half-:life 
54Xe . m2 ' 

.l3l" .12.0d ,0.03 " . , 0~163 

13JU 2.3d 0~16 0.233 ... " ... -".~ .... ~. 

133 5.'27d 6.5 00196 
13f1 15.6m' 1.8 0 .. 52 
135 9 .. 1311 6 3.5 x 10 6.5 :0.570 
137 3.9m 5.9 1'.33 
138 . 17.Om (7 .. 6) 

, ~ 

1.0 '\4, 

other very short half-life 
,;.. . 
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'llte 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 as illustra.ted 

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

or might be feasible based on present knowledge: 

Table 2 

PRINCIPAL TYPES OF FUEl, PROCESSING 

~ : 

===========================."" 
Ore Processing Fuel Fabrication Separations, Refining, Waste Treatment-;~ 
Mining Solvent Extraction:' H ,,', 

~.. - ... 

Placer 
Strip 
Ha:rd-rock 

Ore llressing 

Crushing and 
grinding 

Flotation 
Roasting 
leaching 
Precipitation and 

filtration 
Washing 
Calcining 

Ore lef1n1ng 

Redissolving 
PreCipitation and 

.fil.tration 
Washing 
Drying , 
Substitution (el, F 

N03, C;:P4) 
Electromagnetic 
Gaseous Diffusion 
Reduction to metal 

Recasting 
Shaping 
Coating 
De coating 
Pickling 
,Canning 

De cladding 

Dissolving 
Machining 

" I 

TBP (Puxex, Thorex): , 
Hexone (Redox) ". 
Ethers (diethyl dibuty~, 

.' diisopropyl, -;, 
Cellosolve)' ,:-,r~ 

Diisopropyl Carbinol 
D1butyl; Carbitol (Butrex) 
Chelation (TTA) , 
Triglycol Dichol.ride' (Trigly) 
Dioctyl Pyrophosphoric Acid 
. (OPPA) 

Precipitation 
• _ • .... u_ 

Bismuth 'Phosphate "7 

,:' Sodium Diiuranate 
~. Scavenging (Ni2Fe(CN)6' 

" C!'3(P04 )2' Sr3(P04)2' 
MnO ) ~ 2 . 

" ......... 
":' 
~! 

,. , " 

c· 

;, 

'H 
t· 

.' 
,; ~ 

:" 

" 

.:' 

Miscellaneous . 

.......... 

, 

~~zj . ~" .. ~ 
t·~ 

j 

I.· 

\ ~ :!. 

" ~, 

, 
'I 

,,',.to!' Volatilization 

t ,Liquid me dia 
, J.i'used salts 

Fluorides 

High Temperature 
Processes . 
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FIGURE 2 

RECYCLE STEPS FOR F.J\.CH OF THE THREE FISSIONABLE EI.J!MENTS 
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The~ctioning of this complex can be affected at many points by changes in 

a~wable radiation exposures to operating 'personnel; exposure potentials com

parable or greater than those provided by a single reactor are possib1e. The 

.i steps in the recyc1e for a nuclear power economy for each of the fissionable 

e1ements is shown schematically in 'Figure' 2 .. " 

~ reprocessing of irradiat~d ~el ~~ements produces ~e high-1eve1 fission 

produc~ wastes as raffinates.~e nature of chemica1 processes for accompliShing 

the simu1taneous separation of fissionab1e and :ferti1e material :from fission 

products and :from each other is discussed and re:ferenced in Appendix .l~, Our 

.. . " 

processing experience, ,based on s01vent extraction :for p1utonium production or :for 
. -! .. 

the recovery of enric~ed rJ35 from'U-AI alloy use~, for' MTR'fue1: el~ts, is ~o~ 
,:,. 

representative o:f processes that will be required:':for Proposed rea'~~ fuels. 

Because of the varied nature of reactor f'ue1 elements :for poWer: r~~c~s, adaptions 

o:f known process techniques, or the dev~~opment o:f' entirely new proc£esses will 

be required. The state o:f process development for reactors that have been 

" proposed for power production does not allow an accurate estimate of the chem1 cal 

,-' 

and physica1 nature of wastes. 

generaliZed. fuel thea.: 
Figure ,3, shows the: status_ of development for 

", 

~~.I 

Wastes :from a ch~cal reprocessing plant appear as solids, liquids (fission 
~, .. . 

product sel.ts in aqueous soiutionsLor.~gases,J:fission product_gases and/or part-

iculateS' suspended' in a non-radioactive carrier gas such as air or nitr~gen).' It 
'I ' 

is probable that for many years the' fd-Sh-l.e:;.ei'ws\;tes wiii ,be aqueous raffinates 

from such basic processes as solvent extraction~, .:Let us therefore' turn our 
'",:" 

attention to high-1evei aqueous wastes produ:~ed 8~,::'first cycle raf'finates :from 

,solvent extraction processes. 

.-
,., 

", -25- . . ..,.;. 
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3.3 Nature of Wastes from Radiochemical Proces,ses 

The Idaho Chemical Processing Plant processes enriched U-Al fuel by a 

solvent extraction process using hexone. In addition to raffinates from process-

ing of this type of fuel the Idaho Plant will produce wastes from.~ther fuels 

as shown in Table 4. All wastes described will contain high concentrations of 
· " 

ions other than fission products (i.e. Zr(IV), Al(III) ) which will limit 'their 

concentrations by evaporation. The processes which will produ~e the waste~2 

described are those required for recovering highly enriched u235 from inadtive 
""':""', '! 

· . ~ ". ~ 

diluent and cladding metals. A summary of the approximate nature of high..' 
f· .. · 

level wastes from otller solvent extraction processes is giV~nin.<Table 5· (i~j) 
. .~ ~ . -:: .. . ..:} 

An attempt has been made to estimate the characteristics,pfJthe wastes: 

emanating from the processes for proposed stationary power reactcir fUels. 

First, an estimate was made of the number of reactors of a gii(en:type by the 
. il~ 

, ..... ; 
year 1980 for the United States only, based upon the major types,~of power" 

!t: 

reactors under consideration today. The distribution assumed (broken do~ ": 
. ~ ; .. ' 

by total power) was approximately 23i fast reactors of wh~ch the ,Detroit 
, : .t~ ~~'" 

'.:.~ 

,~ 

Edison type is used as an example; 23;' homogeneous reactors,. such ,as Wolyerine :,~ .. , 
, '. 

• ' ';. j ! . : ~, ,. 

and ORNL-TBR; 13i heterogeneous thorium breeders, such as Consolidated Edison; 
, 1 .. ;;.. • .... : 

• I' .'''' .. . - .', ~ ~ "" .. -
gf, seed and blanket type, ~uch as the R~al Coopera ti ve; and the~remaining ~::~ 

. '~ 

32% were assumed to be slightly enriched heterogeneous reactors, such as that . ' . . . ~ .. :. . . 
',~ -, 

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

1980. (29) 

Although this distribution is arbitrary, it does cover the currently pro-
, . . 
posed major types of reactors and possible chemical processes which will yield 

aqueous wastes~ Table 7(2J) lists the waste volumes and waste characteristics 

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

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

. -27-



TABLE 4 

'-repp'"¥IRST ~CLE AQUEOUS WAS1'E FLOWSBEET COMPOSITIONS (UNCONCENTRA1'ED) 

Hexone Extraction TBP Extraction 
Aluminum Al Alloy Al Alloy ~S04'" " Acid BF Zircaloy Sodium PWR 
Alloy - A MrR (TBP) (TBP) Stain1ess Graphite Seed 

/ 

Specific V01ume(1) M 515 825 592 545 447 223 2500 415 7.2 960 -liters/kg 25 . 
R+ M 1.06 0.96 3.37 0.45 2.14 0 .. 70 1.37 2.1 
Al+++ M 1.42 1.50 1.5 1.51 0.70 0.75 0.70 0~43 0.75 
Zr (IV) M 0.55 01,.03 0.55 
NH+ M 1.31 4 - 0.82 0.05 0.39 0.78 1.96 
Hg ++ M 0.012 0.0012 0.011 0.005 

I Other Metals M ' . 0.1 0.108 0.01 0.007 f\) 
co - 5.34 5.63 2.88 4.5 403 I N0

3 
M 5.07 5.50 2.73 2.59 3.59 

F"' M 3.00 - 0.18 3.0 
Acid Deficiency :N 0.25 0.25 -
S04= M 0.47 

Sp. G. M 1.255 - 1.250 1.094 1.216 1.15 
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Table 5 
CllARACTERlZA'l'ION OF FIRS'!' CYCLE IlIGH LEVEL AQUEXlUS WASTES FROM SELEC'l'ED SOLVENT EXTRAC'l'ION PROCESSES 

Chemicl1l Properties, Constituents (M), Approxill!!lte, Excludve of Fission Produets and ,Heavy Elements Waste Approxi ... te Waste ActiVity(2) Volume Approx1mte Concentl"8.Uon 
I!J1l/S u~35 Specifie of U in Feed Total 

Process B Al Fe Cr Ni Zr Na NI!,.·~ Sn I>b l'6 IIg N0
3 

F SO" POt. Cl Consumed Gl"8.vlty g/l1ter curles/1!J11 "atts!1!J11 (3) 

Redox -0.2 1.2 .. .. .. 0.46 4.1 0.27 1.18 450 1720 6.6 

2.5 to " 2.5 to 
l'urex 7.0 .. .. .. 7.0 .. 0.34 1.01 300 1320 6.7 

Thorex -0.1 0.5 .. .. .. 0.01 1.4 0.05 .. 0.34 1.12 350 ('1'11) 81 0.4 

0.31 to 
Hexone- ')25 n -0.2 1.5 .. .. 0.5 0.01 4.5 0.13 1.23 2-5 1620 to 3940 6.1 to 20.2 

0.22 to 
'l'llP-"25" 0.5 1.6 .. .. .. 0.01 5.5 0.02 .. 0.11 1.29 3-6 2580 to 5160 12.9 to 26.0 

Zirconilllll-IIF 0.8 to 
0.3 for enriched U 2.0 .8 0.1 0.5 0.02 2.3 3.0 ~1.5O -1.1 . 350 1.15 

Stainless 
Steel-H2SO4 for 

2.6 2.4 enricbed U-235 0.25 0.05 0.01 003 .. 0.001 0.30 -0.35 -1.3 2-3 1500 7.5 

Notes: (l) Wastes are untreated; tbey are essentially a8 they leave the solvent extraction plant and are subject to furtber treatment sucb as evap0l"8.tlon, neutralization, 
cbemical treatment for fiSSion product relllOYl1l, etc. . 

(2) !lads for activity numbers: IrradiaU';n period IiOQO f.tJd/t for natural uranium 

5 x 1013 ~/(cm)2(8ec) 
IiOQO Sl"8.JIIII u233 chain per ton of thOrium 

53i burn-up tor u235 in enriched fuel elementa 

100 days decay cooling from t1Jlle of reactor discharge 

(3) After 100 days' decs,y, thedlstribution of'. energy 1s spprox1mtel,y m ,. a.od 5O'iI1l. , 

(4) Waste volume per gr8l!I u235 'cOl1llumed is 8.11 inverse function of' b~up; 1.e., for bexone-25 at 20',£ bul"tlup, the l!}1l/g u235 = (~}(O.14). 
(5) Waste activity varies approx1mt.!!ly as the (irradiation level)O.2 . ' i; .. 

' .. i 
~ 

L ... ..' ~ .. il t"", 1:- I . 
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B'l'U/hr/ga1 

29.4 

22.7 

1.31 

27.7 to 69.0 , 
I\) 

44.1 to 88.6 -0 , 
6.0 

25.0 
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TABLE 6 

DISTRIBUTION OF ~CTOR TYPES BY 1280 
IN UNITED STATES ONLY 

BASED ON POWER BUILDUP CURVE OF J. A. IANE 

Power Level 
for Each 

Reactor Type (Heat Mw~ 

Consolidated Edison 560 
Thorium Breeder 

Commonweal~~ Edison 720 
Detroit Edison 400 

Fast Breeder 

Consumers Public 300 
Power 

Yankee Atomic 555 
Electric 

Seed and Blanket Type 
Hodified Version 360 
of Rural Cooperative 
Reactor) 

Horc.os;eneous 

Wolv~rine Electric 

/·1odified 480 
OR1'lL-TBR 480 ----

Total Power 

Total Th Processing Capacity 

Total Hat. or 31. Enriched 
Uranium Capacity 

Total Uranium Core Capacity 
(Highly Enriched) 
(lO-3~ Enrichen) 

No. of Total Power 
Each for Type 
Type {Heat Mw~ 

25 14,000 

25 18,000 

62 24,800 

25 7,500 

15 8,000 

25 9,000 

25 12,000 

25 12,000 

105,300 

Processing 
Rate for Type 

{tonsb:.r} 

200 (Th) 

364 
342 (c) 

2040 (b) 

610 

330 

1.10 (c) 
182 (b) 

2.2 ("25") 
550 (Th) 

1.3 ("23"C) 

750 

5,526 

4.6 
342 

·' 

,\ 

Burnup or 
Irradiation Initial 
. Level Enrichment 

57% if35 "9~ 
49% if33 

(10,000 g/t) Th 

12,200 Mwd/t 1.5% 
.... 4% if35 27% 

, Ax.76 Mwd/t Dep. 

Rad 984 Mwd/t Dep. 

4,250 Mwd/t 2.27% 
' 16.2% if;5 

7,000 Mwd/t 2.49% 
24% Bu .>" 

) 

40% U235 
-:>~ l • 

...... 10,000 !<Iw'd/t Nat. 

400% if,5 4~ (Eq.) 

6,000 g/t THO? (b) 

,., 3"/' "23 "{:) 

7,000 sit 

3,600 Mwd/t 
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TABLE 7 
VOLtIMES AND CHEMICAL COMPOSITION OF WASTES FRO~I VARIOUS REACTOR FUEL PROCESSES 

Fuel Element Process Description Feed Conditions l~aste Vol Waste Vol ,\-Taste Vol Waste Conditions Estimated Vol 
and to HA Column From HA After Evap. After Evap. for Final Dis- of Final Waste 

Reactor Type Sub-AssembJ¥ Col gal/kg gal/kg U gal/f!JJI "25" po sal of Each Type comments 
Type U or Th or Th consumed gal[yr By 1980 

Consolidated Core & Blanket Dissolution 
0.10** 

280 gil Th 
Edison Plates 1) liel Gas Phase 0.94 0.94 0.33 !:! Al(N03)3 188,000* *Either of these 

Thorium Breeder Core - U-Zr 2) HN0
3 0.3 !:! UN0

3 
or any combi-

Blanket Th nation - not 
Clad - Zr-2 Modified Int 23 420 gIl Th all three 

. Alternate Plates ORNL-MR-HEP 12 gil U *.;0. gals/f!}lI "23" 
32 Core - 33 0.5 !:! m10

3 
produoed. Has 

Blanket Long Cooled No Pa additional 
Irradiate to 

Thorex 350 gIl Th 
1.36 0.394 0.04 2.0 H Al 79,000':'- ZrCl4 waste 

10,000 B/t Th 
ORNL-MPP 10 gIl U 

-0.38!! mlu3 
-0.1 t.I RN0

3 
Pa Recovery - Final Waste 

0.5e!:! Al 0.59 0.394 0.04 -0.64 !i RN0
3 

79,000* I 
w 

2.5 1-1 Al I-' - I 

Commonwealth uo~ellets Dissolution 324 gil U 
.Ellison 1. f' "25" 1) HCl Gas 1.15 gil Pu 1.24 0.124 0.0135 - 7 !:! !!N03 45,000 Purex Type Haste 

Tube Sub-AssembJ¥ 2) RN0
3 2 !:! !!N03 gives advantage 

25 Sub-Assemblies of 10: 1 volume 
per AssembJ¥ Purex reduction 
3600 g Pu/T U OBNL-MJ1-HEP 
Zr Clad-SS ends 

(Alternate ) 24 gil U 1.6 MAl Conditions 
Idaho FAN 0.093 M Zr 1.1 M P- based on opti-

2.4 M i+ 13.2 5.0 0.55 6.3 M H+ 1,850,000 mist1c volume 
0.5 M liF· .. - .. 0.5M F-,O.75 J.t Al . . ~ .. ~ .. - 0.2CJ.{ Zr reduction may 
0.7 M ANN 4.15-~ NOj - .- 10.8 !:!-n03 have extensive 

'. 3 H !!N03 '" • • '" "I' ~ " - evaporator 
~ \ . . '. ti"· : ~ ;1:,,; ." _. , i... , corrosion 

i';'1 ~:··:l'tU!:·: i, ' ... ;\. : :'''' l;~::· • J't,.:'>;A ~ f:!l:-
.1,' ,1 

r ! : . ): .,', • '~(J~" 1! n. .-=. 'J ;~ !p.' {, . : . r, 



Fuel Element Process Description Feed Conditions Waste Vol \/aste Vol Waste Vol ~laste Conditions Estimated Vol 
and to HA Column From HA After Evap. After Evap. for Final Dis- of Haste of 

Reactor Type Sub-Assembly Col gal/kg gal/kg u* gal/gm "25" posal Each Type by Comments 
'l'YPe v·lt or 'l'h * or Th consU!Iled Year 19&:> 

galLyear 

Detroit Edison 
l~ast Breeder 

ORlfL-MR-HEP 
12 sfl U(a) Core Pin (SI{aged at 1) Dissolution 33.6 33.6 3.1 5.8 I·' RN03 ends) 1-6 M H2SO4 0.048 gil Pu 1.06 H2SO4 0.3 - 0.5 .!1 AN1'I 11,500,000 Has S8 Waste 

144 Pins Sub- 2) HF &-RN03 6 !i ll{03 Waste 0.03 !:! F-+ Zr from H2SO4 
Assembly Mo- Centrifugation SOme ANN dissolution 

2.16 Kg 1·]0 (a)critical1ty 
20.16 Kg U(27~ "25") Limitations 
0.86 Kg Zr gives low 
4.8 Kg 58 concentration 

Core ORNL-MPP 
Alternate Scheme Dissolve with 237 S/l U 1.71 1.71 0.158 3.97 !:! RN03 585,000 Indicate 
to above RN03(13 H) 846 L 2.44 gil Pu advantages of I 

Not in addition 
0.033 I·! Zr W 

Al(N05}~' 13.12 Kg 5 11 IDI03 0.23 !:CAl(I:'03)3 designing f\) 

H2O 1 , 1 '. 0.05 H Zr 0.2 11 F- process in I 

KF 1.74 Kg 0.35 if Al(rl03)3 te:nns of 
(18 Assemblies) d..ay 0.3 1:1 F criticality 
364.5 ksU limits 

Axial Blanket Rod (ends re- ORlfL-MR-HEP 324 gil U 1.22 1.22 0.113* 2.3 11 HN03 1 High SS con-
ceased) Aq. Regia D1ssolu- 88 gil B8 58 gj1 55 tent makes 

16 P1ns/Sub t10n 2 I·' RNO~ 2,040,000 v01U!1le reduc-
. 'Assembly 0.13-g/l t10n dif'ficult 

13.97 Kg U 
0.03 Kg ria 

J 3.8 Kg 58 

Radial Blanket Rod ORlfL-I·ffi-HEP 324 gil U 1.22 . 1.22 0.113* 2.3 J.I mlo~ * Based on Core 
25 Pins/SUb Assembly Aq. Regia 1.3 gIl Pu . 48.6 gil 5 burnup since 
71.25 Kg U Dissolution 2 1:1 RNO~ blanket is de-
0.15 Kg Na 74 gj1 5 p1eted Uran1U!1l 

16.3 Kg 5S 

<: .. . ..... -. 
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FUel Element Process Description Feed Conditions Waste Vol Waste Vol Waste Vol Waste Conditions Estimated Vol 
and to HA Column From UA After Evap. After Evap. for Final Dis- of Waste of 

Reactor Type SUb-As sembly Col gal/kg gal/kg U gal/gm "25" po sal Each Type by Comments 
Type U or Th or Th consumed Year 1980 

galLyear 

msumers Slug - 0.455" , RelllOVe ends by 324 gIl U 
>Ubl1c Power 2.27'1> "25" . Sawing 0.81 ,/1 Pu 
\eactor 2500 g Pu/T(Final) 28 g 1 5S 1.24 1.24 0.354 2.3 ~ RN03 757,000 Has Solid 88 

10 elements per Aq. Regia Dis- 2 ~ Im'03 18.4 g/l 8S Waste 
SUb-Assembly NaK solution '" 34 tons/yr 
bond 19 SUb- on assumed 
Assemblies per basis 
Assembly 58 
Structure. , 

, . I 
W 
W 
I 

Yankee Cylindrical Pellet 
;omic Electric Sintered U02 Sawing - 324 gIl U 

Reactor 2.49% "25" 67 g/l 85 1.24 1.21~ 0.182 2.3 M mm3 410,000 Has Solid S8 
128 SUb-Assemblies Aq. Regia Dis- 1.72 gil Pu 44 g/r 55 Waste 
per Assembly solution 2 ~ Im'03 
Pellet in tubular 
SUb-Assembly (Al terntl.te) 
131.6 Kg U, 0.7 Kg Idaho 5S. 35.6 gIl U . 

Pu 0.4 T/Day 3 1>1 Im'0 9.15 2.30 0.34 '" 7Mm~0 760,000 Only Approx-
27 Kg 55 0.75 M rt2so4 '" 2.5-M H2~4 imate waste 

S5 nie. in 7.3 g71 S5 24 g7l.SS condition 
6 M H2SO4 This Volume 
44.6 g SS/l in is Alternate 
4.8 ~ H2SO4' to that above 
U02 Dis. in 

·1' , not additional 
3 ~ Im'03 , I 

- -
" • 'f • ~ .. ' .... ; " ..... 

'.~ tL.: ~. ,;!;., .... 1~ ,- . " .... , J ,:t. 
t. ~ E.;·j {,/' i 'i of' < '·1 \. 



Fuel Element 
and 

SUb-ABsembly 
Type 

Process Description Feed Conditione 
to HA Colunm 

Reactor Type 

Seed and Blanket Plate 'rype Seed 
Type Highly Enrich. 

(Rural Cooperative "25" Plate Type 
Reactor) Nat U Blp.nKet 

Both Clad in Zr 
6 Seed Plates/ 
Assembly 

Homogeneous 

Holverine 
Electric Co. 

4 Blanket Plates 
per Ble.ru(et 
Assembly 

Based on 1.25 Kg 
,Seed per ton 
Nat. U 

Highly Enriched 
(Initially) 
Ship in 58 as 
slurry in light 
watel' 

Separate Strea.ms, 
Seed: HC 1 Gas 
Dissolution -
ZrC14 Zr02 Waste 
Removal 
Blanket HCl Gas 
Dissolution -
ZrC14 & Zr02 Waste 
Removal 
(10,000 Mwd/t) 
ORNL-MR-HEP 

Dissolution of 
U & S8 Container 
in Aqua. Regia 

ORNL TBR 
(2-Region) 

U02804 in D20 (C) lIN03' F- Dissolu
TIl 02 in ~ (n) tion ot TIl 02 

Add Hydroclone 
underflow from core 
(ORNL-1761) 

(Seed) 
3 gil U 
6 ~ lIN03 

(Blanket) 

324 gfl U 
1.3 gil Pu 

2 !:! liN03 

1.5 M Th 
0.5 MAl 

-0.1 M Hl'103 
2.8 g U/l 
-.2 g Pa/l 

Waste Vol 
From HA 
Col gal/kg 
U or Th 

106 

1.08 

18.2 
(u235) 

0.48 

wa.ste Vol 
Af'ter Evap. 
gal/kg U 
or Th 

10.6 

0.11 

18.2 
(u235) 

0.48 

waste Vol 
Ai'te r Evap. 
gal/f!}n "25" 
consumed 

0.026 

0.046 * 

0.10 

waste Conditions 
for Final Dis
posal 

7.0 ~ lIN03 
1.2 M Al+ 

Estimated Vol 
of Waste of 
Each Type by' 
Year 1980 
galjyear 

11,700 

Comments 

0.03-1i Fe(~S03)2 

20,500 

- 0.2 .!:.! ~S04 40,000 
5. 3 !1 mf03 
0.003 .!:.! Fe(NH2S03)2 

1.87 M Al 
-0.35 H lIN03 

264,000 

* Based on Core 
Buroup 

Have Solid 
Waste Sludge 

*Equivalent to 
4o~ Buroup 

This type best 
suited for on 
site processing 
Processing of 
single region 
slurry reactor 
would yield 
similar waste 
conditions 

I 
W 
-r=
I 
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Reactor Type 

.search 

MTR Type 

ForeIgn 

'.- . 

, . :Ii' 
Fuel Element 

and 
Sub-Assembly 

!,me 

Plate Type 
U-235 in Al 
MRT Highly, 
Enriched 

Foreign 2~ 
"25" (351) U 

..... 
" . 

-'" " 

~ , : 

; \ 

t ~ 't \ \ ., ~ ". ~ 
t .1' " .,' !. '. .. ~ I .) t • '. 

Process Description Feed Conditions 
to HA Column 

". 

RNO~?lsso1utlon 
of' ~U-AI Alloy 
ORNL-MPP 

~ ) ,\ 

:," ,\ 

I 

\ ' 

:!J,> 

," , . 

. 5 gil U (avg) 
1.0 M RN03 1.8 M Al (N03)3 

\ '" ~ .' ~ 

'~ \:. \' . ~ .; 1 

Ratios and Through
put proportioned to 

in AI) ,::>;, .. 
" 

Al Co ten '" .,t'. 
. n t. I ,,-: 

: I ••• i .. ' ~ i 1 ; f! ,\. ;' 

.. _- '.- ~ ~~ ....... .. , 

I.: '<'I\~'V'I~~J;;~ fj

', ~~:\""" 
~.; • "1~' ~ '~.;,p" {;,'t,;'l,'~:' -~ .. {'I: f'!.'<l','t', 1.: 

"', ,1 '\ ~;r·;'t';Jtr' -
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" 

" 
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Waste Vol Waste Vol 
From HA After Evap. 
Col gal/kg, gal/kg'U 
U or Th' ',' or 'Eh 

135 . 
(68 Avg) 

3 
, : , :;,. 

I, 

135 
(68 Ayg) 

" ., 
1: 

3 

" 
I ' , 

·f' 

. ( 
Waste Vol 
After Evap. 
gal/(!JD. "25" 
consumed " 

. 0.54 

0.06 
-" 

:",fl ::'" 

,\' 

Waste Conditions 
tor Finel Dis
posal .. 

1.5 M RNO, 

1.625 MA1(NO,), 

"" , 

'.~ ., 
','.; 

. ';4:,,,, ... _.: ~I C ,: ;}). .... :J .. 

t " ~ 1"1 \.: .... ' ,',' " ~"'.y\.' ,": 

~ ), £~' ,\."~ ~ :... 
(: ... ~ i~-;l' . ..;, .'O~~ ':.: .. : H. :;.:, 

.~, " 
.... :..... ~ , 

" :~~~~~ 
',.:.-~:~""';.~.'" 

.~_ ;"H'~ ~. 

''. 

Estimated Vol 
ot waste of' 
Each Type by 
tJMh.ee.r 

108,000 

30,000 

Comments 

Based on 800 
Kgs Enriched 
U/Yr + 400 
Kgs "25" 2~ 
Enrlch/Yr 

I 
W 
Vl 
I 



TABLE 8 

t>.CTIVITI I}i' IIASTr:S FHO:,I 'IAillOUS I1J<:ACTC!l FUEL PllQCESSl,S AS II FUllCTIOI! OF DECAY TIl-IE 

F11lX Irradiation Activities 
¢F = fast flux Level (1) Curies/kg or gJl.l 
¢T = thermal (nnd 1 mull- (2~ total watts/k/l or gJl.l 

flllX ation Time) C3 Btu/hr/kg or gal 
!leactor Type (n/cm2/sec) (lstd units) At Decay 1'imes of (Units/ka 

U or Th) 
i day 10 days 

14 
10,000 Bit (1) 1.13 x 105 (1) 7.0" 10

4 
Consolidated ¢F = 2.2 x 1013 ruison \'IT = 6.5 x 10 511, nu (25) (2) 566 (2) 350 
ThorIum Breeder (360 d) (3) 1940 (3) 1200 

Commonwealth 14 
¢F = 1.1 x 1013 

11,l,QQ 1,lWdit (1) 1.1 x 104 (1) 6.3 x 103 

ElUson ¢T ~ 1.6 x 10 62'1> (25) (2) 48 (2) 26 
(1020 d) 

Detroit ruison' 
Fast Breeder 

¢' 15 - 1If. nu Core y=5 x lO 
(104 d) 

/>.xial Blanket ¢y = 3 x 10 
14 

400 sIt 
(104 d) 

Radial 14 
Blanket f,F = 3 x 10 3-4000 sit. 

(11;J5 d) 

Consumers 
PuSi!e !!'over f,T 2 x 1013 16.2'1> (25) 
Reactor (395 d) 

Yankee 
Atomic Electric f,T ' 2 x 1013 IlllOO 1'1Wd I t 

Reactor (365 d) 

Seed &. Illanket ¢T • 3 x 1013 

-~-- (Seed) 4O;t llu 
(365 d) 

¢ = 3 x 1013 

T(blanket) 
10 ,000 ~~d/t 

(6..tJ Yr) 

llo;oogeneous 

14 
~nu lIolverine TY.I!! SlT = 1 x 10 

(3000 d) 

14 
ORllL-TBR Type ¢T • 3 x 10 ! e) 2601> llu 

¢T" 6..tJ x 101 (190 d-c) 
(b) 6000 sIt 

(320 d.b) 
(1'11 BAda) 

(3) 164 (3) 89 

(1) 1.3 x 105 (1) 8.1 x 104 

(2) 660 (2! lao 
0) 2200 () 1370 
(1) 640 (1) l,QQ 
(2) 3.2 (2) 2.0 (3i 11.0 (3) 6.8 
(1 870 (1) 600 
~2) 4.4 (2) '3.0 
3) 14.8 0) 10.2 

(1) 1.9$ X 104 (1) 1.1 x 10" 
(2) 87.3 (2) 42.5 
(3) 29B (3) 145 

(1) 2.2 x 104 (1) 1.2 x 104 

(2) 9$ (2) 46.6 
(3) 32l:l (3) 159 

(1) 1.19" 106 (1) 6.4 .. 105 

(2) 5470 (2) 2620 
(3) Itl,1OO (3) ~ 

~1~ 1.02 x 10
4 (l~ 6.2 x 10

3 
2 46 (2 24 

(J 151 (3 !j2 

(1) 7.0 x 105 

~2~ 3500 3 12,000 

(1) 8.0 X 10
4 

(2) l,QQ 

(3) 1370 

(1) 3.5 " 10
5 

m 1150 
6000 

(1) 5.6 x 104 

(2) 

(3) 

I 
J 

28:> 

956 

'. , 

Activities \laste 
(1) Curies/kg or (lal Vo1llr.le 
(2) total "atts/kg or gal Bal/kfl U or 1'h 
(3) Btu/hr /kg or gal for Rasis 

t>.t Decay Times of (Unite/gal of waste) (see Table 2 

60 day. 200 day. 500 day. 1000 days 2dOO days 3~ 

(1) 3.29 x 10
4 

1.10 x 104 4.38 x 103 
1.98 " 10

3 9.1 x 10
2 

6.0 " 10
2 

0.94 
(2) 164 55 21.6 9.9 4.5 3.0 
(3) ;64 188 15 33.8 15.5 10.3 

(1) 2.45 x 104 
1.08 x 10

4 
4.95 l( 103 2.79 x 103 1.62 x 103 1.20 x 103 

(2) 91 36 14.4 6.9 3.8 2.9 0.124 
(3) 310 123 49 24 13 10 

(1) 1.52 x 104 
3.9 x 103 1.01 x 103 300 219 137 1. 71 

(2) 77 19.7 5.1 1.55 1.11 0.69 
(3) 257 66 17.1 5.1 3.70 2.29 
(1) 105 21 7.0 2.1 1.51 0.95 1.22 
(2) 0.53 0.14 0.035 0.011 0.0016 0.0048 
(3) 1.8 0.46 0.12 0.036 0.026 0.016 
(1) 252 117 57 33 16 11.9 1.22 
(2) 1.3 0.6 0.30 0.11 0.093 0.062 
(3) 4.3 2.0 0.:1/ 0.51 0.31 0.20 

(1) 3 • .56 x 103 1.3 x 103 4.78 x 102 2.2 x 102 1.10 x 102 
78 

(2) 13.7 4.55 1.44 0.56 0.25 0.17 1.24 
(3) 47 l!;, 5 4.9 1.9 0.86 0.58 

(1) 4.0 x 103 1.44 x 103 5.25 x 102 
2.37 x 10

2 1.21 x 102 Il6 
(2) 15.1 5.0 1.5tl 0.61 0.21 0.19 1.21, 
(3) 51.5 17 5.4 2.1 0.93 0.65 

(1) 3.14 x 104 9.44 x 103 3.5 x 103 1.55 x 103 1.4 x 10
2 

5.2 " 10
2 

(2) 96.5 33.2 10.6 4.1 1. 73 1.2 10.6 
0) 330 114 36 14 5.9 4.1 

(li 2.9/l X 10" 1. 75 " 10
4 

tl:blI x 103 5.1 x 103 2.9/l x 103 2.4 x 103 

(2 86 46 23 12.5 7.5 5.6 0.11 
(3) 293 160 79 43 25.6 19.1 

(1) 9.6 " 103 6.4 X 103 3.2 x 103 1.6 x 103 1.0 x 103 8:):) 

m 1~ 32 16 U 5 4 IH.2 
110 55 28 18 14 

(1) 2.11 x 10
4 

7.0 x 103 3.0 X 103 1.4 x 103 tJ20 415 

(2) 140 35 15 7.1 11.1 2.4 0.41l 

(3) 415 120 52 24 14 8.2 

I 
W 
0\ 
I 
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the activity, level of, 1) the material. to be processed from.eac~reac::tor.:~e 

and 2) the chemical process waste streams as a f'unctiori of decay. time.':, ~~ble .. " 
"' .. ., '" • • ... '. • •• ' w 

1 also lists research reactors from which ~e.l probably will be proce.fiJs~i.· by~. . . 

~queous .methods._ No mention has been made . of· l1.quid metal r~c~r~, .~eeC!. :sal,'t" .. 
...:. 

reactors or r~c~rs which might bei>r.oc;e.ss~by fUsed salt methoqs ,- 'sin~e ...:-::J..J;:':.L .. ~ 

there is insufficient data on the na~e ~of .. t.hese waste,s • .; .. " .... : ...... ~ ~;~~ ... ::.7. :',,c,;::: ir::.~·1. 
, . 

. . 
These.tabular.valu~s .of. conce~trati,ons,.volumes.or ac~iyi~ies are:.~~t:.f~,! tJ' 

• :::<-- .(, ~~' 

but are only estimates of the coridi tionswhich W:oUl.d ·occur. ~. gr~uPI:!': ~1' these;'~r):i3 
.' ",.. . 

several reactors were ,processed l;ly ... those, 'methods listed •.. Process:flo.wsheetsf.'are, 

either in the laboratory development stage or are extrapo18tions:"of<, ex1sting~:;;;'.! ~~:;1. 
-, .' .' " . . '" 

technology. None of the flow sheets have be,~ demonstrated on an en~eer1ng. 

scale with the assemblies for wli1chth~'8.re proposed.:'··, 
_ ..... "", .• ___ .--... -..-.... ~H".: .."., ,'''.'' ."'_ ... ,. 0/ 

;:;'~:Y';DJe!iP;r~·¢'. ~if'.:ts$jt~!"~9.~··~jJft;··jrWaste' . ,:~,.~.~~ ,~,";;;.':;;;"";:',~";";;"";;:;:;;'~;;;';~';'-.. 

From a chemical reprocessing piant the fission product ga~es appear619-;t;~&":a2l",1 
. ~ ~ ;,.s;~~-~--"--"" 

off -gas systems. of sealed processing vessels, highl:y diluted·wi t,h';.diluent. gases '6 
, . ': .'(.:.# .' .. r ", .... _. fo •• ';·. '. ;.~~~. !:'l~"::~ ~ .. ", t: ' 

such as air, nitrogen, 'W8~er vapor and o.xygen.'A"l1st of'radiOactive ga.'S80US:· 
" , • ' .... ' '" ::",,,,,- • ,J •• - ,,,. ........ ""'!" ...... .. ~.r r'''' 'r;;.." ".f'_~'''''~ ")i 

fissi~n produ~js fr~ u235 
thermal f,~~~i~. i~';~d~ ·fn~~~~~., ~~. ~i~~i;~:E~JiO~;~ly' 

. '.'.-

listed in Table·L. .'- <, .:: ...t3 :..7....:. '!!.'~ "~1';:1 

: ~e~·~~~n~·~~e.~·,~om a long term W8Si;e d~sp,C?~a~ ~~~p~~~ .~~r·~85~::<~~ 
". ~, ~ "'. " .. _ •••• ,~., ~~ .. *""'V __ ~~",, ;:,: ..... ..-.~~.~ .... "'11. 

~ch less sigtl1fic~nt1y 1129.' From' 'the standpoint ~ of· hazard: during~ r.~ctOr '~T .' ", " ' ,~ . . 
operation and sh~rt::~ycl~' ~oceSSing, 113:1 is by far the most si~l£i~a;;:t~ It 

. . f' .. " ~~;~~~f} .. ~E2:h~~ .. 
will always, be nec,!!Ssary, to remove . iodine ,continuously from th~._gas discharge, ' 

~ '," :~. ':". t .;;..~'l .,,:, '" • .!- .... ::... ... ':> ....... -, -, ,.,,: 

streams which, CG', be accomplished by ,processes previously mentioned~4}(?~; but 

possibJ.3r not to a complete· enough degree for use in areas ad~8~ez{t" ~ h1Sw.y"." 
~ , ... -' . ~ :~~"'.~'.'. ~.~ .:~j~: 

productive land or lI;letropolitan living areas. The solution ~:~~.;F,o~~~ of 

complete· iodine. removal and its isolation-will,require fUrther; development and 
, .. ' . , 

research. 
. ~~ ... ~ .. :' •. >; ,1- '7,'. } ~~~.; 

.... ::-. 

~;. ?'. ". ~ , . .. , ....... 

~\ ;t·.:-.~, ,:,:,~,~' :;, " 
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Hazard !rom the release of' xenon and krypton is slight and confined to the 

vicinity of' the reactor. However, because of' its long half-life of' 10.27 years 

v_85 ' , 
A.I' builds up to a significant concentration as a result of an expanding nuclear 

power econom;y, possib~ to 90 megacuries by 1980 when 105 megawatts of' heat may be 

produced by fissionoln Table 9:a rough estimate has been made of'the buildup of, -

rare gases in the atmosphere by the year '2000 A.D 0, assuming the growth'curVe for' 

a nuclear power econoID\Y predicted by Lene in which '700,000 Mw of nuclear heat' 

generation capacity is predicted. 

The effects of' release of the llQble f'ission product gases to t:he atmosphere 

(13) 
are rou~ as shown below: 

TABLE 9 

ESTIMATE OF Kr85 AND Xe133 

RELEASE FROM"P91'lER m:ACTORS".te,j.;TEE:A~SPHERE'~J,~'i.D. (13) " 

ASSumptions 

1. Kr85 production, U~S. alone 

2. Xe133 production, U.S. alone 

3. Entire world product, 3 times above 

4. Uniform distribution of the atmosphere 

5. Mass of air in a~sphere 

6. Mixing time for complete mixing 

7. ,Background radiation, atmosphere ~t 

sea level 

Calculations 
85 ' 1. Kr activity 

2. Xe133 activity 

3. Dose from Kr85 for which biological 
, 6' 

tolerance of 2' x 10- c/cc is assumed 

(for total body irradiation) 

4. Dose from Xe133 for which tol~ance, 
based oL,tota1 body irradiation, is 

-6 . 
4 x 10 c/ec at' air 

'. 85 133 
5. Total dose Kr and Xe = 

-38-

or 

or 

or 

k" .,.... ~ 

700 megacurie1' 

,37,000 'megacuries:' 
, . ~ ~ 

• , \",,:.t,'; ').,":.,k'21 ~¥.' 
4 x 10 grams 

, '18 " 
3.1 x 10 cubic meters BTl? 

2 weeks 

0.015 mrihr 

7 xio-IO curi~s/met~3:"' ;'. 

3.6x 10-~ curies/meter3 

603 x 10-4 mr/hr , 

4.2$ of background 

1.6 x 10-2 mr/hr 
10~ of background 

1.66 x 102 mr/hr 

.' 

~, . 

" .. 

./ 

~: 
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Thus, even with complete mixing, the contribution of released fission gases 

is appreciable. If mi:x1hg 'is ,not, complete, and assuming adver'se meteorological 

conditions, concentrations can be high. The contribution to general atmospheric 

activity by Xe133 can be e11mine.ted bY' trapping and storing this ~s for' ~bO~t ' 

60 daY'S or ten decay half-lives. -'ir85 W.ould.:~eqtiJ:l-e1;s:.to~age,~'.jorl~cb)1.6~;'''iiei'i~ds 
of t:1ine since it decaY's with anapprox1mate ten-year half-1ife~' ';,' ~,",":,':~: ."':-::;' 

We~~c1ude that Kr85 pr~bably ,,111 require isolation andc~tainmE'lit>ior 

decay-bet-ore ,release to prevent a sl~,,:,build-up of atmospheric background,count. 

700 megacurie~, of Kr 85 acc~:L;ited' ~ the air surrounding the" eartlii": fc/ 1!'"::.lie 19b.t , 
.... ~,. -' 

, .~- , '. • ' .... t ......... ;\.~ ..... ~.~ 'M' t, • 

o+, te:q m1.1es, could increase air background by 4.2 per cent or greater' (backgt-ound 

assumed to be 0.015 lTI!/br). 
~ .:" " ,~T', ,., ::. :,. .~,.:." • '., ~' ' ~'r' ,~":t.t.~I.":·'f':"...:f'~·' 

The release'of noble :fission product gases to the atJnosphere'without-decaY' 
• .' . i 

.. _ '..... " - • "',';I, "',.:: .. t.. . ;. ' .' ;; •• "'>f~" :J . .:.: ... ~.... t":' ~ .. ~ '. 

maY' be 'possible 1:or the early periods ~1: nuclear power generation; -but a maximum 
_* •• :>:i ;,;.') " ~. .:' *:; .• ·t.!~:- .• . . . . .., ~"'.;;D·;;·~':"';:·~" ':;·~~·6'C~··~·~ . 

cut-off alloWable quantity to be released must be established, 8' quantity.yhich , 

prOb~b1.y "~ih be 'lower tha~ "the equilibrium acc~tiori:ot, Irr85 ~ 191, ~~:~;:;(~~~~ 
" 

,,~.~:;~~):,..:.-.. Z~l~t·, 

3.i;r'~M.~·8pJ.tti&~~,_~"~il!s::ihase 
'.,'., ~ ~ 

., ...... 
, , 

,I, 

~ ~' ........... f-

__ ' • .; ~ '. l , _, ,~".~:.o-1.{ .. ;·;~'- r::,.'~ 
, . There~~ problems 01: control 01: particulates from. reactor cooling' cirCUits; 

' .. ';:': .. ",' ~:.(, ;:j:~" •.. ". !';' 

• ~ .. ",: ~ : .. :'~-; ': ~I'~ ~':' :.'~'-:,;;~, ;.,:." ,_ ... ... ,0-4-, ''''':''~/.:~ • ;:; '\ 

1:rom all phases 01: the preparation" o:f'::'uranium and thorium 8nd ·int~eQ.iate8 far 
• , .' . .."." ~ ''>. ~. • "..; .. -'w i 

. .. . . .....- .. :~ ~ "} .. " - : .. ~ .". ~ 

reactor fuels; 1:rom radiochemical' reprocessing; from 'analytical" Chemical; and 
>~ . . ~." . . . ~ : .. !. " 

low-level isotope use.; andparticularaly '1:rom tJi.e 'hancUing of liigb,ji ai~ 
;'"" . :. . .' ",'.' , 

a,ctive 1II8~ials ~cl'l;as -plutoniUm pOl~ium, americium, curiunii;:nePtun1um~,: 
, *. ... ......... 1 ).-

ure.nium-233 and possibly ~:t"ium. ' Much attention has been devoted" to particulate 

activity; careful study and 'active research have been sponsored by' the A~ as a 

result 01: programs initiated bY' the Stack Gas Committee. (11) . The chsSified 

literatUre contains much data and dj.scussion':'whichwe shall not review. 
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3.6 General Comment.About Handling Contaminated Gases 

Since the maximum permissible concentrations ,for radioactive sUbstances in 

air are very low, it is necessary.that essentially all active gases and parti-

culates be removed from reactor and chemical plant effluents. Installations and 

processes to remove active gases can be very' expensive, require heavy shielding, 

remote operation, and careful and difficult analytical control. 

The removal of radioactive particulates from a gas stream is also very , 

expensive, requires shielding, remote operation and without, present ,techniques 

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

chemical, analysis. 

The cost of gas cleanin~ facilities can be Significant in the construction 

and possibly the operating costs of any radiochemical facility, parti~ularly ':', 

a radiochemical re:P"I:0cessing plant. For example, in the Idaho Chem~cal Pr.oc-. 

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

tion facilities in 1950-1952.(14) 

(1) Dissolver off-gas decontamination system $, .619,300 

(2 ) Di~solver off-gas collection system 35,400 

(3) Sampler off-gas system (ind .. filters) 46,700 ...•.. 

(4) Vessel off-gas system (ind. filters) 89,500 ,,' ".;' : 

(5 ) Cell ventilation system (no filters installed), 

inclu~ing $~94,OOO for 250 ft. ,acid brick lined stack 440,300' , 

(6) Bldg. and cells to house air cleaning and process 897,500 

equipm~nt, prorated share o,f base waste bldg. cost 

of $1,330,000 total 

TOTAL $2,128,700 
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(7) Total c(:ms~ru<?tion cost, of,entire plant, exclusive 

of engineering,start-up, certa~n servic;e facilities-$21"lrOO,pOo 
. . '., ' ... '. .'. . ;". 

NOTE: Laboratory hoods and" certain special filters -n:dt'~"inciud~d, 

.. r'The:se cos:ts do nbt im:I~ 'filt'e~s for ge'rieral proceseiihg cell ventilation. 

'At Hanford such' cell ventilation' air ~leal1Up' fac:11ities-have- been installed 

. : '~f<':''''''.' j .. ; 

in the form of extensive deep bed sand or glass wool 'filters. One of the 

. ", . . . . , " . . -: ~ ':' . '.. '" .: " }' ~ ~ ~ .. ; ;.~'"'~" :" .. ;':~ ,~ :.: 
questions that must be answered in each processing installation,' or in fact in 

...": "..." '.. ....' .. ' • ... • . ' '. • <', • , .::' i. ,', . f r; ~)"", \ "':;' , ~. 
anY facility designed to handle radi~ctivity, is whether or not all venti-

lation air must be filtered before discharge • 
,1'~" 

. _. . ,. .. ..... ::' :: ... ~ -.. '~ " .-' ~:"~;··.::.";f fD" 
Another fact that may be overlooked is that most gas and ventilation 

clea~{ng .~~. p;~c~~sing ~;sie~~' :pr~6d~c:'e: ~eJiiively li~ge "~~liiines :~i low-level 

:.. . -;'\'~.';.;"'~.;,'- ~' .. :i.'.' .. ~.-:~:'" '. ",. ".:-.:'~:"'-~' .. 1"ft1 
liquid waste from such equipment as scrubbers; electrostatic precipitators, 

sil';'er ~it~a~e ';~~~~eration sOlu~~io;'fg;'~i~ rem~~l :t:~~~~~/'or difficultly 
....... • ."".... t' 

hanaled solid filters. Facilities mu'st, be provided for' handling 'these 
. .'~ .. ~:: -.~::'~ }~-":;'--: ::~.~ ~) 

liquid or solid wastes from air or gas ~leaning operations. 

~. < -' 

...:~ ~·~:~Z~.1 

"'t:"" 
4 .. '" • 

. -.,":, .. ; . 
~. .." ~ .. : J ~ .. ,:",: ', .. ~.I 

... ·:; .... :.l,.::..i.J..,: » .~ ... "'"4. <·b~·. 1:;) 

C:::.} , 

\~, J 

( :- .. 
';. t.!' ~1 

~.:.. f:; _7~ '.=::::.-':~~~._ ~~ ... ~ ~.~ .. ~~_.'~ .. _~.: ~ -.'-' ... ----'-.,,~ .. '.-___o 

~~ .. : .• ~. ,-: "'"? -;' -"":::, ",...!;)~:.:., ~~':'~ Z':;"::" ~, .. : .. : .. "..... :.'~;:"::':_:'''''' •. '::;'~.~.' j'.';~ (~'!i) 

.... "~,,~:J~ , .• ~.:;.~.:;,:.r:. ~T' 1.-"" ~';rrt.~.:!'·: '7.) 'to< \,r ,~' :.'" !""~:'! • '7,.0 

"'h"; ,.. ;:t~~,...: '::"~.1"".r:: ~:": _f.::: .. :. ! \.~ .. )~.[_ ~~ ~~~. :- 2.~ 1 .... ,~· ~'. '. :,~:; 

"'; --: . --. "- . ~ !' '~ 

--:. " ;:. ,: 

..... f" ~. 

f" f'j.}'. ' " :',": ~: t.: ~7';' 

L· 

... ! .~.:' ". 
;. 
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3. .1::'" So;lo1d·&ti'OSct~_:;Wastes 

Solid radioactive waste materials have been produced in great variety in 

the AEt program. others will be produced in the future. A partial list follows: 

(I) Solids of a Low-level of Contamination 

(a) Laboratory combustibles - incinerated under controlled.conditions, 

usually with high efficiency scrubbers or filters on flue gas 

streams. 

(b) Radi08ctive particulate contaminated fibrous or granular filters. 

(c) Contaminated glassware - e.xperimental Elquipment, sample bot~J.es, 

etc. 

Inactive pqr-tions of fuel rod and control rod assemblies. (d) 

(e) 

(f) 

Experimental animals and animal residues from destructive disposal. 
J •. ~ • • 

, Certain reactor fuel cladding materials which can be mechanicall:y 
'. .' 

separated from fissionable or fertile material in the fuel. 

(g) Certain reactor coolants. ./ 

(h) Contaminated processing equipment. 

(i) Crucibles, molds, and recasting furnaces. 

(J) Gaskets, filter 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 rafffnates from high temperature fuel element reprocessing'. " 

(b) Solid residues and scums, along with filters, filter aids, etc., 

from aqueous-organic fuel element reprocessing. 

(c), Metal components of reactor'fuel elements made active by 

parasitic neutron capture which can be removed by mechanical 

processing. 
;. 
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(d) Absorbents and adsorbents for process of off-gas streams cir-

culating fuel reactors or chemical reprocessing plants. 

(e) Fission product and transplutonic bearing fUsed salts from 
:. ~. 

fUel element reprocessing using such techniques as fluoride 

volatility. 
',.. ;." ~ ",. '. 

(f) Oxides for such reactors as aqueous homc:>geneous b~-:,eder which 
, 

uses Th0
2

• 

(g) Precipitated concentrated fission product mixtures from aqueous 
:~'j., ' . 

homogeneous reactors, cl:!-cul.ating fuel reactors like the liquid 
. " . . .' .:. ~,':: . .(::£, 

metal fUel reactor; and from fission product isolation processes. 
~ ... ~. "''' .. - .. "" .' ~"C,::.-~W;:. .:::" .. " 

(h) Fixed gross fission· products in any of the many proposed disposal, 
. . '. .... '" .... ;n:~ (, i::', ,,; ,":,,~'- ... 

chemical and physical forms. 
-,:' ~. "> '1, ..:. ... - .. 2; '~! ~~ ... 

Solid radioactive '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 associatei 

I' wi th solid wastes for which disposal has been attempted have varied from a few 

times background to those requiring' shie.J.ding orr~te handling. To date, burial 

of such wastes under known, controlled conditions and, in specific isolated Alib 

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

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

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

Established burial grounds exist only at large atomic energy production and 

research sites such as Oak Ridge, Savannah River, Idaho, Los Alamos, and Hanford • 

. Solid wastes, however, originate at all locations where radioactive 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 finel 

disposition. 
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Of some concern here is the prob~em of ~ocating sui tab~e buria~ grounds to 

facilitate and reduce the cost of handling and disposal of these so~id vastes. 

This problem is particuhrly acute in the ·Northeastern United States vhere, at 

present, the o~y 8vaihb~e receivers for these vastes are Oak Ridge and the 

Athntic Ocean. In view of shipping and sea disposal costs, it is obVious that 

a more cent.ra~ized burial ,fa~i~ity is required. There is) of cours~ every indi

cation that future operatio~.s both in and out of Allt! vill greatly accentuate 

this need. 
/ 

Experience vi th handling highly active solids as a disposa~ problem, with 

its associated problems of heat generation and remova1,part1c~te protection, 

container deSign, receiving site preparation, and disposal media have received 

1i tt~e ettention experimenta~. Much vork remains. 

:!"-. 

~. ' 

~. ». 
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4.0 Growth Predictions for Nuclear Reactor Capacity and the, Magnitude of the, 

Associated Fission Product and Transplutonic Waste Problem 

Many predictions have been made concerning the gro~h of,a nuclear power 
, . . ~ . . 

economY in the United States 'and for other,parts.of the world. We have been some-
0,. '. .!, ' . ". • ~ 

what at a loss to predict rates of nuclear reactor power build~p, ~ut haye attempted 

an estimate of the magnitude of'the waste"disposal,problem ba~ed upon predictions 
. '. . ; . " :. . .~. 

, (15) of J. ,A. Lane, 
........... _ 2:'~ :..:,.~.~ J ~\::'1~;'·:" •. :, 

Before presenting the results of fission product buildup ,calculations, we_ , 
. • , . •. .... ~ ~ - ..... -! .•• ",~' , 

will present other estimates and data along with which our estimates can_be con~ , 
• ..., ~ ........ t. .. ~ •• " •• -:.... ..... ." "!'w .... ~~ _: 

sidered. .; • ....:,:-;._ ,.,5:,ttl .. '; 

',' -", 
' • . J~ ,,; ,~ " -"t:.~' .... ; .. ::-,,: ':~f.:'::\_! ~)~::. ... -;. ;.,: ::r/l .) 

Reactors for Central Station Power Generation . :4 .... 10 .: • 
~·t· _~!'; • ...:.. 

At the present'time there are ,no,. nuciearc, reactors" in· oper~~?-o~ .. in_,th~::;!!nited 

States whose principiI', purpose '.is the generation of electrical power. !."The, power r . . ..... .. - .~ ......... "'\ -,.' 

reactor demonstration program of the Atomic Energy Commiss,ion .. does provic:Ie. "!o~,.': 

the building of ,a number "of such p'lantsL however. 'fl!.e earlies,t; s>f ·these, i.s to ' , 

be in operation in 1957;, while the. last will be in. operation ~y,,1992 •. In ~ddi-.. _ 

tion ,to these:, plants,~, t~e,re is, a. significant group of re~ctor~, po~e~; ,p~nt!3 , to.';~_.T-.~ 

be construCted in .. thesaine period which are financed in who;Le or,,~: large, mea_s~e 

by. private~capi tal';~: The total' electrical generating -capacity~:of: all:- of,~::the!5e_:_: _, ':i 

planned ,-plants is,: somewhat .. over 800; 000 ',kilowatts ;,:' AS"a~first.:point:.~:( .. refe.;-ence, 

therefore', it maybe noted that, there' are- firm ,plans in existence~.~~.~l>lace .. in ,op

eration in the ,five years .from.1957 to 1962 electrical generating capacity.of, 

over 800,000 kilowatts powered from nuclear reactors. '~ 

It has been estimated in the McKinney report(16) that the· in5talled~centra1 . -' . . 

station electrica1'generating capacity in· the United Stat~s,powered fr~m nuclear 

reactors will amount to 3 to 4 'million . 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 nuclear p~wer to· be expected in the next two decades is due to 

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

overcome and competitive costs achieved. 

Based on present technology J the cost of nuclear power is' very high indeed 

compared to the cost of power derived from fossil :fuel in a modern, favorably' 

located station. The over-all costs -- as they are known today ":'_, favor fossii 

:fuels by a factor of from five to ten .. It is certain that the development programs 

presently planned will reduce the cost of nuciear' power' sharply. '. Despite this' , ' 

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

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

for at least ten to twenty years. ' 

Because of'this situation,. it seems reasonabie to project' the: nuclear.: power, 

capacity for the nert ten years ,on the' basis of. large experimental-.pl.snts, built, ': 

principally to study the technical problems of such units~· These:.plantswill be:. 

built not only with government subsidy but 'by 'private capital as well; ':since 

many utility companies will wish to study the . operational problems ,of nuclear., ':', 

power plants at first hand. On this basis, the pianned electrical' generating:,~,:, 

capacity of 800,000 kilowatts by 1962 ~an grow to 3,000,000 kilowatts by,1965 
, , 

with little acceleration in the present rate of growth. An'upper estimate based' 

on an accelerated rate of growth would be 5,000,000 kilowatts· of., inst811~d";~:-: 

generating capacity by 1965~ - It might be noted that it 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 large, 

experimental plants." 

The growth in installed plant capacity from 1965 to 1975 is entirely depen

dent on the technical progress made in the next ten years. It seems most likely 

that the technological problem will be overcome slowly. For this reasOn the ~ 

t' 
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growth in the decade 1965 to 1975, which will be motivated primarily by economic 

considerations, will likewise be relatively· slow. 
, , 

An estilila.te, primarily one of 

technical judgment, is that the instaiJ.ed electrical generating capa~ity '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 aV,erage fission heat release' rate by the reactors. ,. The'over:" 
'. . . . ., .. -:. ;. : '\ .. ~~ ~~, .. , "~':.,.~' ,. 

all efficiency from reactor heat release to electrical output for nuclear plants 

of the size contenwJ.a.ted will range roUghly frOm. 25 to 33i. 'The allty ~f t'h~~~~} 
• I .... '. '. - ~ . • ... !;~ . 

plants, i.e., the equivalent fraction of time at 'Which they are opera.ting at ' • 
. ;/'_ 1;.~ ,';:" o,!,.,',', 

capac~ty, is estimated to be a maximum of 15i. An upper estimate of the ave~age 

reactor heat generat;ton rate~ using aD. o';'erall'plB.nt efficiency Of'25i .~~,~:. 

duty of 75i, is three ti.1:n.es the insta+led elect;i~l g~nerating capacity. Using 
• . .;', :,"1,:-:,;,."': ..... ,.." ... - ;··:C·J:5-:.~~::: 

installed ~lect!ical generating ca~city figures of ~,OOO,OOO kilowatts-by~1965'~-

~ . " . :,.:~!;.::::,~ '!:v.#~":~",,,:~~' 

and 20,000,000 kilowatts by 1975, the average rate of heat release from nuclear 
.' "".1. ,~~ "!:a:;;:" - .. ~~ 

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

kilowatts in 1965 and 60,000,000 kilovatts in 1975. 

~"",l.. .. 
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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 Administl'itffdn •. While the. appl~cation 

is technica.1ly feasible tocia;y, the economic feasibility is questionable._ 

According to the McKinney report, the .in~roduction of nuclear propulsion for 
: • ,j « ... 

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 e:st:1ma.tes made here for the I' 

next two decades in any substantial manner.. For this reason this application· 
. '" " " '. . .' : .. ", : ..... "t:~.: ..... 

will not be taken into account in the estimated totals. 
'':. ~ ,'. "', 

. Reactors for Locomotive Propulsion and other Vehicles 

There seems to be little iriterest at this time in application of nuclear 

reactors for locomotive propulsion. While technica.1ly t~ application is 
j " .. ,-~ .. :~ .; ::". ", 

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

The application of nuclear power reactors to the propulsion of automotive 

vehicles seems highly unlikely. For lJDlch the same 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 development 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 variety of 

research and dev~lopment purposes. 
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The power 1evel of research reactors generally ranges from 100 to 1000 

ki1owatts. At the present rate of growth, there will probably be fifty or more 

.installations by 1965 and perhaps several hundred .by 1975.·_ Withoutconsider:-ing the 

fraction of time that such reactors l'IJB.Y' be operating at full power., it is clear . that 

they can contrlbute only a small increment to the fission· heat· release rate of 

power reactors. .,\::.. 

> r' I~· .. ~.': 

Test. Reactors . '. ~.' .. 

Test reactors are used principally for isotope production, tests of develoP

mental fuel elements for power reactors, as well as .. for geJ;le~. research purposes • 
. ' -.. :..... .~ '/ 'f' ..... ---- -~ 

The power rating ~f such. J;'eactors ranges from 10 to 50 megawatts •.. ~Seye~o,such 

rea.cto+s will be in operation by 1957- and it .is probable that 10.to 20 l'IJB.Y' be 
tr .' ._ 

i~ ~ration by 1965 •. At an average power ievel ,of. 30,000 kilow~tts, this might 

represent 3OQ,000 to 600,000 ld10watts of reactor .'!leat reJ.E:ase by. 1965.-;· . These 
" 

reactors have, in general, a very high duty •. It is· not likely that there will 

be a spectacular growth of test :reactors :from 1965 :tf1 1975 because .of .. the speciaJ:-

ized miture of their application. It is possible that the number of test reactors 

may double in this period. Such reactors will represent then, at most, a siDaJJ., 
.""". 

fraction of the heat rate of power producing reactors. '.""!' -~~. ''''' 

, , ...... .. ", ~,~t 
., ,-.- #r 

Reacwrs . for:.chem1cal Processing 
;:,; 

Nuclear reactors have a possible application in chemical processing to 
.. "} 

I . 
supply :Q.eat or nuclear radiation. At ~ present time, nuclear reactors do not 

appear to be economically attractive as a source of heat. Some development . work 

is be1D.g carried on at present in the application of nuclear radiation to chemical 

processing. 
. I 

No industrlal application:, .is presentJ:y planned even on a pilot plant 

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



there is no basis at present on which to estimate the possible magnitude of such 

plants. It seems likely that there will be no significant installations, for this 

purpose by 1965. 

A related use of nuclear reactors is for the production of fissionable materi~ 

for weapons purposes. There is no basis available for estimating the installed 

reactor capacity presently devoted to this purpose or likely to be devoted at 

some future time. 

Package Power Plants 

A military application of nuclear power 'Which is receiving attention at 

this time is the development of package power plants for remote military bases. 
~.-:; 

At least two such are under deve!ppment and, this will probably lead to the 

construction of a number of such plants. The capacity of the plants is fairly 

low -- of the order of 1,000 to 10,000 kilowatts. The total number of such 

plants which might be installed will probably be limited.' 

Summary 

The preceding discussion indicated the princiPal soUrce of fission products 

from nuclear reactors in the next two decades will- arise:~frr::mr tIle, generation of 
1', ......... ,,' 

electricity at nuclear power central stations. other sources 'are com;paratively 

small and amount to substantially less than the u:qcertainty in''the estimates of the 
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principal.usE!s~ 

Zeitlin, Arnold and Ullmannb,ave predicted processing requirements and the 

butl.dup of. fission product wastes. (19) . The following calculations and data:are· 

taken wholly from their report .. 

' .. : 
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4.1 Processing Reguirements, Buildup of Fission Product Activity. and Liguid 

Waste Volumes in A Predicted Nuclear Power EConomy 

Based on a predicted nuclear power economy growth rate made by J~ A. Lane(15)~ 

calculations have been made to determine as a function of time the magnitude of 

several quantities of prime importance to the radiochemical processing and waste 

disposal industry. Included are such quanti ties as required processing capacity, 

buildup of activity of important fission products, and accumulated volume of high 

activity liquid wastes. 

If it is assumed that the installed electrical plant capacity of the United 

States will increase eight-fold during the next 50 years, that there will be 500 

MW of installed nuclear electric capacity in 1960, and that hall of all n~ plants 

built in the year 2000 will be nuclear plants, the installed nuclear plant capacity J 

N, in megawatts, at time T, in years after 1960, will be given by the expression: 

N = 5,800 (1.09
T -1) + 5000 (1) 

Aesuming a thermal efficiency for the reactor system of 25 per cent, the above 

equation becomes, for heat power requirements: 

N(MW heat) = ,23,200 (1.09
T 

-1) + 2000 (2) 

A curve representing this equation for the period from 1960 to 2000 A. D. is 

given in Figure 4. 

Differential equations were set up for the simultaneous growth and decay 

of various fission products be,ing produced by the expanding power economy. The 

solutions give the total number of curies of a fission product in existence at 

any time between 1960 and 2000. It should be emphasized that the activities 

plotted are not only the activities to be found in waste disposal tanks but 

include fission products present in the reactors and fuel being stored prior to 

processing. This is especially important for the shorter-lived isotopes such 

140 as Ba . 
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The following items were plotted as a function of time: 

(1) Processing capacity required (Figure 5) 

Note: In Figures 5, 6, 7, tl:l.e average irradiation level of the 

spent reactor. fuel is taken as a parameter. 

(2) Total spent fuel processed (Figure 6) 

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

(4) Total accumuJ.a~d activity (Figure 8) 

Note: The. dashed Jj,.nes in. Figures 8 through 13 indicate the decay of 

activity from various selected points along the primary accUllDl

lation curve. These lines can be used (as in Figure 8) to deter-

mine the 8ccumuJ.ated amounts of activity following 8.llY'specified 

cooling period. By "accumulated activity" is meant the integrated 

production of fission product activity with time minus loss by 

decay over a like period of time minus .loss by neutron~ capture 

over that traction of the period of time during which the fission 
.a 

p*>duct was .in the reactor (the last item being negligible and .' 

making the curves essentially iDdepandentof the reactOr design 

and operating conditions). The acti~ty can be ,considered as. 
>. 

being dUllIJ.led into 8'n\i! accumuJ.ated in a' co~ "sirlk" 0 :,: 

(5) AccumuJ.ated activity of important fission products (Figure 10):'.: 
Note: ,The dashed lines indicate :the decay at gross activity from various 

selected points along the primary curve. An 1n~W. te family of 

cUrves can be generated from these decay lines'to :til.dicate the 

total accumul.ated activity in the "sirlk" for 8.llY cooling periDd 

preceding discharge of the activity' into' the "~inkfl. Selected 

members of this family of ~es have been plotted. 
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(6) Accumulated activities o~ spec1~ic nuclides (Figure 10 - 13) 

Note: For explanation o~ dashed lines, see note f'or Figure 9 above. 

Table 10 presents the growth o~ ~ission product activity in tabular form 

f'or each o~ the important ~ission products" Table 11 presents tabular data on 

gross activity decay a~ter varying periods of' accumulation. 

The curves obviously show predicted buildups which result ~rom a larger 

nuclear power econoD\Y then discussed in the ~1rst part o~ this section, where the 

~1rst eight to twenty years of nuclear power growth in the Un! ted States are dis

cussed" Although all 'buildup curves (Figures 5 through 13) are plotted with the 

calendar year as the abscissa, the results shown would be usable (although 'not 

quite as accurate) if predicted nuclear heat generation estimates obtained from 

Figure 4 were used. ActUally,the true variable, and thet which establishes the 

equilibrium value of ~ission product activity, is the total nuclear heat gener

ation; or" assuming 25% thermal ~:ficiency and :full time operation as we have 

cone J the true variable is installed heat generation capacity, as shown in Figure 

4. 

Heat Generation in Nuclear Wastes 

A portion ~ the energy' released in nuclear :fission takes the :form o~ 

radiations :from the :fission products and ultimately appears as heat. For e:xample, 

the :fission products from a reactor operating :for one year .at a heat output 

o:f 1,000 KW ~ter a pei,-iod of' 100 days would produce approx:1mately 3,400 B"T.U. 
I, 

per hour. This is equivalent to an activity o:f about 140,000 curies and 1riluld 

drop to about 20 per cent o:f its 100 day decay value in one year. The heat 

produced by the Wastes of a power reactor operating at 500 MW heat output, a 

reasonable power level from the economic standpoint, would amount to nearly 

. 6 
2 x 10 B" T .. U.. per hour a:fter a decay period of' 75 days. 
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Nuclide 

Cs-137 

Sr"90 

Y-9l 

Sr-89 

. Zr-95 

Nb-95 
Ru-lO; 

Ru-l06 

Te-129 

I-131 

Ba-140 

Ce-14l 

Pr-14; 

Ce-144 

Pm-147 

Kr-85 

Xe-13; 

Nd-147 

Sm-15 1 

Total 

-~ TA;U;' . 

EFFECT OF PERIOD OF ACCUMUlATION ON TOTAL 

ACTIVITY IN WASTE SYSTEM 

1 

2.6 

2.8 

160 

120 

180 

190 

86 

. 4.7; 

10 

89 

200 

190 

190 

88 

7.8 

0.;7 
210 

79 
0.00 

1810 

Fission Product Activity (Msgacuries) at 
Accum~lation Period (Years) 

10 

140 

170 

1,500 

1,200 

1,700 
.- ,'.' 

1,700 

20 

710 
-~,,: 810 

5,100 

3,900 

5,400 

5,500 

2,500 

280 

;0 

2,;00 

2,600 

1;,000 

10,000 

14,000 

40 

6,000 

.fJ,900 
...... :... 

;;',000 

25,000 

;5,000 

000 :: 000" :'.~ ... := 
6,500 '(:16;000 :;~::,,; 

>,~;:: j.~....:.~~~;).":~:,,.....:' .. . ~ .: . 
770 

81. 

89 ' , 290 
. ':.'" .r:-: 7;0 ~:-<!.,' 1,890~.;,::.r .:' '.- ~.' ... , .. -. -'-"-150 ~,006",;:"'·::;, 

..... :. ........ 0-

730 

1,700 

1,600 . 

1,600. 

1,400 

390 

19 

1,800 

690 

0.3 

17,200 

2,;00 

-5,400 

5,100 

5,300 

:4,700 

1~500 

":90 

5,600 

2,200 
• H' w _ •• _. __ '_ ... __ ........ ,. 

2.0 

56,700 
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TABLE II 

EFFECT OF DECAY TIME ON ACCUMUIATED ACTIVITY 

Period During 
Which Activity 
Is Accumulated 
in Wa"ste System Fission Product Activitz ~Meeiacuries) at Decaz Time ~Year$l 
(Years) 0 3 5 10 ",20 30 

1 1,810 15·57 8.32 5·07 3·59 3·72 
,. 

.1 

10 17,200 593 412 284 204 158 

20 56,700 2,523 1,879 1,351 998 763 

30 .. 152,000 7,470 5,690 4,250 3;170 2~~30 

40 376,000 19,370 15,080 11,330 8,410 6,440 

,'" 

:.:.66-



t, 

.' 

~"'rtil..: ,:l. JiI~ . 
... -~~~ 

J 0 0" Blomeke bas calculated buildup and decay curves for thermal fission 

for all fission product. chains under many conditions of flux o (20) From these 

data he has prepared a heat decay curve shown in Figu.re 14 for the aqueous 

wastes, assuming a natural or slightly enriched uranitml reactor operated to 

.' ~:)o:; ooa . .r.1iiij ton~.'tL···arr.b~m7 .. and . ab"EUming'd300"'ga:}:!:bns' .of-'~Jt!'S"t~s,~".per:;ton, .6r~~tira:m.um 
• • '.~. ..':";"";-' ~('::... • • • _.. ;'" " ~"~' __ '4 ~' ••••• _~.,. -. '~4'f 

prO,cessed o In addition to gross fission product ooS"', the contributions of 

Cs137 ~nd Sr9Q J' ra::-e earths, and rere gases are giVello 

4r~¥flM8Mi~W!·wr#intu:refl;ii9:.~pj;pIlii#i3 ~:~i~~~~ , 
, ~ 

;"'~';, Waste Streams 

After irradiation: in a reactor none of the fertile or fissionable materials. 

exist as pure isotopes; they are always accompanied by' isotopes produced by 

parasitic neutron csptureo'lhe product~on of and the fate of' parasiticallY' 

produced isotcpes bss ,8 prOf'OUD.d ef':f'ect upon the activity levels to be en-

countered :in tb.e recycle of fuel and fertile material; an;y lowerms of ra~o

active, expoSU1"6 J.::1mite must consider the effects' upon what are lWW considered 

to be 'lcold!! operationso 

~Il additiOIl, the heavy elements produced by nautro::a capture 'which appear 
, .' 

in the wastes fram. a processillg p~t~w111 be among the most controlling 

, 

, -.,' :. : • ". ""," .1 

hazardous activities in lo!:.g term waste ,disposal because .most are alpha em1.tters. 

of high e!lm'f!3, short decay half-life, 8lld many with long biological half-~veso 

Measur~en-ts of Dasic,nuc~ constants, production calcuJ.etione, che:m:ical 

separat10IlS development, and' hazard evaluation for these materials is of great 

importance ot the evaluation of haZards fram waste disposal, and may be of 

possib1econtroll1ng signi:f'icance ill certain steps in the recycle or reactor fuel., 

. ~ buildUp scheme for these isotopes both during reactor irr8di8t1on and 

decay may be represented by the resctton clle.rt shown in' Figure 150 (LR Dwgo 13205) 

Alpha decay ,is shown only for the important biolOgical hazards 0 
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The buildup of' trensuranics and transp1utonics calculated by E. D .. Arnold 

vas based on 4000 Mwd/t irradiation of' uranium having an initial enrichment of' 

1~ u235 .. P1utonium.1osses to the vaste stream. were calculated on the losses of' 

Ool~ of' total plutonium production" while Np237 losses to the vaste stream were 

assumed at 10~ of' the production (700 g Np237/ton U) based on inf'ini te recycle 

and no -0236 removed in a dif'f'usion planto The concentration. of' the heavy elements 

will vary considerably with changes in irradiation level,' enrichment, d1:f'f'usion 

plant recycle end .:flux, and ,af' course with the chem1ca1processes.With the 

exception of' f'luxes ~etween 3 x 1014 _1015 n/cm2/sec, the variation of fission 

product activity with reactor parameters is 1nsigcificanto 

The buildUp of transp1utonics reported herein vas obtained fram. the data 

of' B1omeke(22) and Arnold. (21) .:'.' 

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

14 I 2/ charge are shovn in Table 12 for thermal neutron flux of' 10 m em sec .. 

TABLE 12 

H.E\VY ELFME.NT CONC~TIONS AT ~CTOR DISCHARGE 

FOR 4000 Mwd/t 1~ -0235 INITIAL ENRICHMENT 
. 14 2 
~ = 10 n/em /see , 

Isotope . -'Concentration 
glt U. 

·t. 
I .. ' 

Np237 NP
239 

700 (00 recycle of u236) 

Pu
239 

163 

Pu
238 

2920 
Pu

240 
30 (00 recycl.e of u236) 

Pu241 339 

Am241 69 
Pu

242 
2.4 x 1O-l. 

Am
242

' ~o3 .. 
em

242 
1.3 x '10-3 

_________________________________ ~ __________ ~3~o~1~X~1~O_~2_. _________ ' i 
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These values tabulated in Table 12 were muJ.t1plied by the total. quantity 

of uranium processed during a' tbirty":'year periOd arid then corrected for decay 

during a ~ty-year accumulation and'growth period.' 'Theoniy significant 

activ:lty af'fected:by the decay cOrrection'dilr1ng ·this ~tY;..ye8r period is' 

em242 ~ 'This effe~t caIibe illustrated .by the 'following example:" ,', '.' '-,:" .. 

(a) em242/Pu2;9 activitY ratio in d1scberged:C 4000 , Mwd/t mat~i~l '.;;: 558. 
(b) em242/Pu2;9 aC~iV1ty'ratio 8i'ter ;0 yearsacc~tiOn""; i6;:'::'::" 

- 242 . ',... ,- ., . .' .... ,. .,.-
After accumul.ation; . the 'em activity'decreases rapidly ~" ThUs; it 'maY' 'be ~'-, 1 

242 . . ...,.' ,:, ,,: ,! :. /:,., ,'-' , .- ; .. ' 

seen that em: is a much more important biological hazar'd fOr "shOrt:ternl" >.~. , 
' .. . ' ~.~. 

storage than it is for long-term storage'. 
::,' ~'L~ i,,''';''' 

". ~ .~. 

. -'~ . 
• " "" • ". '... .:' :.~ ..;. ~·t" '}'~."::' ",:,:,~:~~: ••.. _ .. 

The total number of curies of transuranic and transplutonic elements whiCh 

could accumulate in high-level wastes by )}9q as a result of the above calculations 
. , ;"",. [~'I 1. ::.,~ ... ~1,~ .. ::~,;,·;<fJ ,~·.{~~ .... (r 

are ~. in Table 1; 0 .... The effect of·thirty years t,· decay·'follow1.ng~tb.e-th1rty- -

year accumulation growth period is shown,: __ ~lso. 
J . ;., ~~ 

, TABLE 1; ': ,1 .. : ~ { ."''r~:~ ;.,~~~~ -;:. 
.; .. , 

• , . " "' .• , •• ~,. • . .... : ,{. (:'. ~ t' • ". -.."':' 

ACCUMtlIATl!D TBANSUBANlCS AND TBANSPLUTONlCS IN WASTE SISTD1 BY 1990' 
-- - -'( y1l'I\ 'Df::l ACI"'1'1UTlT AT! ,111' mTU"IP) ., .. - .-.. -. -,- '. -' ',' • "'.~< . " ,. ;0'-- ~. "'VJ.·IV~ OJ.l ..L..L.l".I.I!I • ,d,'" ."~ •• ,, -" .. :-. :"'''' _. 

. . 

'IM'D ' " -'_., •••. " ~ Arm AFTl!E .jO Y.QtU\S DEr'AY - '. '.' •. ,.. .., ..... , ',". • 
ASSUMING NO, ADDITIoNS TO .THE ;0' Y:m.R TOTAL VOLt:JME . 

• ~. , ~ I, # • • ~ "f"".;~' .~,r: 7 ... 't;J 

" ." Activity in Waste by' Activity'in Waste;After 

I to 
Y', ...., -- ', .. t 19

i
90) .. ~.",,, ,'. ",~ -,)?~,~~s Diecalw(~20) so 2e . - .'" .. " - cur es.· ... ' . . .... ' --".... cur es ' . - . 

Np2;7 (00 recycle) 
8 . 

Pu2; (90 recycle) 
Pu2:;9 _Pu240 

241* Pu . 
Am24l 

em242 

Am242* 

-........ 

. ".''; . TOTAL 

. 5 
. ,~.l x 10 - .. 

;~tx 105' .'. -'. 
,.' 102;; i'05 
. -, '2 4 ., '06 - -- ... x'. 

4 .. 8 x 105 , 
1.42 x 106 '-

•. 1~2' x 104 

8 .. 0 x 1010 . 

'.' - .. ~ 

" " ."" .... 1 1 :x 105' ,~,,_ • • .~ .... ! ;." .• ~ "'. .: .,,' J .... :.~,::p 

2.6 x ~05' 
. :' -i.2'x '.icY:: '~; 
"'4' 5 5. :x 10 ...... 

5.~ x 105· 
9.7 x 10; 

9.i x'-10;;'" ' 

- ' .. 2.4 x 109 ' . 

* Not . biolog1c~lly . important comp8red to' ~2:;9 ~. pu240 except for decay to 
their respective daughters which ar~ biologically sign1f'icant .. 
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Pu23B formed by, successive neutron captures from u235 could also influence 

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

For the case of J$ u235, loss of 0.1% Pu2,B to the waste would increase the 

tota1 plutonium hazard about 5-10% for Once through (pure u2,5 + u2,B) material.. 

In:fini te recycle and no removal of u2,6 in a gaseOus diffusion plant would in

crease the total plutonium hazard 3-5 fold. However, 25% removal o.f u236 per 

pass through the gaseous diffusion p1ant would only increas~ the, hazard of " 

plutonium 20-40 per cent. 

J.IlP2,7 is not' a significant hazard even in the worst case of infinite re-
, 6 

cycle and no u2' , removal in the diffusion plant. 

Distribution of Fission Product and Heavy Element Activity Over the Nuclear 

Power Reactor C~lex 

From Figure 4 the prediction was made that by the year 2000, assuming 

700,000 MW of nuclear heat, generating capacity, approx1mate~ 4 x 10 curies of ~ 

total fission product activity would exist in equilibrium. Arnold(23~~litmited 

that the nuclear power 
, 6 

comp1ex and waste system will contain 5 x 10 curies of 

important transuranics (Pu239 , ~240, Am24l,' em242 ) by that 'year as ~in 
Table 1,. Using these data we have calculated the distribution of the ini":'"-

portant radioactive elements among reactors, deca~ cooling systems, .,,~emica~: :": 

processing plants and waste disposal or containment'systems for the forty year 

accumulation period ending in the year 2000 A.D. 

Alt.bOugh the bui1dup of fission product activity in an expanding nuclear 

econonw depends o~ upon the rate of buildup of power with time (the reactor 

parameters are negligible), the distribution of radioactivity is strongly de

pendent upon the choice of reactor operating conditions and recyc1e assumptions ;'\) 

In this section we have' calculated the activity distribution for one set of such . ' 
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conditions and assumptions to provide an approximate basis for estimating the 

relative hazard due to wastes to be assigned to each of the general divisions 

of, the overall nuclear reactor complex" ,Th~ as'siunptions tba:t have been used in 

preparing this breakdown are as follows: 

(1) The buildup of nuclear power will follow the curve estimated by J. A. 

(2) 

(:3) 
" 

(4) 

(5) 

;., '.~ ." 

Lane, with the nucleU heat pQwer beIng 7 x lrY Mw: in' 2QoO ,~.D. 

The average irradiation level is 4000 Mwd/ton of l~ enriched Uranium. 

The average specific power of' the reactOrs is 20 Mw/ton of uranium. 

Decay cooling period for discharge" fuel elements is 200 days. 

Inventory in radiochemical processing plant is 20 days. 

(6) Loss of 0.1;' Pu + 10~ of the transuranics and'transplutODics ,to the ~' 
•• ,.. ..... • ....... ..,>,1 .~. ,~ .. "'-'.' " ... #.,~",,_, 

high-level waste stream. 
:.. 

(7) Number of reactors = 1000 at 700 Mw, of heat product1<?n~:C8pecity each. 

(8) Number of processing plants = 20 at. 7 tons/day each~ .... , 

6 (9) Number of waste disposal or containment sites = 6 to accept 7 x 10 ' 

gels/yr each. 

Based on these assumed conditions, the calculated activity distribution 

shown in Table 14 indicates that 80-90;, of ~(;l total activity due:,to primarY ;: 

, 137 90 85' 241 long-lived fission products (Cs ,Sr ,.lrr ,plus 95;' of total Am: ) 
, ' 8 

would exist in the waste systems (wi th th~, exception of .lrr 5" which would 

probabl:y be in the atmosphere).. Almost 100,; of the total short-lived activities 

131 '140 140 ' ' ' 

"-:~ ~J 

. 
~ .. 

i. 

'1;, 

"" ) 

.. ::~~:.! .... q 

~-~ 

~, 

,j 

i 
, . 

(I ,Be ,La ) would exist in the reactors. Only 3-$ of the long-lived 
• .', " " -- • "'-, .., ... .1 ' .. __ ... .......... ._~. ~ ...... __ ---"~"'-''''l' 

radioactive elements would exist in reactors, while the short-lived activities 

239 240 would be almost non-existent in the waste. Only 1. 7;' of total Pu + Pu 

would exist in the waste since onl:y ,O.l~ 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 pert of the power reactor complex. 
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TABLE 14. 

PERCmTAGE OF TOTAL ACCUMUlATID ACTIVITY 

BY YllAR 2000 A.D .. IN VARIOUS PARTS OF THE RFACTOR COMPLEX: 

Assumptions: 7 x 105 MW Heat Reactor Power, 4000 Mwd/ton, burnup, 1;' enrichment,. j:ane curve 
20 Mtl /ton specific power, 200 days decay prior to processing 
20 days in processing plant 

Percent of Total Activity of Fach Isotope at the Following Points 

Avg. Activity Avg.Activity '. Avg. Activity in Accumulated 

'J 

Isotope In Reactor . jIn Decay Chern. Plant Activity in Waste 

Cs137 3.63 1.22 0.73 88.32 

51'90 3.71 1.33 0.73 88.23 

I131 - -2 100.0 1.8 :x 10 . 
t-

Bal40 100 .. 0 
_. 

0.43 . .. 
~85 5.14 9.95 0.91 83.94 

Cel44_Pr144 26.78 37.75 2.82 32.65 

Pu239+Pu240 46.89 46.88 4.10 1.13 

Am241: . 2.48 2.41 0.25 94.8' 

em242 
39.60 25.80 1.60 . 33.0 

Pm147 12 .. 00 22.10 2.00 63.9 

.' 
'" 

" 
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TABLE 15 

EXTENT OF ACTIVITY IN VARIOUS PARTS 

OF 

THE REACTOR COMPLEX 

Assumptions: Year-2000 AD, 7 x 105 MW Heat Reac~or Power', Lane growth curve 
4000 Mwd/t average ,irradia'tion at 20 MW/ton: specific power 
200 days decay prior to processing, 20 days in processing plant 

IsotoEe Curies of Each ActivitY·At The Fol1owing'P6ints 

Activ,! ty in Reactor 
Avg~ATD 

'. Activi~ in Decay Avg. Activity Inven
torz Chemical Plant 

.. Total Accumulated Total 
Avg. At End In Waste Activitz 

Cs137 

Sr90 

I13! 

Ba140 

KrB5 

Pm147 

PU239,+PU240 

Am241 

em242*** 
Cel44 144 -Pr 

2.18 x loB' 

2.56 x loB 

1.60 x iolO 

3.5 x 1010 ' 

3.6 x 107 ' 

1.14 x 109 

3.B x 10
6 

B • .3 x 109 

4.35 x loB. 4 • .3.3 x loB 4.30 x loB 

5.11 x lOB 5 .'06 x loB 5.04 'x loB 

4:29 x 107 

5.03 X'107 
, , 10 ! ' ~ 6 2;' 

1.60 x 10 ' 2 .9.3 x 10, 4. B x 10 ~ 10 
" 10 B (' . -11 ,:., 4 

5 . .30 , 

6.09 x 109 

.3.5 x 10 ;~' 1.52)C 10 6.9.3 x ICY, 2~.3.3 x 10", 

7.i x 107 , 6.97.~ 107 ,6~B4 ~ 107 6~80'x 10~ 5.B75~ 10
B*, 

2.26 x'109 2.10 lX 109 1.95 ~ 169 1.92 ~ loB: 6.07 x 109 
6> " ',6 !;. 6', 5 . : 5** 

7 .6 x 10 " 7 • 6 x 10, 7 • 6 x 10 t i 7 • 6 x, 10 2 • B x 10 
4' " "4 " ,4 'j '3" ,6 

2.~0 x~10 l~ 2.90 ,x 10 2.90 x 10 ;: 2.~0 .x 10 ',' 1 .. 1 x 10 
.. ' ,,6; .' 6 ' t, '6 ,\ ' 5, ,,6 

.3;96 x.10., 2.5B x 10 1.68 ,x 10, ' 1.54 x 10 3 • .3 x 10 

1.48 ~~1019 {~17 t-~ 10~0 9t16~~ 16? ~: B:7 x[i08 .i ,~ 1;,;' 1.01.3~'X 1010 

f~ ~.~ r~ ;1 'fl t}.I ;~ ',~~ 'r~ ~~. U' f~ ~ : :' ':' 'IJ. ~ ~ ~~.. . '. 
------------,-,,--:~-:-: - ',1 r; l-"'1 f"l !-l' ftl .:f;, VI' .", 

Pr b b1 i tm h "J j-' {'" ~ /1 1- (' iJ i· ,,' "r <.,l, f" 

* 
** 

o a y n a Osp ere. ,,:, I.., t~ '-I'-.';~ i,' n 111' <:~ F' h' (oj' h' L' I" ,;. .:\ 

6.00 x 109 

, 6.90 x 109 
10 . 

1.60 x 10 ,,' 

.3.50 x 10
10 

B ": 
7.00 x 10 lit: 

,9.5' x 109 • ~ 
. 6· 

16.2 x 10 t.~ 

i1 .. 16 x 10
6i 

1.0 x 107 

'3.10 x 1010 

*** 
Assumes 0.1~ loss o:t:; Pu 'to firs~~cyc1_e aqueoUs ~8steB. ' ,) :;i:. n, f\,. l," ',' ,:', ,[;. :1. 
Cm-242 decays rapidlY; its a.ctiv~tyyi1l:.s de~reas~ b;i{fac.:tor l.9f 100 in,5~years fol1owing' acc~tio:p period, 
term1 ti .~t'J ,..iJ' i-'G {) I!.~' r~ ('~ M* r'J • i!~ t:, (:. ;." .'("; ::- ';: 

na on. '\f ,5 ".\' "(I {l l~ ,"J t" ;;':' ill f 1;' . \11 .,! i C :, :! '.i: • , 
.t .. -~ ~!~ ,q 'i- \.\' : .. ~ ,) u- ~~,; i: \" :;..J .. 

!<' ~,tt, l'~ H, iii' I '- 0 '" : , :1 
!"i '.' t> .;'; i') n 1':( ;,'~ :i: 
; I ;:./1, ~ ~ \-t t:· ~~ :.} t:~ {.; " I ' : '1 ~.!. 
't· ': v+ .(1 ~:!.1 ('); t~ ~1' -l't' "", (, {n ::!- 'J .},; "+ ;) 

, "'~- .1. :"l:' 
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The distribution of radioactivity per unit in the total structure of the com

plex of an assumed 1000 reactors, 20 processing plants, 6 disposal sites, is 

shown in Table 16. This table indicated that the radi08ctivi ty in each 700 .MW 
, " 

heat cflP8city reactor would be much less (with the exception of r131 and 13al40) 

than the total radioactivity existing in each of 20 decay canals, or 20 processing 

plants, or the 6 waste sys'bemli;. In all cases, except for the very short lived 

isotopes and plutonium, one waste system could contain as much as 4000 t.1Di.es as 

much radi08ctivi ty as exists 'in one 700 .MW reactor" as is the case for Sr90• ' 

We are the first to recognize that it is possible to argue with the growth 

estimates and distribution calculations and to question the assumptions made 

concerning the number of units in parts of the reactor-recycle complex. However , 

it is certain that, potential long-term. radioactive" hazard (to people oth~ ~:' 

those in the immediate vicinity of a reactor catastrophe) is far greater~, ' " 

1) decay cooling systems, for fuel and wastes associated Wi, th large multi-purpose 

radiochemical reprocessing plants; 2) in the 'chemical plants themselves; and 

3) particularly in any ult_te waste disposal site than in any single reactor. 

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 urgentlY required. Such an analysis has 

the possibility of drastically affecting the wisdom of manufacturing large quan

ti ties of fission products and heavy' elements. The cost of insuring against 

single total catastrophe riSks for c.liemical plants or for e. waste disposal area 

may be far greater than the value of power produced. 
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Assumptions: 

Cs137 

Sr90 

1131 

Ba140 

~ Kr85 
'";-J Pm147 

Ce144 _Pr144 

Am241 

Cm242 

Pu239 +' Pti240 

~ " . 

TABLE 1.6 

ACTIVITY LEVEL IN ANY ONE UNIT OF 

THE NUCLFAR POWER COMPLEX BY 2000 

1.)' On~ \hOUSa~~ - 700 MW (heat) reactors operated to 40.00 Mwd/ton of 1'" enriched uranium 
2) 140: tong U/day processed in 20 - 7 ton/day chemical plants ' 6 
3) 43 x 1.0 ga~s waste/year sent to 6 integrated waste disposal: sites, each handling 7 x 10 gals/year 

, , 
, ~. 

)'; 

In Each of 1000 Reactors 
(Avera'ge)*~' 'Ie 

, ~ J 
': 

2.18 X 105,) n 
2 .56 ~ 1.05.,' ) 

.. 1.60 X,101 i' 
" '7 

3.50 x,1.0 ' 

3 6 " 4 • 0 x,10, .. 
1.:i4 i. 1.06 ,., ~":, 
8 .30' x 106 .. \i 

• ~ ~ .t 

29 !,;. ~,:' i-~ '~J 

. 3 .'96 x 103,' ' 

3.8 x 103 ,: " 

.,! 

'" 

';.-

'l 

~verage Activity {Curies) in,a Single Unit 

". 
: In Each of 20 

'. " " In Decay** 
Cham. Plants 

In Process 
, (Average) 

2.17 x 107 

,I, " 2.53 x 1.07 

1.47 x 1'05 

6 7.6;x 10 

3.49'x 10
6 

, ':; : 1.05 X 108 

, ':'. 5.09 x 108 

;:" w_ ! :3 
," ., :', 1. 45 x ;1.0" 
t, I'" 1.29" x i05 

3.8 x 105, , 

2.1; x 106 
, ,6 

2.52 x 10 

0.5 " 

1.16 x 103 

3.4ri'x i~5 
. . 6 
9.6 x 10 

4.4·x 107 
'2 

1.45 X 10 
3 ",7.7 x 10 

,t~ (at :40004Mwd/t) 
,-p .3.8 x 10 , , 

.~ r ~ , ~. j • :.! \ . t. ' 
:". ,r~ f ! ~i ~ ~ .'.~ ,'! . 

In Each of 6 Waste Si'Ves, ' 

8.83 x 10~ 
9 1.0 x 10 ' 

9.8 x 107 

1.0 x 1()9 

1.'69 'x 109 

1.84 x 105 

5.5 x 105 
4.66 'x 1.04 

.'. 

"

:<. • 
" : 

, ~; 
, " 

",f 

.. ",' f'-,; ;~. ~~. ': ,:' :1 ::. 
* Assumed condition of Dol2l81 distribution for, irradiation 1evei;'in reactors. 

" ** ,Part of decay may taxe place at reactOr or dUring transit.:.:; t::' ,! ;- , 
~, :'--.e~" : t ~. 

· :;1 ;.', f( :: :{ ~.'~ f; 
z:; u, f",t' ;.~ <~ i:. 

)" r 
'" j',' ~ ~ 

! ": h t'l 

I'· ~,. 
;-". 

! i t.i 

is t, 
C' 

~ ;~ 
I~ ~ , , 

" , ' ~; "t 
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5.0 Relative Biological Hazards of Fission Products and Rea 

Accumulated Radioactive wastes(24} 

Elements in 

In this section we shall estimate the relative contribution to the overall 

radiation hazard to man of the various fission products and parasitically pro

duced heavy elements that will accUmulate as a result of a growing nuclear power 

economy. To understand the 'results of this study, it is necessary that the terms 

used be defined. 

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

another is directly proportional to the quantity of material present, in-

versely proporti~nal to its biological tolerance as measured by the maximum 

permissible concentration in air or water; and finally inversely propor7 

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

by the following equation: 

Relative hazard = NiAi 

l°-'l/_~~ 3.7 x 10 ~ 
curie 

I~ , (1)' 

where N. 
~ 

= the number of atoms of a specific radionuclide 
existing at any instant per gram of fiss.ionable 
materials (as charged to a reactor) . 

), i = -1 radioactive decay constant, sec 

MPC = maximum permissible concentration as given in 
references~(7) (36) for_wate~ or air; 

-, 

In the consideration of long-term accumulation and storage of radio-

active wastes, this relative hazard can be used to define a more useful 

quantity, which we shall'call potential hazard. Relative hazards, in 

conjunction~ith an estimate of the buildup rate of nuclear power and the 

counterbalancing natural decay of fission products and paraSitically pro-

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

hazard is more carefully defined .below. 

Potential Hazard '-The potential. hazard due to radioactive elements in a 

given system is determined by the total-accumulation of, activity divided by 

the MFC.. Thus, ,the value of the potential hazard is really ·the quantity of 

air or water (depending upon the basis used) necessary .to dil:ute the· total 

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

concentration. 

Thus 

Potential hazard = Ai 

MPO . 

where 

= 8.012 x 105')\Yi{~7 J .~ 'j ~ t ., ' 

[
l-e i + 'Y + ~ ~~ - ).. it 

~ e e 
(2) Ai (curies) 

where 0, ~,'Y are constants for an assumed equation used to estimate 

nuclear power ~UilduP' such as that proposed by Lane(l5). For our work 

we have used tane's estimated buildup equation in which the constants are: 

o = 2000 

~ :: In 1.09 

'Y = 23,200 

A. thus gives the total accumulated quantity of any radionuclide ex-
~ , 

isting in the entire reactor complex of reactor, decay cooling systems, 

chemical plant, and waste systems. We have assumed full time operat~on of 

the installed nuclear power plants. 

Absolute Hazard - The absolute hazard associated ~ith a waste system can-

not be defined by any mathematical relationship at this time since only ... 
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rough estimates have been made and a 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 release, what is the mechanism of release, how 

many people will be exposed by what mechanism, and what effects will-the 

direct radiation and residual contamination'have on biological systems 

exposed. 
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The relative hazard of the accumula,ted waste products was based upon the 

dose delivered following a single expos~re.We chose' this approach because of 

the assumptton that any catastrophe involving the waste system will contaminate 

the air and water of a given area for a short time only, and'that if ~~cess~ry) 

the population will be evacuated shortly after !;Ln accident in o~de; to Ibdt>the 
ingestion or inhalation of radioactivity from the environment. We have ass~ed~ 

"~f· .. !'[ _ ~ .. ,; ':'''~ .. ' 

without too much justification, that a comparison of hazards on the basi,~ of 
." .. ;. 

long-time (assumed to be 70 years) continuous equilibrium exposure- may''n~t b~ 
~:. 1. -~ ... ' ~ ;: > .... "- ~ ". ~ 

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

tinuously to :the,environment. 
.,' .... . '. ;-~ :7-;::' 

Wastes will probably not be adged directly to 
-:'I 

~.:;! ~!;..,,~,,~ .. ,,::;: ?;",.t'l' 

streams or oceans until the most hazardous isotopes have ,been removed, if at all. 
• ,-+ • '-- ',' ~~::~ ~,;:. ~~ ~:..~;. :~' • ~ .. :'~~~t:':~:'. 

Also, wastes that are stored by proposed surface or subterranean methods will 
~~~'~.:.::.--: ><~7':::~~:"',:.':r :;~;~ ~,.:';j: 

still be carefUlly contained under normal conditions and presumably will not 
, ' ' 

, ., 
,.:,.... ,.~'"A, .. ;. : . ":!.,,~ :(~,::. ~, 

contaminate the natural water table. The principal hazard will therefore be 
~'.,,!~.~' :.: ..... z.,,,_ .~ t ~:.: :r.'" 

that of accidental release of large quantities of activity, which is most diffi-, 
- ," .)~~~ :: ;.~:. ',;-:: 1 

cult to evaluate. 

of a 

rate 

;;.1 ... ~.; ;'.. ':3:.' '::. 

The maximum permissible concentration for air contamination is that quantity 

radioisotope ,~~c(cc of ~1r, .which will, whe~ this air~;1s breat~~~'at' a" 
, ., • - . • ... ~ '... " ... - , '...' ... -. .' .- ~, ., •. ; .. ';"i<J$t:,", t;.:,':"' 

of 2 x 107 cC/day (normal breathi~g rate) for one day -(or at ~n ~q~1~i~nt 
'; ~ . 

: - ~ ~ .:-.,: .. : r.,:' .~.:~('r r.:'";:;;T~;::C':~~W 

rate-time relationship if taken ,!or a period shorter than one day), give' a 15.7 
.: - " :1' ::,.;~ ~ ;-t·:·:~· 

rem dose to the critical organ indicated over the following year. In a like 
~:. ': , 1 

manner, the maximum permi~sible concentration for water contamination is that 

quantity of a radioisotope in ..L(c/cc of water, which ;ill, ::.,~~~':'~~gested 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 is the accepted allowable dose for one year as determined by (0.3 rem/wk) 

4-8.1:-



x wks/yr. (However, this dose should not be used as the allowable dose for each 

year during the working years for people employed in atomic energy installations.) 

The maximum permissible concentration of a radioisotope depends on such 

factors as the critical organ involved and its size; fraction of ingested radio-

isotope going to the. organ in question, energy and relative biological effective-

ness of the radiation emanating from the radioisotope, and effective half-life. 

If it is assumed that radionuclides are eliminated exponentially, the effective 

half-life T, is determined by the radioactive half-life, T biological half-life 
r 

Tb, as follows: T = TrTb/(Tb+Tr )· 
. ,: . 

. . 
The maximum permissible concentration values listed in Table 17 are for'a 

single exposure to an i~dividual. These values do not reflect any genetic effects 

and at present there is no basis for translation from these values to'allo~~ble 

concentrations for the population as a whole in terms of genetic effects due·to 

internal exposure. The Oak Ridge National Laboratory Health Physics Division is 

investigating by means of spectrographic analysis of tissue the distribution of 

trace elements in human tissue. Particular emphasiS is being placed on the genetic 

organs and those organs in close phy~iologibil projcimi ty t·o the genet'ic organs. 

The results of this investigation should permit a more precise. evalUatio~ of -

maximum permissible co~centrations in air and- water in terms of genetic damag~::' 

This investigation should be completed during 1957. 
"" ," ~ r 

The relative biological hazard as used in this study is, in truth, the nUm-

ber of cubic meters of air or water necessary to dilute the total accumuiatio~~' 

of activity to their corresponding maximum permissible conce~tration for a one-

day intake vThich will then give a 15.7 rem dose during the year following ex":" 

posure. 

The following tables list data and results of our calculations~ 
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Table 17 is a summary of the radioisotopes which constitute the important bio

logical hazatds in waste. This table lists the isotopes, the critical 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, a~d the activity ~hirty Yf!a.,;~' 'later assuming no new activity is 
-> 

added to this waste system., 

Table 19 lists the rela~ive biological hazard of each important isotope in "the 
,..-," 

waste system', Figures 17 and 18 desc~ibe graphically the magnitude and decay ot the 

important hazardous isotopes for both air and water contaminations. 
J" 

The major biologically ha~ardous radioactive elements in the wasteafte~a30-. . c~~ (\. 
year accumulation period and a 5-year decay following accumulation are shown to be 

arranged in the follOwing order of decreasing hazard: 

n,..147 11_241 Pu239 d Pu240 ( Pu238 i: ) 
rID. ,.MJJJ., an + n some cases. , 

90 ':':).]7 . 144' '. i44 
Sr ,Cs ,Ce , -Pr. , 

237 .. .' .;~::l 242't.';:-,,· 
Np andCm: 

T"'.~ J 
~ ........ '1.. 

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

ation of rela ti ve biological hazards could be determined. The hazards qf the heaVy 

elements were based on 4000 Mwd/t irradiation of uranium ha~ing -:a~ in~:;~i-~::i'~'h-
~ ~. .' ." ,.\,; .1':',1.. .. 

ment of 110 if35. Plutonium losses t~ the :~ste stream '~re ~~ctiiated 'on the ba:.~iS 
" 

of 0.1% of total p1utoniumllroduction, while Np237 losses to the~ste stream:were 
. ',7'!r'.'·, .. ' 

assumed to be 100% of the production (700 g Np237/ton U), based on infinitere~yc1e 

and no uF36 removal ~n a diffusion plant. The concentration of the heavy elements 

will vary considerably with cha~ges in irradi~tion level, enrichment, diffusion 

plant recycle and flux, The variation in the concentration of t~e radioactive 

fission products will~ary much less with these variables. In' fact,' with the ex-

14 5 2 ' ' ception of fluxes between 3 x 10 - l~ n/cm /sec, the variation of fission product 

activity with reactor parameters is insignificant. 
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TABLE 17 

SUMMARY OF RADIOIS<YroPES CONSTITUTING lMPORTANT BIOLOGICAL HAZARDS IN WASTE 

Isotope 

Sr89 

Sr90 

y91 

Nb95 

I131 

Cs137 

. Bal40 _Lal40 

C 144 p 144 
e - r 

Pm147 

Np237 

Critical Organ 

Bone 

Bone 

Lungs, Bone 

GI Tract 

Lungs 

Bone 

Thyroid 

Lungs 

Mtlscle 

GI Tract 

Lungs, Bone 

GI Tract 

Lungs 

GI Tract 
. ~ .. 

Bone 

pu239
:1 Pu

240 Bone 

GI Tract 

Am241 Lungs 

GI Tract 

em242 Lungs 

GI Tract 

Maximwn Permissible Ma.x:1.mwn Permissible 
Conc. in.Air for 15.7 Conc. in Water for 15.7 

rem dose in 1 daY rem dose in 1 daY 
(~e~(!ll.llic meter) (curies/cu1:>j,(!-,-~-tE!~ 

-6 ~2 
2 x 10 2 x 10-

2 x 10-7 

4 x 10-6 

6 x 10-6 

2.x 10-3 

1 x 10-1 
'" .l. 

. ,~ . 

~:",. ( . -- '. '"..... -~ .... -

< ._ .. ', _ ...... "- '. 

8 x 10-7 

10-6 

4 x 10-6 

8 x 10-7 

10-5 

2.9 x'10-8 ' 

6 x 10-9 

10-8 . 

2 x 10-8 

4 x 10-1 

-6 x 10-3 

6 :x 10-1 

6 x 10-2 

4 x 10-2 

8 -1 . x 10 . 

· .. t..... -;", .... t 

-, ' 

.... --. ~ :':', :-.: 

. ~.~ ",' . 

8.4 x 10-2 

10-3 

10-3 

9 x 10-4 

'f 

p 
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TABLE 18 

ACCUMULA.TED 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 Decq (2020) 

Isotope (curies) . (curies) 

89 10 
Sr 1.0 x 10 ,:' 

sr90 

y91 

Nb95 

I131 

Cs137 

Bal40_r.al40 

ce144_Prl44 

Pm147 

Np237(oo recycle) 

2~8 
Pu ~ tOO recycle) 

PU239_PU240 

241* 
Pu 

Am241 

em242 

242* 
Am 

TOTAL 

2.6 x 109 

1.3 x 1010 

1.4 x 1010 

6 .. 3 x 109 

2.3 x 109 

1.5x 1010 

1.3 x 10 10 

4.0 x 109 

1~1 x 105 

3.3 x ,10 5 

1.2 x 105 

2.4 x 10 6 

4.8 x 105 

1.43 x 10 6 

1.2 x 10 4 

8.0 x 1010 

'1.2 x 109 

1.2 x 109 

~.~'" ... 

6 "!'-i:-
1.3 x 10 

1.1 x 105 

2.6 x 105 

1.2 x 105 

5.4 x 105 

5.1 x 105 

9.7 x 103 

9.7 x 103 

2.4 x 109 

" t. 

*Not biologica.11y important compared to Pu239 and Pu2l+d except for 
decaY to their respective daughters. 

~: ..... '. 
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TABLE 19 

RELATIVE BIOLOGICAL HAZARD 

Hazard in Waste 
by 1990 

In Air 

cubic meters 

Isotope x 10-15 

Sr89 
5 

S~ 13 

y91 
3.25 

Nb95 2.34 

1131 1.9 

cs137 2.3 

Bal40_LaI40 
3.75 

C 144 p 144 e - r 16.2 

Pm147 004 

Np237* 3 .. 8 x 10-,3 

PIJ. 238* 505 x 10 -2 

PU239_PU240 2 x 10-2 

Am241 4.8 x 10-2 

242 em 7.2 x 10 -2 

236 *Based on 00 recycle o~ U 

In Water 

cubic meters 

x 10-11 

5 

13 

1.3 

0.35 

10.5 

8 -2 3. 3 x 10 

2.5 

3.25 

5 x 10-2 

1.3 x 10 -5 

3.3 x 10-3 

1 .. 2 x 10-3 

4 .. 8 x 10-3, 

6 -2 10 x 10 

Hazard in Waste 
After 30 years decB\V 

In Air In Water 

cubic meters cubic meters 

x 10-15 x' 10-11 

6 6 

1 .. 2 2 .. 0 x 10 -2 

1 .. 3 x 10 -4 1.6 x 10-5 

3 .. 8 x 10-3 103 x 10-5 

4 -2 .,3 x 10 2 .. 6 .~ 10-3 

2 x 10-2 1.2 x 10-3 

5.,1 x 10 -2 5.1 x 10-3 

4 -4 .. 9 x 10 1 0 07 x 10 -4 

.:-

'-

'. 

/. 
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UNCLASSIFIED 
ORNL-LR-DWG 13176 

-, 

Sr 9Q 

Cs
t37 

- Sr89 + y91+ Nb95 +1131 + 80140 L0440 

~ 

\ 
"l ~ 

Ce 444 _ Pr 144 I 

~" \ 
\ ~ ~ "' 

> 
' , 

I .\ ...... Am241 ,I \ "- -, 
\ I \ " \1 \ ~ - Pu239 + Pu 240 

\ \ ~ . 
j 

,,,,'; 

\ ...... 
\ "- Np237 1\ \ "-

1\ \ "-
I \ \ '" ~-,.\\ .. ~ .. 

Cm
242 ...... 

I \ ""-I \ "-
l \ '" \ \ " o 5 10 15 20 25 30 

DECAY TIME (years ofter 1990) 

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

Waste (1960-1990) Based on Air Contamination, 
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It is obvious that Sr90 and cs137 present the most serious long-term ~ste 
hazard in both air and water. In air the Sr90-is about 300 times more hazardous than 

. 241 . 90 . 
the third most hazardous isotope, Am: • In "Water Sr is 3000 times m~re ha,zardous 

2U . ' 
than Am: • As has been suggested .by all workers and co:nmi.entators on "Waste disposal 

'" . 

it is desirable ,under some circumstances to remove Cs and Sr from bul~ waste streams, 
: ~ . 

provided: 

(a) That there is a safe way' to. permanently store Cs and Sr once they, ar,e 

removed. 
~ '. 

(b) That satisfactory heat removal techniques can be developed to remove 'heat 

from, the fission product concentrates. \ 

~~~ 

(c) That the hazard of the bulk waste streams be sufficiently reduced to 
• ',_ A 

• * " ",I.;.:. 
employ disposal or containment measures that require less control arid 

are less expensive. This will be true if: . f 

1) The decontamination factors for Cs and Sr remov~l are' high' e.:D.OUgrl' 

(DF = 104, or greater) to a~ow release to certain~;chosen por~i6ns 
of our environment. W. A. Rodger (2?), at Argonrie has"b~served~ that 

the removal of strontium must be quantitative to ma"be~ially.,affect 

the disposal picture for the bulk of fission product wastes. - His 

calculations are reproduced in summary in the following Tables 20 

and 21', 
}. # 

1l .' 
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TABLE 20 

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

Basis: 
6 . 

2.2 x 10 MW Installed Reactor Capacity = 3 Tons Fission 
Products/nay 

Maximum Permissible c Volume Required to Dilute 
Accumula::ted Concentrations' in to Tolerance 
Quantity in Water Air Water Air· 

Isotope 20 Years, cUr;les u~/ml ,uc/m cubic miles cubic miles' 

&95 1.3 x loll 4 x 10-'3 4 x 10-7 7.8 x 103 7.8 x 107 

Ce144 1.1 x 1011 ·2 4 x 10'- 1 x 10-9 6.6 x 103 3.8 x 109 

Rul06 1.0 x 1011 0.1 3 x 10-8 . . 2 
2.4 x 10 8 x 108 

. 147 
Pm 5 .. 1 x 1010 1 2 x 10-7 12 . . 6 x 107 ' 

Sr90 8.6 x 1010 8 x 10-7 . 2 'x 10-10 2.6. x 107 1 x lOll 

Cs137 8.1 x 1010 1.5 x 10-3 2 x 10-7 . 4 
1.3 x 10 9.7 x 107 

Tc99 a 2.0 x· 107 3 x 10-2 3 x 10-6 0.2 '1.6 x 103 

Pu239 b . 6 
2.8 x 10 1.5 x 10 

.. 6 2 x 10-12 . 4.5 x 10 2 8 3.4 x 10 

~ Taken from IDO-14363 (pt I), p. 328, by'W.A. Rodger, Argonne National 'Laboratory. 

a Decay Neglected' 

b Based on a Loss of 0.1~ in Processing 

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

::: I 
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TABLE 21 

ElrFECT OF RESIDUAL Sr90 ON DISCARDABILITY OF WASTE 

Per Cent· Decontamination 
Sr .Remaining Factor 

0 

0.00001 101 

0.000]. 106 

. Years t S~rage 
, .Required" 

.': ,~'·,years. :" 

13 years 
',' ·~,:'1 '''''~:::'.~. '- "'/ 

90 years 

O.qOl _ 105 .. . , '1.80' YEHlrS'<' ~'" "" 

0.01 104 , .. , , 21Qyears .. : .. :-:'.;" 

001 10' ',6<? ;,:ears .'_" . ' 
'~~ ..... ·.t .. t..~ ..... ,4-'~ ~, ...... }, ... 'I"~~-.... ,.,,.. ••• ,'I,~ 

1.0 102 450 years ' , 

10.0 - 10 . 
,. ... ' .""'.,.* ~ ~ .,;,. .~;... I .. "" . f'7'l 

~";;'540 : years '. l~. . •• : <'., 

100.0 .1.. ,!~.~\.6'.O. years ..'!;.:t:l;'; ,:,:.:.yr 

" ..... ~ .. ~,~.~ 

* Taken from IDO-14,63, (pt I), p. 329, by' W. Ao .Rodger, 
Argonne National Laboratory.' '. ' ." '. : 1: 

.e,i: ~l: it . 

a --·:To point where, 1 cubic mile water. will ,dilute activity ,H";'; ·'.:... •. c2: ' '::;.$.~:<' 
to tolerance. . 

:. .'" .\.,.-
.Rodg~ further obs~~s that Focesses that achieve separati~ 'fa~tors of ' ".,.; .... 

• • -,,, "~ ... "'" ~4 .;..r· ... ~r..,...,(t .... 

the order of 106 toiO 1 su~ as- solv~t ~ extraction ~~e be~ d~~lo;ed~~~;;-
. ~ . :. ':J, "'_lJ"':' zt ~:..~,::'N':,:~.: ~~ ,;) , '~l 

plutonium and uranium. He states that it is possibl.e for cesium-strontium 
• '"\ ,,"'" l., :A' _ :.. ~~~:::~ ',:It .;!_7::l":tl 

removal, but that the costs of such processing may be comparable to those 
, .,. >.:::' ~!'::',~t"",,'';''If; .6,~U1~r T:j~;;('~;;~ 

incurred by' the,initial separation of uranium and plutonium from fission 
~-' :'" , ,c"'*'t ~:!):~J<~: ,..., .~: 

products. It is possible that income from sale or use of fission products 

could partially offset this separation cost. 

2)" . That the nuclides which remain decay rapidly to levels safe for disposal. ~ 

This condition may not be possible because of the presence in bulk wastes 

of tranS1lranics' and transplutonics, assuming that :these trace el.ements 

report to the high-level wastes. 
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The most significant fact revealed by the plots of relative biological hazard 

. 241 239 240 237 242 . is the marked sign1f'icance of .Am ,Pu ,Pu. ,Np ,and em: .. We should 

note here that the production calculations for these heavy elements have. Just been 

made, and that a f'u11 evaluation of their significance has not been completed; : 

It is also significant that the best recovery processe,s allow sufficient plutonium 

to report to the waste streams to control hazards in waste after Sr and. Cs. . ~ere 

are no developed processes for removal of Am, Np or qm. , , . 

Another factor that s.bk:>U1d be recognized in discussion pertaining to relative 
, .' 

biological hazard is that the determination of the relative biological effective-

ness, MPC values, and the critical organs for almost all radioisotopes are .no_t 
.. 

well established, nor is sufficient research in progress to establish better:':: 

understanding. Very little experimental data exist to define the effects.of., the 
. , . ~.' -: s· J:.,,,;~ ;!I' .:~. 

simultaneous bodily retention of two or more radioisotopes. A det~te:,~er;., 

gis,tic effect has been observed for radiOisotopes that produce the same sytOmatic 
... : :.:.Z" 

result by affecting d1f'ferent organs in the body: i .. e. blood cell production 
t;; ..... ~ 

impairment by effects on bone marrow simultaneously with damage to the spleen. 

Dr. K. Z. Morgan c.urrently estimates that this cynergistic effect, where it ; .... 

exists, may not change the MPC values by more than a, factor of two.'(27)' We ~st 
.... _ . ~~·:.·,.r~~. :. 

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

posures to mixed fission products and heavy elements. 
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. "f:·~~~~~~i.,::~:·\>:':· 

SECTION 6.0' Bazard Potentials Due to Accidents , 

An accidental hazard occurs whenever radioactive materials are unintentional~. 

released in dangerous amounts to the environment. The ,hazard is due to possible 
" • "..... .:" : I ~:, "..... .. : .~, ,~,.... ~. 

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 
• .' ' ". .' . " J,:";O-) ~' :-' • ".;.-~ ...... " :',.::,.~'" 

undergo various nuclear or decay processes. 
~::.,:: .. ' ~ ~,:::~ :-:' " -. '-:,~, ..,~" ~-;.:". 

Potentia~, accidents involvi,ng release of radioactive materials may occur , 
,. -=- ,'., ~ " :." .-.: .~; oJ. ;::.-: .~~ .......... :,...;';..\ ~'\t-'." ..... 1" ,. 

whenever such materials are present. Accidents may occur with release of hazard-
"" '~t" .... ..:. ...... ·t" ;;.~. _;"; ~.~"';.:'f;: .. ~:,~ _~ 

ous amounts of radioactive substances from nuclear reactors, plants manufacturing . 
: :"..1:-", :~~ 1 .. ~~~~.>;)-.. ;~ ~~: ~ ~ _" . ;-.... 

:fUel elements, plants decontaminating and recovering unburned fertile and fission-. . . .' ... , 

able :materials removed'f~om nuclear reactors~ handling and trap,sportation of, all" 
... ' "'," ' , -_ .- . .' ~ ... ~. -- • ' .... ," _ .. ,r",~, 'w _.,,~';:~~',~.:~,~_,.::~?,~~~:,,~~ , 

types of radioactive. materials, 
- :~ -.. '.' . manufacture and use of all types.of radioisotopes, 

I ." '. ..: ''':',;, • :::!( .:~ ".~J .-~ .. ' t~~.; "i.*"',.::r;:!.2,;:.i.':'~~"'," .: :. 

and waste storage areas. Thu~, accidental release of radioactive materials may .' 
, ., ,": " .". ':!: '.:,;.::' .. ..:,:"t.;, ".;.'~.1: 

occur wherever natural radioactive substances, such as reAium, ~,~j;er~a;t~ }.rl:"a-_ .. 
- !:. :. . ........ ',~ .:J:.- ... ..::. '4.,~~1; ... .:.' ~', 

diated in a nuclear reactor or accelerator are utilized. _. 
~,.' : .. ~ __ ::;:: 'J' ~ .. -. ",",~ ':r~' :;,~' ':_').:;-.~r-::'.f: .. '>_ .. :: 

The accidental release of long-liveo 'hazardous isotopes such, asSr?,?, Csl~!.J. 
.:" .'. d :,",.' ,~.~" • ~. ~~ -.' ' • \ -- •. :r".: .,' .. :, ...... ~ .. ': ... ~ ... ~.~, ... '~, .t.,:.... ..... ;:.,~ ... r ... +-

241 242· ,-' . 
Am: ,and em: while possib~ confined to limit~ ,areas, (a~ ~,~:te4.-~~!3 ..: 

• ~:. "', '. ,::_,:':,.' "', ". "_ .;., ;. ... " ..... ';, .... t~ ... -" • .r .. '.;. ....... 40J.._ .... _ .. ~s".;:..,t1. .... ~"'.;.J:;~, ... "':::_.~.; 

of people) at the timf:} 0:;', the accident" can become "generallY. .. d~E!~ibu~: ~!~. . 
/~,'" .~~ -.~.. ~ .. "''' • . ' '.. _. ',.~. " • .:,:. • __ c.,'"; ",' .,,'" ._~ , .. ~~..,. •. ~ ....... .:..:.. .... ". 

the period of . the hundreds of years during which ~ei:r hazard persis~~.; .!., ~ p;,,~b-
, ~ '" _. .,"' ~ . . ~: . ." ,.... . ..• '"... • .~. :.... ."':'..J. " .... ~'\ .. ¥., , :.; .... ~>. t#'::"':.;.'~1' .... ,-::; 

abi11 ty of popUlation ~~sure to such a distribu~ activity. ,varies lII8;'lt~ With:, 
. ..... ;.. . _ ~ " ." .. ~' -.. " ',' " .' _,) . ,,:' ".. :..- '" .·r J !' .. ' ~ 

, . ': 

the system in which activity is contained, i.e. whether it is in the reactor, .. ~ 
-0" ... • • .' ~'" ¢.~ '. ". ~ .. ~r " .' 

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 accident pot~ntial of aJ.:!. ,pext~ of,~e . 
.• :. ~'. . _'. ',' .. '. , '. .'~,. • 'I .: • 

reactor complex must be.better defined~' . ThisratJ:ler obv~ously cannot be done by 
. - .. " '" ,- . .... 

collecting statistics on a.cc1dent frequency, sinc~ the effects of one major acci-

dent are long lasting and, so serious. 
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For example, a flash flood which flushed 1 mega curie 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 ~ ~ergy) would give a dose rate of between 4.2 r/hr ~nd io.6 
r/hr, depending upoo 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 
1. .' • ~ 

is probable that the results of such a deposition of radioactivity over an in-
-::;'~ ....... : 

habited area would prevent land use for ma~ years, end that effective cleanup. 
, I " 

would ,be very costly. 
,": 

" .t ~ .. ..4:! 

. ..:-- -; 

E...l 14ajor Release from a Reactor Accident 

Accidental release of' activity has been cons1deredpr1mer1ly from 'the '~te:nd~'~ 

point of reactOr accidents. The magnitude of eDaccident which occurs -with 8 

large nuclear reactor, may' be catastrophic due to the possible release and dis.:- ;: 'i ~: 
; ,. , 

sipetion of hundreds of pounds of both fission products and uranium-233 or plu-

-tenium. 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 
: .. " ~.: ." ... ~-=I"':"\\'T ... :;,:} 

points out that an abnormal "major disaster I may occur despite all human efforts 
. . '..' ,": '.:> ""IY-;::";::"". 1.~ ::> 

- end that'the probability for same cannot be proven as~. One might "guess" 
,; "4 . . ',0 0 ; ,-

that its probability may range from a lower limit of perhaps 1(( jreactor-yr~' 0 

", ," . . 2 " '" :' , 
(sabotage) to'en upper limit of 10· /reactor-yr (present statistics). Thus the 

"major release" poten~ia~ ,must exist for a r~ctor' e~on~my. (;1) 

The few reactor accidents which have occurred have :i.nvolved reactors of 
" 

relatively low power generation capac! ty • In Appendix.:D::;ore have extra.cted re

the following reactor excursions: (30) ports of 

1. Borax Destructive Experiment(32) 
" 

" 
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2. Canadian NRX Reactor Incident in 1952(~3) 

3· 
. ( 4) 

Experimental Breeder Reactor Incide~t 3 

~,..... ~ 

discuss this subject further. 
• ~t i : . .'. '-: "I ~: 

6.2 Qualitative Description of Hazards in Ore and Feed Materials Proc~ssing of 
.. -~\. ".;~:.: .; " 

Virgin Fissionable and Fertile Material 
-,'- •••• J •• 

6.21' Natural uranium - the' hazards associated with rad1~ctivity' f;;'om the 
~ '\'>'.r:.:~ i: ~ " .. "':'- ~ 

processing of natural uranium to all the classes or popUlation will be 

slight since the activity associated with' the 'decay cha~'of"u23~:~;~ U235 

- ':,,,,"~,;. ~:!~".~ . \~"~;J 

is not great. The activity exposure to plant operating personnel will be 
~. G'\':· :.::::~!.;.:;:; 

easily controlled by a minimum of protection from ingestion and inhalation 
:; "~:-"'. :: ..... ::- ::-...;.~;:) 

of particulates. In the case of a serious accident, such as an explOSion, 
',j" • 

in a ~atural uranium processing plant the exposure to the surrounding 
; :' ,;. "':1·" .... .: ':, 

and general populace will be slight and the area of contamination limited 

to the plant site itself. Transportation hazards with natural uranium are 
'_J, . ...,. ~ .• -;- .... ' 

negligible} assuming normal handling precautions. Wastes will contain 

products in the ~e~ay Ch~~S ~f u238, ~35' ~nd J234·.' .... ,'~; . 7:_~;~~~'~c .::.::~f 
. _ ; ~.,~.",~'. :...._~ '''.' . .,""'" :j .... ~"'!"'1-. 

6 ,,22 Natural uranium - the decay chain' of thorium contains t.3 and 1 emitters 
>: "~;·:.;t';"""~: ~".:-':~2.::!.~· 

that will increase the hazard of handling natural thorium above that for 
..... :~, .' . '0(,':'- • 

natural uranium. If very low exposure limits are established, some prob-
). ~ J_:, .• ~ .:. . 

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

though limited exposures can be obtained by proper handling and operation. 

W~stes will cont~in small quantities of the decay chains of Th232 • 

In the event of an accident in a thorium processing plant, exposure of 1f;he 

surrounding populace would be slight, and to the general populace; negli-

giqle. The transportation of natural thorium can be accomplished with 

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

Materials After Irradiation and Decontamination from Fission Products 

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

irradiation in a reactor is made more hazardous by t,he production' of U237 • 

The U237 activity depends upon ;irradiation history and decay cooling period, 

assuming complete~decontamination from fission products, plutonium and other 

heavy elements. For 10,000 Mwd/ton irradiation and infinite r~~ycle; approxi-

mately 180 days decay cooling are required to allo'" U237 to decay to the 

background activity of n~tur41 uranium. For short decay cooling periods 

U237 activity ~ill ~ke limited thickness shielding n~cessary fo;- ~p~rations 
'" ~ .. 

subsequent to the fission product sel'B-rat;Lon step. Transportation of uranium' 

containing a~preciable concentrations Of'u237 will require shielding. An 

accident in a plant processing ~nium contain~ng U237 will gre~tlY in-

crease the immediate exposure potential to operating personnel and to the 

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

hazard greater than that for natural uranium or slightly enriched uranium 

will result, '~ince if3T'dec~;s with a 6.8 day half-life. ', . 
. " ! 

6.32 Thorium - The recycle o~ irradiated thorium after decontaminat~on fro~ 
'. '234' 228 .', 234 

fission products is compli~ated by the presence of Th and Th ~ Th 
'. '. ' 

concentration is directly dependent upon the irradiation period; it decays 

with a 24.1 d half-life with the emission of beta and gamma. energy. A 

aecay period of about 300 days is required for the decay of Th234~ 
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228 Th, presents ,a mu~more serious problem. It is the~ec,ay daughter 

of u232, produced by 'an (n,. 2n) reaction on Th232 • ,Thed,ecay chain 

of Th228 contains very high energy a., j3 and :y. In addition, the 
. . ". ~ .. .;... . 

activity. of thoriUDl containing Th228 (and all irradiate.~ thorium will .. ' '. .. ' .. ' 

.. contain a quanti "o/det~ned by the ~a,st neutron f~,,:,~e:..;product 

of the irradiation) .will increase for ten years after. solv:ent extraction 
, ' ' " .. .. .", .... ~ .. I,J 

. 228 . 
separatir;m.: The quantity of Th .,which fo~s ~e -,,~~~:ted thorium 

product, can be reduced by. processing. reactor blankets .wi ~ . very short 
." .", !"' ........ <I _ ~ • ~~ 

cooling (about 30 days), but the thorium product is ~ very radio-
." •• , • H ... w • 

234 " active because of. the presence of .undecayed Th , ' •. ~ : .... ' ..... . 
"'. .' . ., , ""' .... ' ' 

, 
It appears that :the thoriu,m recycle will always,proyide,.radiation 

,. ., -.' '- ..... ' .. -, ..... '. .... ... . ~ 

exposure potential to operating personnel. The wasi?e~;~C?:!Jl,::thorium 

. recycle. plants may contain .certain elements in deqay;:~~;of 02;2, 

which will undoubte~ dicta.te. their controlled stol':a~"and~_d1sposalo 

The hazard of an accident .in a thorium recycle plant,;to':op~t1ng , 

personnel. and to the Population in the surrounding area ,i'f:J ,significantly 

greater. than. for natural uranium or unirradiated ,thoriu,m.~ ,~A, rela-

tivel.y. ~ong-term: e.xposur~ hazard will result from the:.disPersion of 

,recycle·· thorium •. Transportation of thorium· at· aD;.Y'1i::imft ~te:J;' ex':" 

posurein areaci;or mayr~quire: some shielding.'.;":'c,:,··~"'~'::\-rr 2~.':l:f::.:"'!. . , 

<6..33 Enriched. u235, ~ The activity of parasitically,produced ~?:lr~ill 

govern the cooling period for this class of material, but;this period 

in no case will eJeceed 180·to 200 days to allowdec&y,;W_,.backgr'ound. 
. '. i' 

In some reactor cycles the inventory cooling charges may·· be. of such 

magnitudes as to require shorter d~cay cooling,: in. which case, the 

uranium cycle . subsequent to solvent e~action.will .. be:sJ4.ghtly' to 

mc>derately active.' , The .cycle .will offer nO,;lC?ng-~ pOpulation 

. hazard:l affecting only operating .pJ..a.nt ,persom.,el, '. shipment,. and the 
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immediate environs of the processing plant. Lower radiation tolerance 

levels can increase the cost of uranium recycle. 

6 ;,fj4 0233 ~ The decay of parasi ti'cally prodU:c~d u232 ~es the hazard in

volved in 0233 recycle greater tban for, any other source' ~r fissionable 

materiai except possibly plutonium. After separation by 'solvent ex

traction from fission products snd t.horium, rJ233 product is- at its 

natural be.ckground activity, but a:rter separation it incrEt8ses in 

activity . level , r'eaching ma:x1mu:m activity levelaf,ter approximatelY. 

ten years. From processing to'reac;tor fuel it is possible 'that no 

marked problem will exist if' 'final fuel, element,~or mater~al'preparation 

is accomplished within 'several months 8t'ter separation.' 0232 decay 

d~ughters can be removed' at any time' bY reprocessing througb.;,;solvent 

extraction. ~:: Considerable' care and control of u233 will ae r~qu1red , 

to keep u233 recYcle from be1Jlg 8. hot ,operation; which requires -heavy 

gamma shields. Wastes from steps subsequent to 'solvent extraction , .. 
coUld contain the decay 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_thorium plant can have a serious long-term effect on 

plant p~sonnel and the population'in the. immediate vicinity· of the 

pla'nt. ' Transportation of u233 must be considered from the' long-term 

hazard viewpoint. 

6~5 Plutonium - Processing and subsequent' recycle of plutonium presents 

the most serious plant and general population hazard from the fission~ 

able and fertile material recycle. ' In concentrated form,· plutonium 

must be carefully bandIed in absolutely sealed systems.- Irradiation 

of Pu239. fuel elements will produce higher isotopes .of Pu that in-

crease the hazard. All operations' in which plutonium is handled must 
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~",t'..~.,~":::"~~~.! .... 

be care:fuJ..l;y: controlled; wastes must be contained and plutonium ,isolated. 

Plutonium presents a serious long-term hazard to plant, operating per-

sonnel, population in the immediate vicinity of the processing plant, ' 

and to the general populace. , 

&CJ;. ::Tazards in the Chemical Reprocessing Plant 

Hazards due to radiation and chemical toXicity in a, chemical. processing plant 

under conditions of no:rmal operation can be controlled 0 ' ,General radiation levels 

for radioactive :fUel processing equipment can be reduced vi th proper shields. In-

gestion and inhalation of radioactivity can be controlled. ,~ 

6 ... 41 &zardous Cperations - the most hazardous operations from a radiation 

, exposure standpoint are: 
''':.",: j.z. 

a. SamPi:i.ng of radioactive solution and' solution transfer to 

analytical laboratories 

b. Analytical chemical' 8ne.lyses of radioactive solutions' :-:: 
" v, 

\:, 

coProduct removal operations conducted on a warm basis,'" ":'. 

particularly for such materials as thorium, u233 and plutonium; r:',_ 

do Maintenance of equipment 
.... 

, . 
e. Exposure'to accidentally released fission product -gas'eaor 

·radioactive particulates 

f. Handling of radioactive feeds to the chemical plant 

g. Storage and disposal of liquid wastes 

These obviously are hazards to plant operating personnel •. The population 

surrounding a chemical plant can be exposed to hazard' from uncontrolled dis

charge as waste' gases containing fission product gases imdparticulates. Simi-, 

larly, the c:ontrolledor accidental discharge' of liquid wastes to' ground water ' 

can expose a relatively large number of people •. 
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",~.2· Aocidents - Accidents in a chemioal processing plant can be of' very 

serious consequence to operating personnel and possib~ to people 

living in the environs of' the chemical plant. The type of' accidents 

that can occur in a plant are: 

a. Leaks due to' equipment f'ailure and corrosion 

b. Chemical explosions .:from such materials as ors;anic solvents; 

h3rdrogen evol.ved from a9id dissol.ution; steam expl.osions j '.::" " 

oxidation of such mste:l!oial.s as mol.ten metal.s; f'l.uorl.ne or ~:.,: ~.:'~"'., 

interhal.ogen reactions; uncontrolled dissol.ution of' metal.s e., '. ", " " 

c. Ori ticall ty • Since this subject ,is not too w~ll covered in the," c' 

• . 'Ci:' • 

open literature, a separate discussion of' criticality control.,' 

': • ':: ': ...... ..;..r -' 
. ~.. " '."!" 

(Any expl.osion in the chemical. pl.ant inseIf' probably will be contained wi~ the 

plant and, at most, in a limited ,area surroundip.g'::the plant. Any, s~ngl.e' accident~: 

will invol.ve only several. pieces of' process eqUipment f'raar', which relatively . . ~ . 

l.1mited quantities of' 'activity could be discharged.) 

d. Enemy act1~n in time of' war. Besul ts of' bOmbing of' /,a radiochem1c~l. ' 

plant with its necessary waste tanks 'could pro:vide a 'very serious' 

hazard to a large population group ~ an area ,surro~ing the 

cl:l.~gf:'l.,pl.ant. , The hazard would be of' l.ong duration. . .' ~ 

e. Natural catastrophies, such as earthquakes, windstorms, and partic-

, ularly f'l.ood~. 

The ~adiochemical. processing plant and its associated waste storage f'acili-

ties can be considered as an accumulator of' f'ission products and heavy el.ement 

:transmutation products. Because of', economic consid~ations, it is probabl.~ tJ:1at 

one chemical. processing station will serve many power reactors. A study of' , 
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, ~~" .. ~ 

processing costs versus processing plant capacity, based on extrapolation of' our 

existing process technology, indicates that a central chemical processing plant 
. -

may be of economic necessity large enough to process the fuel from reactors pro

duc~g about 30,000 megawatts of heat.(15~ Such a chemicai processing·plBnt will 

have a c'onstant lIinventory" of approx1mateiy 108 to 109 cUries of' fission product 

activity. . .. 
,\ '1 '~"'1~'- .:~:~., • 

., 

'.< 

~ : .. : ,.; :-., .. 

,:~;" 0<_ i 

."'} ." ~.:: ' l <':i., ;:,. 

~ ~ ... 

}. ' 
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7.0 Transportation of Active Wastes 

7.1 Requirements for the Shipment of Fuel· and Waste (1 ) 

A nuclear power economy ,will require the shipment 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 assuming that- stationary ·p~~r 
reactors Will average approximately 1000 MY heat pr~duction capacity each, about 

700 reactors will be in operation. Fuel from these .700 reactors may be shipped 

after an -estimated 100 days decay cooling, to 20 h,r.ge chemical. plants. After 

chemical reprocessing, the wastes can economically be stored far five to ten 

years before shipment to an ultimate disposal site. : . 

In order to provide a rough approximation of wnat the transportation of 

fission products and fuel element will do to "spreading the hazard" 1 J. W. 

Ullmann has prepared the analysis shown in the· follOwing table. 

TABLE 1. 

ANALYSIS OF SHIPMENT OF RADIOACTIVE FUEL AND WASTE 

Fuel Shipped after 100 days Cooling 

Wastes Shipped after 2000 days Cooling 

Build-uE and Production Data In 1280 

Megawatts of heat from stationary reactors (Lane) 1.1 x 105 

Specific power assumed, megawatts/ton U 20. 

rf, of: ·reactor power as fission p:x'oducts 

after 100 days cooling 0.13 

after 2000 days cobling.: 0.02 

Watts of fission product heat per ton U 

after 100 days cooling 26,000 

after 2000 days cooling 4,000 
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In 2000. 

7 x 105 

20 

0.13 

0.02 

26,000 

4,000 

,f 

r. 
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(Tableccontinued) 

Fission products, curies per watt 

after 100 or 2000 days cooling 

Fission products, curies per ton U 

'af'ter 100 days cooling 

af'ter 2000 days cooling 

Megawatt days per ton, burnup 

Tons U per day processed 

Gallons liquid waste per ton of' U processed 

Shipments of' Fuel 

Tons of U in transit 

Fission products, curies i~ transit~ 

Tons of' fuel per carrier (assumed) 

Shipping time elapsed (days) 

::l!Umber of' carriers in transit 

Fission products per carrier, curies 

Watts heat per carrier 
(Cooling required) 

Shipments of' Waste 

Gallons of' waste in transit 

Fission products, curies in transit 

Fission products, curies per gallon .of'.waste 

. Gallons of' waste .per carrier (assumed) . . 
~ • t • 

Fission products per carrier, curies 

Number of' waste carriers in transit 

Watts heat per carrier 
(Cooling probably not required) 

Thickness of' lea~ shielding 

Probable carrier weight 
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In 1980 In 2000 

200 . 200 

5.2 x 10
6 ' . 6 

5.2 x 10 

8.0 x 105 8~0 x 105 

4,000 4,000 
., 

27 175 
: 

1,200 1~200 
I ~ •. 

.... '. 

189 . 1,225 8 ,,' '. 
9.8 x 10, , 6.4 x 109 . 

,2 

1 
95 
: 7 

1.0 x .10, 
4 .5 x,lO 

227,000 , 8 
1,. 5 ,:IF .l(). 

660 

450 
5 3.0x 10 

505 .. 

1.5 x 103 

4 inches 

2 

7 

-613 
, 7 

1.0 x 10 
'4 

5 ~x ,10 

1,'470,000 . '. 8 . 
-,9.8 x 10 

660 

.450 

3.0 tc 105 

3,270 

1.5 x 103 

4 inches 

12,000 lbs. 12,000 lbs. 



The significance of this esti.mB.te is that is points out a v£!ry..:.important 

problem, that of'the, distributed hazard resulting from the required movement of 
. , 

irradiated fuel and radioactive waste to chemical plants ,and disposal sites',' The 

fact that 108 to 109 curies of radioactive fissi6n products (plus ~y mil~ions 
, ; . 239 . 238 '241 ,242 242" 

of curies of the alpha emitter,s, Pu ,Pu . ,Pu ,JiJIi. ,em: . and others) . , . . ' 

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

hazard that has not yet been evaluated,- Without the b~nefit of.experimeptal data, 
",,' ~ ... '", • .,j, ". 

we may find that it is necessary to decide whether 'the shipment of large quantities 

of radioactivity will be allowed at all; and certainly we must early establish 
:', : .... . 

the controls under which shipments of radioactive materials can occur; and to 
• , , • ..' ",'" • "1' ~ • • • • :.' • ' , 

provide emergency regulatio~s to be used whe~activity is accidently released by 

accident in transit, 
.'t" .... '. ",«1' ~ 

Shipment of radioactive materials on a larg~ scale may be a necessary part 

of a -nuclear power' economy that is competitiv~ ~th fossil fuel. (2 )':~'The un~l' 
economical' alternate' to large central chemicB.J.~proc~ss,ing plants' 'With ciapac1ty 

to process fuel shipped from many remote reac'tor's i~ a muitiPlicity :Of: 6ma.ii:~ , 
chemical plant~, ~ach located with a single or smaB:group of reactors~: ~':'The " '" 

dispersal of radio'chemical plants in turn" spreads the hazard due,'to waste~ ·to 
possibly the ~ame or greater extent than the distr:f:.buted hazard ~resented' by'

transported fuel and wastes, SUch a' coupling of sniall chemical' plants '~th 's: 

few'reactors may also make recycle costs too"great for the production of com-

petitive po~r in t~e United States, 
., ~ .. • _ .... '.......:- '),. I " ... 

• • ~,' (.' • ~ ~ '. • . ;1" .' 

Wastes can be shipped from, the chemical plant'to disposal"sites-as'either': 

solids o~ 'liqui~, with :the latter f'orm probably bein'g ~ the most' ~ze.rdoui; and 

the most e~ens'ive', 'assuming that ,solid -wastes' CEm' be' :shipped'Vit'nciut :exter:ri.ai', 

.' '. 

, ' ". • . A'",' \ ".' • ' \ . ~ .~: .,,~, _, • • ~ 'I 

cooling, They can' and pr,obably should be ,shipped 1ri small pacmges'-to limit:' ,,:: 

the total qu~:tity of activity that could 'be ~eleas;ed; in c:"se of' .acc1dent'~ .. 
Packaged and shielded shipments can be made (in increasing order 'of cost) by'; 

water, truck, rail and air, ,,~. , .. " .'" 

~ Arnola(3) has pointed out both the e~O~OmiC attractiveness-of a protected 

pipeline for ra~ioactive wastes and the possibility that the pipel~ne maY,actu

ally be the 'cheapest and saf'est method of waste' movement" The total volume 

of wastes shiP~ed in 1980 can be 'pumped through a 2" dfameter p'i~eiine:" 
, 
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A duuble concentric pipe ina concrete trough surrounded by earthen shielding 

with an ion exchange capacity, and of course with appropriate monitoring, .. 

pumping automatic ~lock systems and cooling systems, might be as safe as other 

waste transport methods. 

7.2 Regulations Applicable to ,Shipments of Radioactive M8teri~ls ; .. ~ . 

The following information .was taken from a report prepared by A •. L •. Ayers, 
Ph~lliPS Petroleum Company: (4) . . "', .. "" ' 

, . '. ""~-

A very useful source of federal regulations is the "Handbook of Federal 
, ., . ~ ... .' .. 

Regulations Applying to the Transportation of Radioactive. Materials," .obtain-
, .'"" •. , .' L .... ,$ ...... 

able from the United States Atomic Energy CommiSSion, Divis.io~ ... ~f. Cons~:r::uct.ion 

,.and Supply, Traffic Management Section, Washington, D. C •.. ;.~sP~.atii:m: of 

radioactive materials in interstate commerce by land or water .. is subjected 
, ,_r " ~ .... I._"' J., .... , ,~ " _ ~ , 

to regulations of the Interstate Commerce Commission. The. ~gulation~::aPFli-

,cable to radioactive materials are- not issued separately bu:t are inc~uded: in 

the complete regulations co~ring 'the packB.ging, labeling, ani transPortation 

of dangerous articles published as Title 49, Part 71 to 78 Of·theCoae~·of:.. 

Federal Regulations. Between revisions, annual pocket supplements are 

issued. Ammendments subsequent to the period cOvered by the most recent 
. ," -. : ,.'.,' -- .'~ t":' ':j' , 

revision or annual suppl-ement may' be obtained. from the daily issues;,·~f. the 

Federal Register. All· of these are for sale by the Superintendent.~f Docu-

ments, U. S. Government Printing Office, Washington 25, D • 'C.'" ~t..~".' 

The ICC Regulations are pUblished also by the Bureau of Exp16si ves of, 

the' Association· of: American Railroads, H. A. Campbell, Agent,···· 30'Vesey ~~ , .. 

Street, New;York 7,: New York, as "Tariff No.9, Publishing· Interstate .~ .1. 

Commerce Commission' Regulations· for Transportation of Explosives-'and . -,' 

Other Dangerous Articles", and by the Tariff Bureau of the American Trucking._ 

Association, Inc., F. G. Freund, Agent, 1424 16th Street, N. W., Washington 

6) D. C., as "Motor Carriers Explosives and Dangerous Artic..les Tariff No. 7ft
• 

Transportation of radioactive: 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 Titl.e 46, 
Part 146, of the Code of Federal Regulations as ammended. The United"States 

Coast Guard Regul.ations covering transportation, storage or stowage of dan

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

H. A. Campbell, Agent, 30 Vesey Street, New York 7, N. Y., as "Water Carner 

Tariff No. 6". 

Transportation of radioa!!tive materials in interstate c,ommer,ce moving' 
" - . -. ' ~. . 

by rail., water, or publ.ic .h.ighway is regul.ated by the Interstate Commerce 

Commission. Same states extend the ICC regUlations to include intrastate 

shipments while in others-specific and s~~imes more restrictive ~gula

tions apply to shipments within the ~te.- Additional regul.ation~'·~pon 
this transfer of radioactive materials may be made by local authorities . 

as in the case of movement through tu~els, :port areas, etc. 

The interstate commerce regulations covering transportation of eXpi6~~ 
sives and other dangerous articles include a ,part of Title 49 of the' Code'.' . 

of Federal RegUlations as follows: 
.... ~ • ..:.. I ' 

PART 71 -- General Information and- Regulations 
PART 72 -- Commodity List of Explosives and Other Dangerous Articles' 
PART 73 -- Regulations Applying to Shippers 
PART 74 -- Regulations Applying P&rticul.ar1y 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 ,. ''''0'' 

PART '78 -- Shipping Container Specifications . . ' " >' . "; .;.-,:" . j: . ':. t ~ [44 ;~'?'~. ~. 

Regul.ations in Parts 71 to 78. cover-preparation of expl.osives and:, 

other dangerous articl.es for transportation common carri~rs by rail. freight, 

rail express, rail baggage, highway 'or water, construction of containers,-~·:> 

packing, weight, marking, l.abeling when required', billing, and shipper IS' .. 

certificate of compliance with these regul.a~ions; al.so cars, loading, ' 

storage, bil.l.ing placarding, and movement thereof by carriers by rail. 

The regulations define that anyone-knOwinglY,not conforming to these 

regulations is subjected to fine or imprisonment, or both. 

The commission, has been given power ,?y Congress to formul.ate regu

lations for the safe transportation of these materials. The Commission 
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or any other interested party may initiate requests for changes in regUlations. 

The Bureau of the Safe Transportation of Explosives and other Dangerous Article.s 

. may at the request of the Commission acclllIltllate data from' all available' sources 

to determine the most effective· and' logical regulations. 

Generally, a notice of ninety days is gdven before a new or modified--regu

lation becomes effective .. However,' a shorter time :ma,y be' authorized', if special 

and peculiar circumstances Justify it. Periodic pubiic hearings -are" held 'in 

which evidence may be' prOduced concerning proposed changes. 'The Ccmmrl.ssi·on 

may act:' without hearing and Without notice, although usually twenty: d8.ys"·; 
notice of proposed changes or additions are g~ veri. .' -.:: :,; ':{; ';," ; ,::.:.:i: 

The regulations show the kind of label when required on" shipment-· of-'ex

plosives 'and other dangerous articles and also lists those-which'are pro

hibited for transportation. A list of'the materials to which'these regu':':--:: 

lations apply"are also given. Items are· listed. in alphabetical oroar arid1
(i 

for each item there is given the proPer shippi~name, the class of h&zard; 

cross references to sections specifying -exemptions andpacking/,c61or,for ';,,' 
label required, if not exempt, and-maxiDIIJID. qUantity in one outside~container 

for shipment by rail express. All radioactive materials are' 'chssed:' as .>.' 

pOison, C:l:ass D, and are properly shipped as' "radioactive ;materials" A 

blue or red label is required as specified. . ,. 

It is.the duty of, the shipper to follow the regulations. All the radio-

active materials, that is Class D hazards, which haVe also another hazard-, . 

ous characteristic are' subject ·t~" this specific': re~at1on 1'or-both-" b8.zards • 

As an example, radioactive sodium would be classed as it.- flammable solvent 

as well as a' radioactive material. _ S.hipments of radiOactive materials 

made by the Atomic Energy Cammissionunder escort are .. exempt from these 

regulations. However, the regulations with the- AEC·specii'y the ICC r.egu

lations as a standard of safety.for transportation of radioa~t1ve materi.a~ 

without exception. Escort may be provided for safety reasons as ~ell a~:, 

security. " .... ": 

The consignees must report promptly to the Bureau of Explosives' all 

instances Of improper staying and broken, leaking,-or defective.containers~ 

The Bureau' of Explosives, upon receipt-~ of such reports from c(:msignees, 
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should promptly report, to the shipper full p~iculars covering all s~ch cases. 

The empty containers previously used for the shipment of radioactive material 

must have all openings including removable heads, filling and vest holes, ~ightly 

closed before being offered for transportation. ~ll quantities of the material 

may be allowed to rema,-in "in empty containers and when the vQors rema~ning are 

unstable it is permissible to' add. sufficient inert gas to render: the vapor~ stable. 

Empty containers,.must, be leak' free. , The empty con~ainers must not~on~iIl.more 

than 1/10. millicurie of radium, poloni~, or more than o..13~·'millic~ief:l.~~f 

strontium-89 or strontiu.m-9o. or barium-140.,. or :mOre than. 1.35: millicurie~. of 

any other radioactive substance. ,There must. be no significant··alpha,:,beta".or 

neutron radiatioll emi ttec:1. from the exterior of .the package. ,', Gamma. r.adiation 

at the surface iof the package .JIIlst be less ; than 10. milliroentgens.:-per"'(:24 hours. 
-. "' -. '.' . .... .- '" .. , ... - -i- • 

When shipments of ·radioacti ve, materials are, loaded. on the ~ca.rs by. shippers.! . - " . . ~ .. " '. ,.., ",," . - . ~,. 

or unloaded from cars by the consignee, ,.the~cars must be pla.carded~and~unloaded . ~ ~ .,~ - ' ... :-;....;;.. ............ _. ", 

according to, regulations •. A rad1oacti~e material is e:ny .material:.oz:,c9.m~i.n,ation 

of materials that.sp0!l'ta:neou~ly: emiti,?ni~~ng:rad~~~;t?n. ..;:~ "~-:;i~!: B~:i':{~ 

Radioactive materials" ~;La~s. D., p~is~~" ~ ~yid~d ~~to. th~~!.gr~~p~....{ 

according to type of rays emitted at any time during ,transportation, ,as follows: 
~ '. . , .• • . :: .L •• I • ....', .. 

GROUP .. I - Radioactive materi~s that emit. gamma. rays ,only',8r.· . E::'c:":'C~ 
both gamma. and electrically charged corpuscular rays. . 

GRo.UP II 
" .... _:' • I ,~:. '. ,\". . .... : .. J. • _- i.. '~'.:("! '~:.trJ:· ::~ 

- Radioactive materials that emit neutrons and either 
or 'both "types of radiation characteristic of Group:;:::' 
I, materials. '" 1 .• ', '" -

f •. ' '': .: .... ~_ '\ I t. , _ .. ,.;;':.:. .. :r ~; .;~ ~r :..r,;~ 
GROUP:!I! - Radioactive. materials that emit electrically charged~':r ,....~., 
. .. . corpusculEtr rays only, that is alpha; 'beta, .etc.;· .. -~,' .--'.' 

-: : -: or any other' that ·is· so shielded.that!.tbe· ga.mma.=:..:;:.:Jt:f;l r.-j' 
_,.:. '. . .. l;"adiation at the. surface of the .package does not ,. _ r -",0., ~.' 
". ':'exceed l"O-ID1llirOentgens' for 24 hours at 'any tiIOO'" "._v" --

" :.: ,·,· .. duriDg transportation .. _.':~;":"{L:.;· .:.-.~~::' >; .... ,',. -;,.., 
'.' As far as the ; shipments' of which we are discussing, spent fuel·will·"al

ways fall in Gr~p· I, and rec!GVered' 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 b~ group: is to ·facili

tate the statement of regulations covering labeling and handling.' 'Group I 

or II materials require speCial precautions in transit and in storage t'o 
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protect personnel and photographic film. The stipulation nat any time during 

tran.,Sportation" is made necessary due to the possibility ot~''8.n increase in 

gamma radiation during transit due to the formation of eamma'emittingdaughter 

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 mill:1cUrlesof-any·'other 

radioactive substance may be packed in one outside container:for shipD:nlt"by 
" • ' • : ~ •• :" .- • ":~.' • """ -1' " ..... - ,., 

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

conditions approved by the Bureau of Explosives. :< . .J '.;: r. ~~ ••. t • 

. ',," . '''I > 'I" '. 

Radioactive materials suc~as ores, residues,etc;' of l~ activity packed 
• I, . • , __ • : •• " ~ .. ' • '. ~ ;.. '. \' 

in strong tight containers are exempt 'fram specificaticm packaging 'and labeling 

requirements for shipment -in carload lots by rail freight onlyprortded the 

gamma. radiation or equivalent Will not exceed 10 m.illi~ntgens'iPe·i h~"';:: 
. , . ~ . . ;" ... -;·:~.,·f." .,." ..... ~., .• 

at a distance of 12 feet fram any surfac'tf of the 'car 8.nd'that the g&.imDa~·rad1a-
tion or equivalent \7111- not exceed 10 miillroerit~ns per hmfr : at: ~ d:1s~ce' 
of 5 feet'fram either end surface' of the- car.:~ ,," , ,; "" ';;-~ ,.;,.;':!;;' 

The term "10W' actiVity' materi8.l n is not defined -by- t1:ie·1 
ICC -~ . HOweVer ,'" 'it 

is implied that any gamma. emitting.:material, a full carload" ~f ~ich dOes;~~' 
not produce' radiation in' excess of: 10' mr/hr at a dist~e of':12 'fe~t;':fi.o~/ 

.' , '. • •• • .:....,. ~ ... ;.~ •• ', ~ , ... f 

any surface of the car, may be ,conSidered lOW' activity mater18.l for this 

purpose. The limitation on the radiation from either end.of .. the car '. 
• . • ...... ...: .1. .. ..'I ""' 

10 mr/hr at 5 feet may be achieved either by spacing or by the use of shielding • 
. " '. ," .' ; ~ -. ~-. .' .'::'";': ::~, :.{::' "T:) t"~"''' ,~",,~ :,;~~ 

Although no exact proviSion 'is' lSi ven, it would appear that ICC. appr?val 

for shipment ofta:ok cars of low'enrichment recove~d 'iirairlum- soluti6ri~':miiy . 
.. • " ¥' '".. • .. {" - .". ?";J." -:: ,:",~:.-> .. ~ ":~:--~-- "'1,.:";':,,: 

be possible on'-the basis presented here for' full car shipments. - ' 

"In the ev'ent of breadage of conta:iner; lll!eck, fire ~;"~us~ d~'J.EiY'·i~';; 
" ' ~' ,'. ", .:: . .' . ;: ... *W?~: ~ 1';',' .. ~;.~~t:~:" " .:. 

volying radioactive shipments as covered by the :regualtions under discussion, 
." • " .,..... > " • 

the car containing loose 'radioactive materials must be. isolated as far as "," 

possible from danger of hUman contact and no persons' must be allOW'ed to re

main close to the' car or contents until qualified persons a~ available to 

supervise handling. "The shipper and Bureau of Explosives should be noti

fied immediately. 

Cars, building, areas, or eqUipment in which Class D'poi~'ons have beeri 

spilled/must not be again placed in service or occupied until decontaminated 
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by qualified pers ens •. 

Any box car or motor vehicle which, after.:use for the transportation of 

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

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

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

milliroentgens .phys~cal equivalent .. in 24 hours or that average alRhacontami

nation is not greater than 500 disintegr~tions per minute per 10Q~quare . 

centimeters. A certificate to that effect· lI11:l.st be furnished to the ·.lQ~al. ~ .. 

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 .. ma.terials 
. : ." . 

are exempt from the provisions of this section. <. 
\~'0.:~', ;. t~ 

Containers of radioactive material must not be placed in vehicles., ' 
. ' . . . , ," , 

terminals, and :ot~er. places closer than 3 feet ~o an area which ~y. be .l;.:...;';i~ ••. 

continuously occupied by passengers ,elIq)loyees or shipments ·of animals·. '" :'H 
• • M • .,." " -. ," .... ,",,'I"''' 

Materials of undeveloped film must not be plaeed closer than 15. feet .to .. , .. ,,\"-· 
• ." • .. " __ ~ • _ ,~ • _. 4, .. _, T 

this type of shipment. No more than 40 units of radioactive ma.terial~ shall .. 
, ,.' • ~. • '" _ .,J ;~ ... 

be transported.in any vehicles or stored.at.a.rry.location at any: one time. . ',.. . .. . ~ . ~ .' ~ , .... ..' ~ .'. . 
One unit of radiation equals one milliroentgen:per hour at one meter. for ... ,_. . \.' ~ .' \ "', .. (." - .... -,-
hard ga.I!III;1S. radiation. ~r 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'Levels'~ ~ ... 
'.' 

.. : ~ ... ,~ .. -:;:~ . \ .. .' tl .•. :.,&_;, ... l " 

. The ~arrier mus:t be designed so .that ,there will be no. significant~l 
" .. ', ~' ... ~.,.' 1~' ".; •• ~.'.~ ••. ~ '~ ~'·.~·t"'~~ . ., 

radioactive surface contamination on any part .,of. the container. . All outside: .. 
~ , "' ~~ : .. -.:".... " .. ' ....... ~"' ..... " .. ' .. , ,', .'.. ~.' .. -

shipping contai1?:e,:rs _~st . be of ,suc~. design., t.~t .. t~ gatmna radiation .will na.t 
.' ..-." .. ~ I . , :~ ",. .. • .-~. ~ . ..,r_" .... ~ ~ , ~',. • ... ."_ ~' ........... , .or. 

exceed 200 milliroentgens per hour .o~ equivalent at anyone point ,or readily 
, • .':,. .. • • ~'-",.~. -< • ..' ..'" •. "" '. 

accessible surface. Containers must.be equipped with handles and protective 
• ' ';.... '. ..... • . • ~ I - '. w~" • 1< '" ' • .. ......... '" -

devices when necessary in order to satisfy this requirement. The ,outside '.'" 
• ... ;. ' : _,.; ..... ,"': ~. • - , .' .'.__ I ..... -. 

of the shipping container must pe at least. equivalent. to a heavy .wooden .' 
I,' ' . • ~ '. • '. ., • '. I." .' .. 

box or a fiber-board box~ However, in the case of tbe shipments under con- . . .".. . .. . '. . . 

sideration, only metal containers: are efficie~t .. Radioactive.materials of . . . . ..... " . .. . . . .~ ,~ 

Group I, liquid powder, or gaseous, must be packed in suitably packed. con- : 

tainers, comp~tely surrounded by a shield of lead or other suitable material 

of such thickness that at any::time during transportation the gamma radiation 

~ 

t'", 

tJ 

'-

.. 
~ 
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", 
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at 1 meter from any point an the radioactive source will not exceed 10 mill~-
, ' , 

roentgen per hour. This shield must be so designed that it will not open or 

break under conditions incident to transportation. The- minimum shielding must 
," . .' . , ' , ~ .;: ". ' . , 

be suff~cient to prevent the escape of ~y primary corpuscular radi,atio~ to ,the 
. ,~' . , 

exterior of the. outside shipping container. In this, regula~~on" at, 1 meter, ~rcm 
• 'l ~. ". ~. .. '. 

any point an the radioactive' source 'is interpreted to mean at 1 meter from the 
"' '': :;;. , . ~. . .:. t. '. ~ ,0' 

nearest point on the source. . . .. - : 

Radioactive materials Group III, iiquid,' solid, or gaseous, must be 
• .".. • • ~ - ... , ' ;_ •• ".,; w,' .. .:.-: ,_ 

packed in suitable inside, containers completely wrapped and/o.r, sh;1~lde,d Wi,~~: ~~ 

such material as will prevent the escape of primary coz:puscular radiation to, , 
• • • .' • ~. • • ' ' •• ' '.' .~ '" .' ~ ~ '" • " • :. ',.. .!. 

the experior of the shipping containers, and secondary radiation at thti.sur..face 

container must not exceed io mil1:irOe'ntgen~ p~~ 24 h~s, ~t ~'t~"~~~in@:""'~' 
. transportation ..... Acceptaole 'instrl..iJierits:':for'-,neasuriiig·: gamma- radiation :..packages': 

include the gamma survey meters listed"in the SIC series of theAEC 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 j shipments' must, be loaded by the 'consignor 

and unloaded by the consignee. 
<'':''. "' • 

The regulations covering transport by water are in most cases identic,~ ~ . 

wi th those prescribed by ICC. The- vesse'l must be loaded so that a :gaimiia. '" . t 

radiation or equivalent at' &.nY spare· point in any space or area continuouslY"':" 

occupied by passengers, crew, or shipment of animals will not exceed :40 :ni111i

roentgens per 24 hours at any time during transportation. 

ICC approval mUst3·be ~:obtained"for shipping contB.ine~s not spec'ffied by 

regul8.tions. This is obtained by cert~:ficatiori through tbe_Btireau .. of"Explosives. 
) . . . . .. ~ . ~;~ 

. .. . ~ 

7.3 Optimum Cooling Period for Wastes Before Shipment 

, I~~ f , , '", t· '" ~ . 

Zeitlin, Ullmann and ArnOld(S) have published a study of storage plus, 

transportation costs in~.whichthey de~erm1ned optimum cooling pe:r:iods :for 

solvent extraction first,::cycleraffinates prior to shipment as ,liquids to.a 

remote ultimate disposal site such as might be ~rovidedby' a d~ep well or 

.-111-

.I 



salt bed. Their study was aimed at determining t~ optimum cooling time for 

wastes at the chemical plant site assuming the worst conditions of: __ 1 )::::shipp:i:r¥S-

liquid wastes (800 gallons/ton of U) in small .250 gallon capacity shielded. .-

carriers; 2) initial radiation burnup to 10,000 Mwd/T of fuel; 3) several 

storage costs as shuwn in Table 3; and 4) varying decay cooling times and: shipping 

distances.· 

After calculating the shielding required and determining overall carrier 

rate using rail freight costs in the United States were: l) $1..40/hundred:1bs 

round trip for on:e way distance of 200 miles; 2) $2.60/huD.~ed ibs round trip 

for 500 miles one way and $4.50/hunared IbsrOund trip for one way dis~ce ,of 

1000 miles, they determined optimum cooling periods as shown in Table 2. 

Rate for Fixed Charge 

Fixed Charge 
Direct Charge 

Total 

Rate for Fixed Charge' 

Fixed Charge 
Direct Charge 

Total 

Assumptions: 

TABLE ~ 

-UNIT STORAGE COSTS . ($/gal/yr) 

$0.25/ga1 Initial Investment for Tankp , 

15% J2j, 

0.038 0.030 
0.003 0.003 

0.041 0.033 

$2.00/gal Initial Investment for Tanks 

·15% l2$ 
0.30· 
0.003 

0·30 

0.24 
0.003 

0.24 

(1) Lifetime of underground storage tank of 50 years 
(2) Purex:ttype waste 
(3) Tank farm operating personnel of 2 men/Shift 
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4% 

0.010 
0.003' 

., t'. 

,', 

- 0.013 ", 

4% 

0.08 
0.003 

0.08 
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Table (continued) 

(4) Fixed charges were calculated for initial ~nvestments 'of' 
$0.25 and $2.00 per gallon at three'different annual rates. 
~ and l~ per year represent the ,range used by utility 
companies to write off investments 'inclusiVe profit; taxefj" 
and interest on capital. 41; per, year niight be the rate· 
for a government-owned burial site'(~amortization plus 
'2$ average;'interest). ~, 

(5) The cost of land $50oo/acre 

1,000,000 gal/acre 

compared to the initial cost of t~ge 

~ '$0.OO5/gal Was"negiected. 

(6) Direct operating costs (based on a 20,000,000 gallon form 
which has reached steady state) Will be: - . '''''. 

2 men/Shift x 4 shifts' ~ $45ooiman-year 
20,000,000 gal - $0.OOi8/gBl/Ye~~ 

, Allov1ng for 67f,' overhead, the. direct charge vill' be "$O.OO3/gaJ:!year 
j - .~.~ • ..:.... "; ••. ~ .'~'""'.'''' 

t'" ~ '*. ~ . . ' ... ~ '. .. 

.. , TABLE :; ~:· ... foJ, .. t.,. '_ 

.;.. r· -~; 
;, 

'OPTJMUM WASTE COOLING TIMES AT CHEMICAL' PLANT" SITE 

Storage Cost'$/g~1/yr 

$ Gallon TSnk' C~st 
Tank Amortizatimi Rate ' 

Optimum Cooling Time, 
(years) for One Way' 
Shipping-Distance. of:, '. 

200 mi' 
"500 mi" 
~ooo mi 

, , 

,_ .. } 

,0.013 . 

$0.25 

4~/iear' 

-: ~ '" ",1 ... ~'~_ 

.' 9 
- .A,ll 

14 
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'0~041" " 
$0.25' -"" 

i~ Pri;~ti"': 
.. :::~ ~~.. .~ .. ,-", 

.. ~ ... ~: :. 

6-i/2 
7-1/2 ,'. ' .: 

9 

<:>.30'--" 
$2.00 

'. ~'lr:;;, hi vat e 

<:> 
5..;;1/2 
6-1/2 



From this we might conclude that the chemical plant may always utilize 
.. 

waste storage tanks to economic advantage to allow for the decay of activity 

prior to possible shipment to an ultimate disposal si.te. The same cooling, 

period would be advantageous in reducing shielding requirements and costs 

for waste processing operations leading to recovery of useful fission products 

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

7.4 Possible Costs vs. Shipping Distances 

In order to check the economic feasibility ·of shipping wastes for less 

than a 0.05 to 0.1 mill/kwh of electriCity, we 'have estimated shipping 

, charges as shown in Table 4, which also includes the costs of s:t>orage of 

wastes for optimum cooling periods discussed in SectionT.3. - Shipmen.t-,of.:

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

We venture to draw several general conclusions f:r:::om .:tlbis study: 

1) 500 mile shipping costs alone for wastes, cooled seven years 

or longer are of an order of magnitude less than' the allowable 

costs for radiochemical separations to meet the requirements 

of 8 mills/kwh electricity.; i. e. allowable radiochemical costs 

may be 0.5 mill/kwh vs. approximately 0.025 mill/kwh for shipping. 

2) Combined costs of shipping plus interim decay storage prior to 

shipment can be kept below 0.05 mill/kwh Of electricity if tank 

investment costs are lower than possibly $0.60/gallon. 

3) Waste tanks at the radiochemical separati9ns 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) 

Q~ operation of a radiochemical separations unit without 

significant, economic disadvantage.-

7.5 E~erience with Radioactive Waste Shipment 

At sites where large quantities of radioactive wastes are produced, 
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Years 
Cooling 

Time 

0.5 

5 

7 

10 

20 

, ('~ 

, ~ .'" I 

, i 
'. 

, . 
'. 

-. ,..' 

: Table 4 

( 

.' ESTIMATED COST OF INTEru:M STORAGE AND S1llPPING OF ·HIGH :t.F.VEL WASTES 
\r~ 

Assumptions: 

: . 
Interim Storage Costs' $/ga1 or mills/kwh ~, 

0.02 . {0.001 

0.20 0.007 

0 .. 29 0.010 

0.41 0.01~ 

0.82 0.027· 

Conversion factor; 

;. 

~,' 

0.15 

1.50 

2.10 

3.00 

6.00 

• ti, 
;, 
:;.. 

I, 
1,1 

0..005 

0.050 
! : 

0.010. 

0.10 
~ , 
,', 
0.20 

. , ,L, 
., 

tt; 

;. 

~i 
!.~ 
~::. 

u 
~~ . , 
e~ 

1). 500 mile shipping distance, rail freight no escDrt, 
. round trip base rate $2.60/cvt. 

2) Fue1 irradiate to 4000 Mwd/T Uranium. 
3) Reactor operates at 25\' thermal efficiency. 
4) - Storage costs taken from Table 3 . 
5) '.800 gallons vaste per ton ,of uranium processed. 

'j 

:: , 

~ , . 

• <, ;. 
; .. 

2.73 

1.19 

0.79 

0.71 

0.66 
i ", 

, ,-

i. 
1 

; 

~1' 

Shipping Costs" 

mills/kwh 

.~ . 
0.091 

0.039 

0.026 
" 

0.021~ 

0.022. 

" 
t· 

·ti i~' ~.~ 

· ~ -2 ." i, , rH". t· f-

lO to Cet milla per lClJh of. electric! ty . 
I , ' .. 

, 
; ·!r.i ~~ 

:'1 ~ ~. !'" 

t~ 

I' 

~ 

~ 
~ C. 
~ < I 

. . I·' · , ~~ . '~ 
, .. j'.] 

. . 
~~ 

,'. , - .~ f 

'·f 
) ,~ 8 

~ ~ 
., M 

~ 
f"~ I· 

0 
~ . I 

" 
--, 

1 •• 1 j .... ' 

-. /::. 
'0' j;" t": -

,. 
" 

f; 

.' '. 

I'" 
P. 

! ~. . . , . ~ 
~I 

~ ',,: 

~ 
~ . 

~ 

Total Costs 
- : 0.041/ galjyr 0.30/ga1/yr 

millS/kwh mi11sLkwh 

0.091 0.096 

0.046 0.089 

0.036 0.096 

0.037 0.124 

0.049 0.222 

~ 

l' ,; 

;:; 

t1' 
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I-' 
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such as the Idaho Chemical Processing Plant, Savannah River and Hanford, 

liquid waste raffinates from solvent extraction are piped to the waste 

storage tanks using stainless steel pipe in a protective pipe and encased 

in a concrete trough. Monitoring systems for leak detection are used, along 

with cathodic protection (in areas where ,ground eddy currents require it) 

and provisions for maintenance. The experience with piping wastes has been 

uniformly good. At Oak Ridge National Laboratory, where some high level 

liquid waste lines have been in service for 15 years, lines are buried 

directly in the grotL"'ld without protection. Very few leaks have occurred, 

and where they have appeared it has been possible to repair and replace 

piping with maintenance procedures only slightly different from normal 

practice. Earth surrounding the leak has been removed by using a drag 

bucket on the end of a long crane boom. For limited distances pipe lines 

have been Uniformly satisfactory, but the area through which lines have been 

run has always been wi thin 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. 

Liquid wastes of high activity have been shipped in sea.:led, .. 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 aqueous 

solutions of radioactive 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 is 28,200 lb. The working volume is 210 gal 

of liquid weighing 2,000 lb. The total capacity of the tank is 250 gal. 

The inner tank, containing the~_liquid,. is a 48-in; -dia.Ileter sphere, 

made by welding together two hemispheres pressed from 3/8-in. thick type 

347 stainless steel plate. 

shielding 5-1/2 in. thick. 

Surrounding the inner tank is a layer of lead 

A sphere of l3/l6-tn.-thick steel plate, clad 

with stainless steel on the outSide, encloses the lead-shielded 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. l). 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 Teflon-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 wi thin the tank when the coup

lings are disconnected. The entire external piping assembly is enclosed in 

a cylindrical cupola (Figs'. 2 and 3), which is shielded with 2 in. of lead 

and which is closed by a shielded cover seating on a, corrugated stainless 

steel gasket. The inner tank is thus sealed against leakage to the outside 

by two seals. 

The liquid level in the tank is measured by. conductirlt;Y'. probes which 

indicate volumes Of 125, 200ja,nd 210 gal. 

The total of fabrication of the shielded transfer tank was $22,726 

of which $12,791 was for material, $6,624 for labor, and $:;,:;ll for over

he~d. , An additional $2,500 was expended for engineering. 

Two shipments of lAW waste from the Idaho Chemical ~ocessing Plant 

have been made. This is the aqueous rafftnate from the, first column of the 

solvent extraction process for the recovery of 0235 from exhausted ~ fuel. 

This waste contained 2.76 curies of Csl :;7, and a total of :;0.3 gross beta 

curies, per gallon. The radiation reading on the outer surf'ace of the con

tainerwas 6.2 mr/hr~ 
" 1/.;--' 

. : .', 

" 
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~ 
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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.repositor~ for radioactive materials. 

It appears from surveying both the classified and the unclassified litera

ture that the research and development programs aimed at providing in

formation on safe·ultimate disposal (and corollary. efforts in env~onmental 

effects) are most urgently requiring investigation. Research and develop

ment leading to the selection of satisfactory disposal sites and to the 

undertaking of significant experimental programs to define the health 

and safety aspects of ultimate disposal methods must be selected to give 

significance to any chemical steps taken to reduce volumes, mobility of 

radioactivity, costs, heating problems, etc. 

A rather ftmdamental question that probably must be answered without 

the enlightenment of much development data is whether or not any large 

quantity of long-lived fission products and-heavy· elements can be placed in 

some remote natural sink without surveillance. If the answer to this 

question is no, then it is ne~essary to seriously qu~stion the alternate 

solution, which implies control b~ some agency of man's design, an agency 

which should be self-perpetuating for possibly a thousand or so years. 

In either case the implication is that long-term controls for either 

the release of or the retention of radioactivity will be required on a 

worldwide basis with an unfailing constancy. 

Actually, much thought has been given to the possibilities that exist 

for permanent or ultimate disposal. We shall review some of the more 

interesting possibilities. 

The disposal of conventional industrial wastes and sewage usually 

encompasses methods of returning them to the environment in such form 

and concentration that they do not represent hazards to existing plant 

vi and animal life. The disposal of radioactive wasteq presents a different 

and more difficult problem in that the radiotoxicity of these wastes 

cannot be destroyed or diminished by any known treatment. Furthermore, 

the limits of biological tolerance of radioisotopes in the environment 
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are so restrictive that the problem of adequately dispersing large quan-
, . 

tities is almost insu:l.'mountable. Most of the radioisotOpes appear in 

aqueous effluent streams from chemical processing' plants and the practice 

has been to store this material in large tanks interJ;'ed at the surface ~ 

Only a relatively minor portion, including certain of the gaseous .ll~stes, 

have been released to the enviroDIllent. The advent and gr-owth of a nuclear 

power industry portends 8 great i:c.crease in the vOI~es"or radioa'ctive '.' ~ 

wastes to be encountered during the next half cen1ury, and the pres~t ~ .~ 
practices which are at best only temporarY expedients, ~annot' be ·e.ip'~c'~d . ~~. 

to meet tlte requirements for ultimate or permanent di.I?Posal. 
. . . ..,' • ~ -::~~~W; .......... > .~_. ..,1:::(; 

In recognition of these facts there has been both speculative. and 

serious consideration given to methods which might serve the purpose of . . . ..- -- ... , 
. . ' ,,;.,. .... J.. .• 

ultimate disposal. It has been proposed that the oceans, by vir'ble .01'. 
• ~ "." ~ ~«' '.' .;" J" t '" .:,'- "::.:.'" ;:!;'!:~ 

the tremendous dilution factor they offer, might serve as'8 medi~t:,?r. 
• ;.'~,' -. ' •• ~ 4" '. '~.,:::':_~ ••• ;.L.:):·.~ 

dispersal •. Other possibilities have been seen to exist in the various -

types of undergr-ound geological formations where permanent isolation. of 
.. ... ~ , ... - ~ t ,-. 

the wastes from the natural enviroDIllent might be ·achiev~.""·A -r~l1~~iC 
ev.aluation of all such proposals, even in a preliminary sense, reqUir~s~ 

. ,.r: ••. v~· 
the careful s'bldy and consideration of exper~s from a number ~highly 

specialized fields. Under auspices 01' the Atomic Energy C~ssion,·" 
. .. _. ~ .~. '., .. ~.. ' • "'" ;3 

groups of qualified persons have met for the purpose o~ considering. , 
• " .. _~~ J 

the possibilities of sea disposal and land disposal of radioactive wastes. 
.. .' . ..,' :., .. \ ...... : ..:. .::~..:.'.!'" ,~"""': 

While there is, admittedly, insufficient. inf~tio~ to 1'orm.f.? posi 1i:l;v:!. . 
. "~ "", ...... ~ ,. .. ' ...!- " . _ ..... _ T,,;..~ .. 

and final evaluation of any proposed method at the present t:f:me,._it_wa~1 . 
- , . . .. ~..... '. '. ~ ~. . 

nevertheless, possible to evaluate the potentialities in a qual:ita.t~v~"" . 
, . .,.. . . . (,; ._ .~. ..:.- ,."3 

sense and specify the research yet remaining to be done before signifi-
> ... • •• .' •• 4- ••• , :. ,> ..... ", 

cant field-scale experiments can be performed. 
~ .~'~ . .,.",f -: ~ .... ' ','. . "'"' 

. ~'. ~ .... ~.~ 

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

Although the occurrence of radioactive vastes as aqueous solutions 

is convenient from the standpoint of transport within a processing'facil1~ 

and 1'or efficient removal of decay heat during s~age, 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-term hazards associated with disposal could be achieved by com

bining or lIfixing" the radioisotopes 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 it 

economically produces a thermally and mecha~ica1ly durable solid which will 

retain the acti vi ty should it be, exposed to water or brines. The maximum 

allowable costs cannot be strictly specified until the other ,requirem~nts 

in the overall waste disposal complex such as shipping, interim storage, 

and ul time te disposal methods have been defined. However, it shouJ.c;l. 

be, pointed out that the high-level liquid waste streams are as large in 
, ' ' 

volume as the primary product streams in the chemical processing p~nts 
, . 

and that, consequently, multi-step processes can ,be expected to approac~ 

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 detection, it would seem more realistic to accept greater leachability 

if SUbstantial savings in process simplicity and costs resulted: There 

is r.eason to believe that'partially leac~ble solids could be either 

packaged economically or stored without packaging in dry spaces· like sa:;Lt 

cavities 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 

sta~e 'of pilot 'phnt' testing with high level wastes but enough basic ':in
formation has been acquired in some cases to warrant demonstrations at 

higher activity levels in the near future. 

8.21 Ultimate Disposal Utilizing Montmorillonite Clay 

Possibly the earliest work on fixation of radioactiv~ wastes was ::initi-
, , . (1)(2) 

ated by L. P. llatch at Brookhaven National laboratory,: " - This process 

involves-as a preliminary step, evaporation of th~ wastes to dryness and 

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

or weak acid for removal of leachable fission products. The resulting leach 

solution is passed over extruded montmorillonite clay which sorbs essentially 

all the fission products in solution (except ruthenium) and these sorbed activ

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

bearing clays are heated in silicon carbide or inconel containers. 
,> '~.' "". 1... 

8.22 Fixation with Nepheline Syenite(;) ! , . ; ~ . 

The nepheline syenite process as studied at Chalk. River, Canatl~, con-
" . 

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

A gel is formed which is porous and' can be dried with little, eD.tra~ed activ

i ty . When heated to 1200°C, it fuses to a glass from which the onlY leachable 

activity is that apparently resulting from surface contami~ti~n. 'Work is 

cl.lrrently underway to convert the process from a b~tch ~ 8' ~ontillUO~S oper-

ation and to reduce the temperatures by adding fluxes to promote the' forma-
l • •. • " ,.""",~_ .r, .' 

tion of non-corrOSive, lower-melting glazes. 

8.2; Self-sintering in Insulated Pits with Shale as Ultimate Disposal 
Possibility and Extremely Fired Sintering Prior to Ultimate Disposal 

~ , 

The self-sintering process is deSigned, as its name imp~ies, ,tc:> ,~e 
use of the heat evolved by fission product decay to obtain the temperatures 

required for fixation. Work on this process ,has been performed bY Strumess 
(4)' . , 

et al at Oak Ridge National Laboratory. Liquid 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 fissionproduct'h~t ~s ' 

evaporated the mixture to ~essJ decomposed the nitrates,'and: finally,~:' 

elevated the temperature of the resultant cake to the region of" 900°C:.',~:·;,~ 

This process has the potential economic advantages of requiring no ·che¢,

cal pretreatment and relatively minor process equipment,' but suffers the' 

disadvantage of being limited in a practical sense by heat r~quir~ents '-

to only the most concentrated wastes with heat evolution requirements of';; 

at least several watts per gallon. 

Tests were made with aluminum nitrate simulated wastes and shale in 

the following proportions 'in a heated and insulated pit: 
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720 gallons of 2.2 M. Al(NO;/, waste 

2405 Ibs. of 200 mesh ConasauSa shale 

720 Ibs. of limestone 

720 Ibs. 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 activity. 

8.24 British Process for Fixation of HighiyActive Wastes 

The British have been working on the fixation concept since 195;. Ampblett 

and co-workers(5) have ~tudied'all the ~pproaches being considered in the United 

States and 'Canada without carrying any of them into the engineering or equip

ment stage. They ha,!,e obtained excellent fixation and higher capacities by 

disregarding the ion-exchange effect and mixing their wastes as . solutions 

or slurries with clays, soils, and fluxes and firing at temperatures near 

1000°C. Although they agree that self-fixation should be feasible in those 

cases of very high concentrations of activity, they appear to favor at this 

time mechanical heating of their own wastes and are ready to begin tests of 

the eqUipment and remote handling devices required. 

8.25 Fluidized Bed Calcination 

A 90ncept quite closely akin to fixation:. is that of simply calcining. 

the aluminum or other high-salt-content wastes without the addition of 

other solids. While fixation of most or all the activities is desired,._ : 

clay or other solids are not added specifically for. that purpose. Use of the 
, (6) . 

fluidized bed technique for this process has been studied both by:.Jonke' '. 

at Argonne National Laboratory and by Grimmett (:7,) of Phillips Petroleum 

Company, National Reactor Testing Station, Idaho. The concentrated aluminum 

nitrate waste, is injected into a vigorously fluidized bed of aluminum main

tained at about 500°C. The fission product and aluminum pi trates decompose 

to their respective oxides and accUlml.late';in the form of agglomerated spheri

cal A1
2

0
3 

particles which are continuously withdrawn from the bottom of the 

column. A volume reduction of about 6 is achi-eved 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-

~ 
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structed at ANI.. and will process 2 to ,galih:r of aqueous waste. This will 

probably be the first of these processes to be tested with significant radio

activity. 

8.26 The Brookhaven Waste Calciner 

Manowitz' and Hittman(2)(B) have proposed calcination of alumin~ nitrate . ';, 

wastes in a screw' calciner. The presence of sodium nitrate in these ~astes 
. . ,,~ 

serves as a flux} and a free"'flowing solid, melting at ,OO°C, is prGduced. The 

solid offers a volume reduction factor of , over concentrated aqueous wastes 

and can be cast in desired sizes and shapes for efficient, heat removal during 
". . '. . ... -

storage. 

• ¥ .. : • 

-'t ~,~.r" .... '':';~'''. ,,:~:t;::.!.'::'~: ,br 

8.3 Separation of Strontium.....and Ces:!umPrior. to Disposal .~.. .: ...... , ... ,.~ 

The major long-lived contaminants and biological hazards· in radioactive 

wastes from reactor fuel processing are 26y Sr90 and 26.6y Csl'!~, - Further

more, after a decay period of about eight years, these isotopes and- their, 

daughters account for virtually all the heat being evoJ.ved in the wastes t, 
Qualitative separation of these species wouJ.d 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 101 would be·re.;.,J-:<,"", 

quired before the wastes c.ould be safely released to the environment; ,,:' In' ,;' 

most cases, the additional decontamination of plutonium and the transpJ.u-' 

tonics by factors of 102 to 10' wouid have to· be achieved before reJ.ease~ ,,~ 
could be' perm! tted. It can be expected that separations of sucl1 high order 

would be very difficult to attain~ and probably would not be economicaJ.lyi 

feasible. 

Possibly the greatest experience in separating fission products from" 
/" 

waste streams exists at Oak Ridge where the production' of radioisotopes for 

commercial purposes has been underway since the war. Rupp (:9 ) has described 

the processes currently in use for separating cesium and strontium from al

uminum nitrate wastes. The cesium is removed first by co-crystaJ.lization 

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 by..;. 

droxides with ammonia gas, and the stronti1lm is then removed by precipitation , 
as the carbonate. 
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There are processes under development at Hanford(lO) and Idaho based 

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

moval of strontium and cesium. While such processes caIl..'Tlot of themselves serve 

the purpose of ultimate disposal, they do serve to reduce both the hazard and 

the heat production to levels where more economical storage and disposal might 

be effected. In addition, they could provide economical production for pur

poses of commercial utilization. 

8.4 Ocean Disposal 

The oceans have been used only to a very limited extent for disposal of 

certain low-level waste!?_ In the United States wastes from laboratories 

and other research use have been carefully pac~ged and dumped at sea.. The 

British have carried the practice further by\ dumping liquid wastes off -shore 

in the Irish Sea .. (ll) In both· instances ~nl:y. inoonsequential quanti ties 

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

a nuclear power econo~. The conclusions of a number of qualified special

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

been summarized by Renn.(12) 

It has been proposed that radioactive wastes might be disposed in a 

number of ways in the ocean. One possibility is by pump~ng the dense, 

saline wastes into· any of a number of d~ep holes where large bod:!-es of 

stagnant water are known to. exist. It is expected tha-:t the wastes would· 

remain in such locations until their activity decayed to safe levels. Row-. 

ever, there appears to be. sufficient evidence based on temepratuJ."e 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 canyons on 

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

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

however, that these canyons are produced by local instabilities and are 

scoured periodically by submarine mudslides which reach velocities of 15 
to 20 miles per hour.. It seems unlikely that economical containars of the 
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structural strength required to withstand such treatment could ever be 

developed. 

Proposals to deposit packaged wastes in deep sea .muds and oozes wher.EI.·, 

they would become buried have . in many cases been unrealis,tic. . Many areas ... ,' 

where such oozes are known to exis-:t; contain s'!J,ch deposits::only in'.super-,~." 

ficial depth. The fines are generally underlain with.consolidated putty 

and clays making any degree' of useful penetration extrElmely unlikely.: 

There are two general areas where natUral containment of packB.ged wastes 

may be possible; however,. One 'of these' is' in :ihe Gulf of Ma1newluch is 

also an area of commercial' fishing and d~ep~sea, trawling operations. A 

second, yet more distant, 'area existsin'parts of the Gulf of MeXico • 
. ' . '"" .. ' . ," ,.'" ....... :... ""-.. 

A subject of great importance and uncertainty is the deSI:e~of assimi-
. . ". 

lation of radioactivity one can 'expect of plankton· and, organisms .. in the sea. 

Marine 'biologists and ecologists are c~ncerned over th~ potential"hazardS 
. '..;... .': • .;t.. :'" .... ~ ~ 

associated with assimilation and concentration of fission products .. by ·plants . "~. I.. .' " . _. ' " ~ . 
and animals in the sea. Little is known about what the rate.and·form of 

. . . "'." .•. ,. ,;..~ -r ,,>,..., 

concentration of long-lived strontium ~nd 'c,:,s~um would b~~"btit a J careful 
examination of all the: important variables ",that enter,'into,·thelmarine en-: 

vironment would be required. 
:" ;;~~':. ! ~~ 

• ... ,+ ,:. ~""--:;:-.;:'!~' 

Many proppsals for disposei.l of radioactive wastes at sea are: based ' 
, " 

ent!reli or partially on the conc,:,pt of dilution by th~ ocean waters. 

Experience has shown, . however, ,that the mechanism ofmix1ng in'large masses 

of water is very unpredictable. Cases h8~e been Studied:~h~~e;.:~~~ei saline 

wastes were dumped in. the ocean and it' was found' that movement occurred 
. : . . ~ 

horizontallyat,much ,greater rates than vertically •. sUch 'a' p~enomenon 
',' ::~ . ",' .• ~: •. ,." ~\"'. ~', ." - "1 '~~:":'1') .~\,.,-. 

greatly restricts the volume ~f w~ter available for dilution and empha~izes 

the necessity ~or dis~h8.rging,li~Uid '~e.~~es -directly ~ritO th~.'.st;atum'~here 
dilution is desired. . ":~~.,~-,::...~~~:. 

Stich considerations· as· the above,. when' taken with the problems,·o1".: ' 

developing economical methods of. transporting wastes to selected· disposal 

si tes and reliable methods of monitoring such areas, present a very f'or

midable and not encouraging picture of the prospects for disposing'of sig-
. - v' "'~', 

nificant quantities of wastes at sea. 'A vast amount of 'work remains to be 

done before the 'nec~'ssary degree of co;u.idence in Such an' opetation 'can be 

es tablished. 
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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 reco~end programs of research that should be carried 

out. The Committee offered the following specific recommendations on disposal: 

) 

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

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

3) Next most promising seems to be stabi1itation of the waste in a 
solid and preferably non-leachable :term such as a ceramic materia.l. 
This could be followed by controlled stDrage in dry mines, surface. 
sheds or large .cavities in salt. 

4) Disposal of·.:waste in deep porous beds interstratified with im
permeable b~ds in a synclinal structure is a possibility for the 
more distant future. This is of particular interest . for disposal. 
of large vo.l:umes of waste .. The reaction of the waste with connate 
waters or constituents of the rocks soluble in the waste solution 
will have to be studied. The composition of the rocks and the 
connate waters are both variable as will be the composition of the 
waste solutions so that an almost infinite variety of cir.cumstances 
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 remova1'of Cs137 and Sr90 from the waste would make disposal' 
somewhat easier for the· waste free of these .isotopes, but does .. 
not change the recommendations made in the report qualitatively. 

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

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

of land disposal leading to the above. recommendations is given. 

8.51 Tank Storage 

The early decision for holding radioactive wastes in tanks was no "o~t 
. ' 

of sight, out of mind" policy. A great deal o~ study and planning 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. In:'some cases a:, second line of defense 

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

was conceived through interpretation of results of extensive studies of the 

geology and geochemistry of the local regions, the theory being that 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 permissible from a consideration ~f the physical 

and chemical stability of the tanks and their supporting structures alone. 

However, there can be no sound basis for calculating the useful storage 

life of tanks until much more is known' about the. important factors of 

corrosion. Consequently, tanks will, in all probability, be;used not, as a 

means of ultimate di,;;posal, but as a storage or hqldup medium to allow 

fission products to decay tosafe disposable'levels. 
~, 

, 
v.·~ 

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. ~ge 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 ~olumes of high-level waste 
" ,,' 

production at the end of this century. These spaces possess 'many. desirable 
- , 

attributes for radioactive waste storage. In addition to offering an 1so-, 

lated and relatively uniform chemical and, mineralogical 'environment, salt 

is plastic under load ~nd 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 p~sticity, salt deposits are con

sidered to possess immunity to ~~ar.thq~ke, hazard to a unique degree. Heroy (13) 

has made a preliminary study of the use of salt formations for the purpose:, 

of radioactive waste disposal and has described its availability and charac

teristics in some detail. ',' 

Occurrence of Salt 

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

Figure 1. The major deposits occur in the north central states':and in the 
;. 
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southern states along the Gulf Coast. The salt formations of New York, Michigan, 

Ohio, and Kansas underlie many thousands of squEire miles and ext~~(t from surface 

outcroppings to depths of more than 5000 ft. They are fr.eq~ently several hundred 

feet thick. In New York salt occurring in the Salina formation crops out along 
. . '. ' 

a band extending from the Mohawk Valley on the east to the Niagara River on the 
~, . , . . ~ , 

west. The beds dip southward at a low angle, averaging from 50 to 100 ft. •. per 

mile and extend into southern New York and northern Pennsylvania. At its max-
- ,.' ' . . 

imum, the salt is about 1000 feet in' thickness and, in no~thw'es~ern Pennsylvania 
. . .' ~ . ., 

it is found at depths of from 1500 feet to more than 8000~eet,in the deepest 

part of the syncline. __ " 
. "". _- _ .. ~_~_"~'''''_' .,' ...... : .. _ ._ .... :", r.... " 

The Salina beds extend westward into Ohio where. they underl~e an area 

of over 15,000 square miles. Thefisal t is all below the surface at depths of 

from 1000 to more than 4000 feet and have a thickness over most, of this area 
~ '''"~ -' _ ..... 

of more than 100 feet. : ":", .. " .: .. HJ.:::-:_~ 
It is estimated that an area as great.as 35,000 square miles. in Mi~higan 

is underlain by salt-bearing formations. The formations,ar~ found wi~n: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-
,. ..... .t'" •. 

nesses as great as 1800 :feet have been penetrated. 

, About 30,000 square miles in the central and southeastern parts. o:f Kansas 

are underlain b~, salt-bearing :formations. This salt dips from ,its outcrop 

in Salina and Sumner Counties to depths o:f 650 :feet at Hutchison, 10~p:fe,et 

at Lyons, 1100 :feet in Kiowa. County, and 2000 feet in ,Clark County .. ,.Its'r>, . . .... , .. , 

thickness is usually :from 200 to 300 feet. Salt of similar thickness occurs 

at depths of 1000 to 1600 feet in the southwes~ern part ,of the~state. 

In the Gulf Coast .area of LoUisiana and Texas., ,salt o:f~n occurs.. in, 

the form o:f domes lying anywhere :from a "few hundred feet to ,as much as . c,; •. " . '. - , ....... ,..~ " 

10,000 feet below the surface. It is believed that such f.ormations,result~ 

from flowage of salt under pressure upward :through overlying ~eds. The lo

cation of as many a8200 of these domes i~ known, ranging in,size :from nearly 

circular domes, one-half of two miles,in diameter, to elongated masses 

several miles in length. Thicknesses .o:f 500 to several thousand feet are 

normal. 

Rock salt also occurs in eastern ,Utah and western Colorado. Its e~

, 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. 

In the southwest, salt occurs in the Delaware Basin of New Mexico and 

Texas to an extent that may underlie approxi:mately 76,000 square miles. The 

beds vary in thickness up to 3500 feet and ~ie within about 500 feet of the 

surface. In part of this area a zone of potash'salts is present which has 

been extensively developed near Carlsbad, New Mexico during the past 25 years. 

The salt is not mined, however, except as a byi,;product of the potash, and it 

is marketed,to only a very limited degree. 

Mining and Production of Salt 

Salt is mined commercially Doth in ~tssolid 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 and~evaporated. The tot.al 

annual national production currently exceeds 20 million tons, about 60% of 

which is produced as natural or artificial'brines, 2C!1> by underground mining 

of salt deposits, and the'remainder as evaporated salt. Table I, from 

Reroy, presents 1953 salt production according to states and to the form 

in whichi t was produced. 

Rock salt was mined at 14 sites in the United States in 1953 with 

locations in New York, Michigan, ,Kansas, Louisiana, Texas and Utah'l. The 

production by states as' estimated by Reroy 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 during' 

the last 20 years. The deepest mines extend to depths in excess of 1000 

feet and are connected to the surface by shafts large enough. to accoInmodate 

power equipment. From 50 to 60 per cent of the salt is extracted and the 

remainder is left as pillars for structural. support. These mined 'spaces 

are quite level ... and are extremely dry. Inspection has shown them to be 

frequently devoid of faults, indicating a geological history 'of stability. 

Production as artificial brines is accomplished by pumping water into 

beds of rock salt under pressure, and as salt is dissolved, returning the ' 

solution to the surface. Although this is a more economical. process than 

mining, the cavi ties resulting from such oper,ations have been known to 

fail structurally due to' 'the unSllPported weight of 'overl.ying rocks. Greater 
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Calii~rnia 

Kansas 

Louisiana 

Michigan: 

New Mexico 

New York 

Ohio 

Puerto Rico 

Texas 

Utah 

West Virginia 

Others (1.) 

Rock Salt 

534,658* 

1,338,997* 

1,000,000* 

1,200,000 

400,000* 

5,000* 

~: t 

TABLE I 

SALT - PRODUCTION BY STATES - 1953 - SHORT TONS 
per Heroy(13) 

salt in 
Brine 

273,365* 

Total 

273,365* 

534,658 
. * 1,600,827 2,939,824 

* 3,306, 727 i' 4,306, 727 

1,589,735* 2,789,735 

2,541,799* 

2,333,339* 

2,541,799 

2,733,339 

5,000 

419,907* 

Evaporated 
Salt 
850,000* 

370,569 

121,410 
, 

.860,660 
! 
, 

62,0.~7* 
. -

532,924 

498,438 

"13,692 

111,851 
I' , 

149,988 

, 
t I ~ 

419,907~ 

542;344* '.' ",' I '. 
r.-; 542,344* ~;~ .171,586* 

~ .. '(. ' I' ' .J 

. '''. 

Total 
1,123}365. 

905,227 

3,061,234 

5,127,387, 

62}087* 

3,322,659 

3,040,237 : 

13,692 

2}845,190 '. 

154,088 : 

419,907 

713,930 :' 

Value 
Total Per Ton 
$6,263,059 $5.58 

7,480,556 

9,189,526 

22,171,988 

216,364 

17, 351,1ll 

7,484,.195 

131,490 

5,010,624 

772,035 

1,490,592 

714,527 

8.27 

3.01 

4.31 

3.48 

5.22 

2.48 

9.60 

1.76 

5.00 

3.55 

1.00 

TOTALS 4,478,655 12,608;:043 t ' 
:' ( 

17}086,698' (',13,702,305 
:,..' f _" .' ~ t.... ! J 

20,789,003. $7~,276,667 $3.77 
I 

: I t-. I 

* Estimated '-, , 
(1) . Alabama, Hawaii (evaporated) j 0kJ..a¥~ 

} , 
t; 
~ .; 

, 

". .. t,i. 
i ~ $~.- :-"'1 ~,,::I 

t. h 
(salt in b~in'e) j Yirginia (salt in brine). 

':, i. . ~~.- . (i 
I, 

~ H, 
" " j. , , , 

," 



Kansas 

Louisiana 

Michigan 

New York 

Texas 

Utah 

TOTALS 

TABLE II 

ROCK SALT 

ESTIMATED PRODUCTION BY STATES - 1953 - SHORT TONS 
per Heroy(13) 

Equivalent Average 
, Per space, (1) 'thickness 

Production Value ton acre-foot mined 

534,658 2,194,751 $4.10 185 10 

1,338,997 462 80 

1,000,000 346 30 

1,200,000 414 10 

400,000 138 60 

5,000 2 

4,478,655 23,777,527 $5.34 1,547 

(l)Specific gravity, 2.15; 134 1bs. per cu. ft.; 15 cu. ft. per ton; 
2900 tons per acre-foot. 

(2) Assuming 5CJ{o or 6CJ{o, according to locality, left as pillars. 
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Acres Depth 
mined to, 
out salt 

37 600-1000 

10 600-800 

25 1000. 
;. 

68 
~ .-

1000 .' 

5 700;1500 

145 
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experience with· these techniques" howev\1ll"; bas provided, an increased measure 

of control over the, size and shape of the __ cavi ties and some are c:ur;~tly 

being used for storage of liquified petroleum gas produc~s under pressure. 

Utilization of Salt Space for Waste Disposal 

In the light of the characteristics 'and availability of. salt dep()sits,,: 

it, appears that under the proper circumstances they could be ufled for storage 

of both solid and liqUid wastes. As is discussed in Section, 9 .. 2,: there e.l\e" 

a number of processes under development designed to convert .. high-level: liqUi~ 

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

be especially suitable for storage of these packaged or solid wastes. Before 

such disposal practices could be iDitiated, however, a very thorough study, ~', 

of the availability and cost of the desired space shoul.d be maae with par

ticular emphasis being placed on the structural properties of,~the, Salt' 

deposit under consideration and the effect of temper~ture 'on- theserProp~ties. 
In addition, the thermal problems arising :trom dec~ heat duriJig :' frtorage',l.;:',',:-':;, 

will have to be 'defined and any neces'sary cooling and ventila:tion equ.ipm~t ": 

designed. Finally, engineering studies must be made of th~ best" mEiihOds:~ !: :..': 

and eqUipment for handling and 'conveying radioactive· solids 'Of the' type ,! ,: 

to be disposed. 
"}.' ~ <~~.;.. '.:,J ~. 

f; 

The disposal of liquid wastes in salt offers the advantages of a maxi- . 

mum of control over the disposed wastes with the possibility 'of'ultimBte ,:;;- ," 
',. . .,." 

recovery if' desired. It can be anticipated that wastes"already near sam-
" ¥ ,"'" "; 1~ .\ _ ,- ~", - '," ,'_'" f 

ration with dissolved chemicals could be stored in contact with 'salt without-
'- , '. , "') , .,.~-,". 

incurring serious chemical or ~sical changes. The success 'ana. saf'ety-of s

" , 

such an operation will depend in large measure, however, on the' sevm.ity·~:~ , 
. • • " t.. ". "' . .; .. , ,\ .• 

of the ?erme:l problems occurring from the 'heat emitted by'radiOact1ve": ,,';,.', 

decay. Unless this heat could be dissipated by conduction in th~: salt' , .. 

without undue rise in the liquid tempera tur~, it would be necessary 'tc; - -~ 
extract it by some mechanical means designed to operate on a long-term . 

basis. 

The temperature of the wastes coUld be maintained at a desiretl 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 vere removed by allowing the wastes to boil and refluxing 
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condensed vapor, a somewhat greater hazard with less control over the system' 

would be accepted •. It is probable that either operation could be accomplished 

more safely and economically in steel tanks near the surface, and that, conse

quently, disposal of liquid wastes in salt should only be consi~edin those 

cases where subsequent cooling is not required. 

Hydraulically mined cavities offer some attractive features for liquid 

storage. They can be excavated in a variety of sizes and shapes with great 

precision which should make possible the attainment of struc~al1y safe 

spaces possessing large surface-to-volume::ratios for eff'icient heat dissi

pation. Access to them would be by a shaft to the surface permitting" the 

location of all auxiliaries above ground. 

8.53. Disposal in Deep Wells 

An attractive possibility for ultimate disposal of radioactiye wastes, 

appears to be the utilization of deep wel1s probing into subterreanean. 
. . " 

geological formations. The feasibility of such a concept is suggested by 

the techniques of brine injection as practiced by the petroleum industry •. 
. .' 

For a number of years great volumes of brines have been successfully in-

jected either for the purpose of disposal or for the secondary recovery' of 
(14) . 

oil. With such a technology already established, it seems reasonab~e to 

expect that applications to radioactive waste disposal may exist. 

Analyses of the anticipated 

radioactive wastes in deep wells 
Roedder (17) Kaufman . et al (18) 
.' '.' 

problems associated with the disposal of 
have been made by de. Laguna, (15) TheiS, (16) 

and Pecsock. (19) Attempts were made to . 

define the attributes of an underground formation sui.table for containment 

of these. wastes and preliminary consideration:was given to the most likely 
'. '. ~ . ". 

site locations. 'WP,ile many of the arguments presented are speculative and 

therefore controversial to some degree, it is of interest to note that none 

of the problems so far envisioned appears insurmountable. 

lIa.zards 

In a category by itself, separate and distinct from considerations of 

technical feasibility, is the primary requirement that the disposal method 

meet those specifications required for the protection of this and fUture 

generations of man,. These specifications are far more rigorous for radio

active wastes than for brine or other chemically toxic SUbstances. Sodium 
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chloride is. dangerous only when present .in concentrations of severalhunared 

parts per million and dilution can be relied upon as a practical and effec~ive 

means of control. Radioactive wastes, on the other hand, would have to be 
10 diluted by factors of 10 and greater before they could be consid~ed po-

table. Proportionately greater care would have to be taken during ~,prepa

ration and operation of a radioactive-waste injection system to thoroughly .. 

seal the well below the potable water bearing formations and to maintai~~.~:. 

completely leak-proof system. Injection must. be made into forlll.lltions wh~e. 

there is maximum assurance that migration to ground 0;': surface wat~r does.n9t 

occur, and in areas where it is least likely that valuable petrole~ 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- ..... . 

ween the waste and the residual liquids and solids of the a~uifer;.f::,.With : -. 

brines, plugging is minimized by such pretreatment as sed1men~tion, filtra:-
~. . . '. '" . ..., 

tion, and the addition of certain chemicals for contro~ of objectiona~'bac

teria and algae •. Because of their diverse and complex chemical naturei ~t 

seems likely that the radioactive wastes will also ~equire'tre~tme~t prior 

to . injection . In all likelihood this will be a more severe problem than '';' 

for brines .since. their chemical natw;e will differ. radically.;~rQm ~~ of' 

typical connate waters .. 'lreatment by dilution and.additiolrrof .. comple$g 

agents are likely avenues of. approach to chemical compat~bi~ ty '" bl,lt, a', ~ery:. 

thorough chemical and mineralogical knowledge. of the aquifer ;Will b~ re-.. ' 

quired before compatibility with a.IIY particular waste can be assured~' L 

Roedder'has discussed the:severe problems to be expected should ~luminum 

nitrate wastes be injected<' While wastes containing other ch~qal c;:onsti ... 

tuents may be more amenable, these considerations. could, neverthele~s, im

pose limitations on the types of wastes suitable'for injection. 

, Heat Evolution 

A problem entirely unique to radioactive wastes is that of heat genera:- . 

tion. The energy of the radiations from fission product";decay ultimately 

" 
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appear as heat which must be eff'ectively dispersed to the environment if 

intolerably high. temperatures are to be avoided~ Although. f'ission 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 

problemas 'it relates to deep well injection will depend on such factors as 

the age and concentration of fission products in the waste, the heat transfer 

characteristics of'the storage aquifer and contiguous geological formations, 

and whether or not any tendency eXists toward reconcentration of the fission 

products through. precipitation, or sorption on the solids of the aquifer. Al

thoug1l such a physical system would be very diff'icult 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 bef'ore injection.! , . i-.'_ 

Table III presents the thermal conductivities of a number of sedimen~ 

rocks selected by Theis f'rom 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 : ;J:;(';_: :. .• 

While it is not expected that the ~drologic problems associated with, 

de~p well disposal will be severe, a detaiiLed study will be required for the 

purpose of' accurate control.. The volUllles of wastes to be disposed will ' -: 

range. from several millions of gallons per year a,t first to an' anticipate~ 

several hundreds of' millions of, gallons per year in the year 2000. The 

petroleum industry is currently injectin,g comparable volumes of.brine~ In·' 

the, case of radioactive waste disposal, however, injection pressures· must ,'" 

be held to a minimum for assurance 'Xha:t 'upward leakage will not' occur, thus. 

both the trarismissibil;1 ty and the capacity of the storage aquifer must be 

well' defined. While high. transmissibility and large capacity are desirable 

from the standpoint of large injection rates at low pressure, their advan

tages may be compromised to some extent by greater and more rapid distri

bution of' the contamjnated waters. 

It has been suggested that an outer ring of wells would be required 

f'or monitoring the f'low wi thin the aquifer ~ For efficient mon! toring, such 

wells would be pumped, and could thus serve as a source of water for di

lution of' the injected wastes as a meaDS of reducing pressure within the 

aquifer. 
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TABLE III 

THERMAL CONDUCTIVI'l'Y OF. R~KS 
, (l6) 

per Theis,. " 

Conductivity, 

Rock 
TemPerature G Cal., :;) 
jDegrees C) )3ec. em. deg. 

Limestone, dolomitic, Queenston 
Ontario, ' 

~rble (l7 varieties) 
, Proctor, Vermont, Parallel to bed 

Quartzitic sandstone 
Parallel to bed 

Perpendicular 

Perpendicular 

1IRecrystallized sandstone" 
HHard sandstones" 
Sandstone, Boreland Bore 
"Soft sandstones" 
Slate,' Wales 

Parallel to; 'schistosi:f;;y 
Perpendicular to schistosity 

Slate 
Shale 
livery fine-grained1l 

"wi th sand" ' . 
Gerhardminnebron Bore(Witwatersrand) 

from 6457 feet 
fram 4190 

Silty clay 
Silt, Hankham (borehole) 

"uncemented" 
"micaceous, argillaceous" 

Fireclay, Boreland Bore 
Red marl, Holford 
Gray marl, Holford 
Rocksalt, Holford 

]23 
l77 
254 
332 
30 
o 

lOO 
200 

o 
loo 
200 

o 
100 
200 

o 
lOO 
200 

30 

l7 

30 

17 
17 

. 25 
25 
l7 
17 
17 
l7 
17 
l7 
l7 
l7 

-l4l-

j~4 ;"0-, 

3.4, 
3.3 
3.2 
7.7-5.0 
7.36 
6.0 

r 5.2 
7.2 

.. 5'.7 
5·l 
" i' 

, ,l3.6 :: 
>, lo.6' 

,,' ,9·0 . 
~ ~" ~. 

, , .13·l 
, '.: 10.3 

·8.7 
II 
lO.8-6.2 
lO 

, 4 

',' 6.7 
3·9 
4.7 
4.1-2.4 
L4 
2 .• 8. 

, '6.6 
:4.4 
3.7 
4.4 
5·3 
2·5 
4.4 
5·25 
2.2 3· 5 
l7.2 > 
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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 Should be high, preferably ten thousand gallons 
a day per foot, or more, a2though 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 ~ potentia2 hazard at distant points. 

4) A depth of a very few thousand feet is probably sufficient, particu
lar2y if the cover is known to be highly impermeable. Great depth 
is 2ike2y 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 desirab2e. Assuming a dom1nately 
quartz sand, iron oxide, clay and glanconi te are likely to be , 
annoying adsorbents; sulfate, and to a 2esser extent carbonates, 
may promote undesirab2e precipitation; chlorides are no problem. 
The'so-called heavy minerals and fresh feldspar are not likely to 
cause troub2e. 

7)A series of individua21,y thin permeable beds separated by less 
permeable material, rather than a single thick aquifer, may serve to. " .•... , 
reduce the problem of dissipation of heat. 

Site Location 

The choice of the most suitab2e location for injection of radioactive 

wastes will be based principally on wo ge020gical considerations. First" 

the location will be restricted t~ those areas where 2arge, permeab2e'aquifers, 

geolOgically isolated, might be expected to exist. Second, the regiona2 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 

requirements to an equal extent are found, it is possible that economic con

siderations can determine the ultimate choice. However, recent studies by 

Zeitlin, Arnold and Ullmann(25) and by Wollf and Rekemeyer(26) have "shown . 

that the optimum costs of shipping irradiated fuels from reactors to a single 
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processing plant and shipping wastes from the plant to an ultimate disposal 

site are not greatly affected by the relative locations of the plant and dis

posal site. 

The search for an area possessing the characteristics desired for deep well 

disposal must be based initially on a very thorough study of pertinent geo

logical information already in existence. The information acquired from ground 

water surveys would be expecially relevent 'lihUe the knowledge of deeper forma

t ions possessed by the petroleum. industry would be equally vi tal. After a 

general area bas been chosen, detailed seismographic exploration will be required, 

followed by experimental drilling, sampling, and monitoring of the proposed 

storage formation and its contained wat~rs. 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 describing these areas, refer

ence was made to the ground water provinces defined by Meinzer(27) and illUS

trated in Figure 2. 

In parts of the Southwestern Balson province, particularly in much of 

Nevada and western Utah, there exist many intermountain basins which are bi1-
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 near'the wells. 

The Columbia Plateau 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 possess very high p~eability 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 ~ the petroleum industry, in parts of Kansas, Neb~aska and Texas. 

These areas lie in the Great Plains Pliocene-Cretaceous, Great Plains Pliocene 

Paleozoic, and the South-Central Palcozoic provinces. 

Advantages of using some of these same aquifers for radioactive 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 Paleozoic, and North-Central Drift-Pal~ozoie_provinces 

there are large, deep aquifers containing highJ..;y mineralized water.,~or purposes 

of disposal these aquifers possess ,the advantages of simple, uniform structure 
, ~ . . ~ 

and hydrologic propertIes and they are relatively w~ll d~ined geologiea~~. Over 

wide areas, however, these format~ons contain frash water, which wo~d:-have 'to 

be maintained safe f'rom contam1nation. . ''.- .. ,. _.J 

. Aquifers in the Atlantic Coastal Plain Province. are coarse b~s co~o.sed 

of' sand or sand and gravel. It is eop.ceivable that deep aquifers coyered, : 

with beds of low permeability and containing stagnant salt ~ter .. could: be ~sed 

f'or radioactive waste disposal. There, would .bave to ,be assurance,. however,· 

that overlying aquifers or landward extension of the injection· aquifer would 

not be useable for water production. , ...... ";-:'':''~!'~:.-.:. :,' : ..... - -

• -, ~:; "? -37. !.~i·~:~ 

8.54 Storage in Dry Mines or eaves .".- ,~ . 
..... :!>-' ." .•• 

It has been suggested that abandoned mines or caves couid be used for ."" 
. . . . ~ ,:'.J ~~:~\,~: .. ::-!._. 

storage of high-level radioactive wastes. To ensure. adequate conta~en~. ~d 

minimize the hazards, such, areas would necessarily be restric~d~.to ,storage .. 
• ..,r' ..... ' •• '" '.' 

of solid or packaged wastes. An additional requisite for safe storage W9uld 
. ' ".;.. '.) '":; ':.t.~ . .... ~ . 

be the absence of' water or moisture since leachability of activity from,solids 
, ...... '" ~ '., .... ~;.' ~ .. ~. ,. 

and corrosion of' container materials by water could be serious problems ov~ 
. . :' . ".. . .., , .;,..:, .;.. :. ~ . 

periods of' centuries. 
t.:.'::.: ~~~:.-:.;.": ;~; 

Although there have been reported instances, of; mines which .~ere.drJr ,. 
. ., ~.. .. , -' ,' ..... ""' ............. 

particularly at great depths, the, consensus is that the vast majority of., ... 
• ... , ~, • ~ ' ..... :.M~.) • • ~, .,' ..... J.)~. .4" 

mines and caves are quite the opposite.. The possibility of. finding a sui t-:-
. , • ."". • ~.. ".1, !..Yo- ,:;: w J ;4._ (t~>":~,~. 

able area within a reasonable distance of a likely chemical processing_s~~ . 
". --. : -.-~ .... , ... :.~ 

seems remote. 
.,'~:" ~~-~~.:~LG 

8.55 Surface Disposal of' LiqUid Wastes -, ... I ~:£:{e:,.· 

In the proces'sing of' irradiated reactor fUels, large volumes of' liquid-

wastes are produced which, while nOt containing the bulk 'of the fis~io:iJ.·products, 

are ne"tertheH~ss of' sufficient toxicity to preclude their release to the en-
vironment. Because of their dilution, the expense of concentrating and stor

ing these wastes in underground tanks would be very form:tdable •. The practice 

has been at both Hanford and Oak Ridge to utilize 'the absorptive and ion 

exchange properties of the local soils far the purposes of disposal. . ~. . '. 
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(24) " " Brown etal have described the "ground disposal of radioactive wastes 

at Hanford where the wastes are discharged into gravel-filled pits, or cribs, 

and allowed to seep into the soiL The soil has an exchange capacitY of about 

0.05 milliequivalents per gram "and is used to retain the radioisotopes above 

the ground water table which lies between 300 and 400 feet below the surface. 

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

nuclides in the soil and "when trace contamination is detected in the ground 

water, use of the affected crib is discontinued and operation of a new facility 

is init.iated. Laboratory and field studies have determined the soil capacity 

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, li'llthenium, and nitrate. 

Ground disposal at Oak Ridge has been Summa.riz~d by StrUxness et'"al~25) 
Three, one million gallon surface pits, obelisk in shape, have be~n us~d td 
dispose of 4.2 million gallons of "waste containing 50,000 curies of C~137 and 

12,000 curies 'of Rul06 through June, 1956. Unlike H8nford, the grouiid-w~ter 
table at Oak Ridge is very near" the surface and reliance is placed on-the 

Conasauga shaie" fOl'llll;it1ons of that region to retain the radioactive" ~p~cies. 
• " .'l', .' 

This shale has an exchange capacity of about 0.25 milliequivalents per gram, 

is of reasonably uniform, although low permeability, and has" been found to 

retain all the radionuclides in the wastes to "a high degree with the ex-

ception of ruthenium. The ruthenium, together with the nitrate 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 radioactive wastes, it is large~ 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 . . 
local problems. Brown et al have outlined the most important factors to be 

considered in determining the feasibility of ground disposal. They include: 

1) ~e chemical and r"adiochemical content of the. waste. 
," 

2) The effectiveness of retention of the radioisotopes in the avail
"able :60il column above the ground water table. 

-146-

, " 

~ 

, , 



) 

l' 

:3) The degree of permanence of. such . retention , a s influenced by subse
quent diffusion, leaching by natural forces, and additional liquid 
disposal. 

4) 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 . liquid :disposal practices ~ ,: '!.: 

5) Feasibility of control of access to ground water·.in the affected 
region. ' , '. ~ .' 

6 ). Additional retention, if any,' on, sands and gravels. in 'the· expected 
ground water travel pattern. ," . 

7) Dilution of' the ground water. 'upon enter1lfgpub~iC. ~aters 1 

8) Maximum permissible concentrations in public waters of the radio-
. elements conc~ned. '.' .' 

The basic disadvantages of ground d~sposal ~e concerned pr~ily with 
. .. .. - . '. ' .... 

tJ:+e hazard of disposiilg of dangerous products in a manner· that leaves them in 

unrecoverable' form, . yet doe~ not"fix them"1ri:e:' p~~nent ~;m~e with assurance .. . . 
~t they can never become dispersed in' the enyironment~ Fur~re,. thes.e 

: ." • , '. , . .~. '.. . , , ! : :. \. .•. :.: : •••. " .• : ~ 

operations carried out·on a continuing or. expanded . scale would obviously r~er .' " . '.' . 

large surface areas uninbabi table for centuries.' :., . 

::. ... ; -, "" .. 

9.0 Chem1caJ.Processes'fox·F1ssion-Product·Concentration;'<RemovaJ. 
.. ~-.. ' ."' ..... ,- ' ", 
.~ 1,. ~ .-.., 

" 

(very 11ttl~ dO~e) 
, , ' 

:'" 
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10 .• 0 Economic Considerations and Data 

10.1 Rough Estimate of Allowable C6sts of Waste Disposal 

It is impossible to predict the exact chemical procedures and" steps 

that will lead to, safe radioactive waste disposal; equally uncertain is the 

choice of the nature of the ultimate disposal container and environment. 

However, it is possible to define in a more or less general fashion the 

steps that will lead to ultimate disposal of waste,'and to suggest possible 

means of accomplishing each of the generalized steps, basing the suggestions 

on experience 1 development work now :l,n progress, or in opinion. ~ving done 

this Dch, 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 collecting costs. Costs have been 

accumulated or estimated for certain steps in this overall waste" disposal 

scheme. However, the costs have not been made on any consistent baSis, 

nor have the important economic effects of plant capacity and many other 

variables been considered. Costs in this report may, best serve as a gen

eral guide as to what can be expected. More thorough cost s'bldies w~ll 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 rO\lgh guide to allowable costs for waste operations 

and disposal. Since many costs have been reported as costs per gallon of 

wastes, Zeitlin(2) 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 probab,le liquid waste volume produced 
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per~n of natural uranium (or equivalent) processed. At 4000 Mwd/t burnup 

and a waste production of 800 gallons per ton of uranium, an 8 millS/kwh 

economy could support an approximate waste cost of $2.50 per gallon of 

high level wastes. We suggest that this number be used to roughly measure 

the economic advisability of steps suggested for waste disposal, recognizing 

that cost of all of the steps shown in Figure 1 must be covered assuming 

that no supplementary income is obtained from the 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 extraction 

raffinates from irradiated fuel processing can be as high as 1000 curies 

per gallon (proposed power reactor fuels may be higher) to a few, millicuries 

per gallon. Radioactive solids can be pure or almost pure fission product 

concentrates (example: Carrier-free Cs137 with specific activity of approxi

mately 500 curies per gram) 'or very slightly contaminated solids for labora

tory tracer level studies. 

The type of radiation also contributes to the cost. High energy alpha. 

emitters with long biological half-lives, such as plutonium, require special 

care which will increase the costs of handling. Alpha and beta emitters 

can be handled Without heavy shields, but gamma.,:;emitters require shielding 

supplementary to the container itself. 

The costs for quite a variety of operations for all types of contami

nated $olid or liquid wastes have been collected from a large number of 

sources. Frequently a specification of activity level, plant capacity, 

or other factors pertinent to the cost was not available. 

~n.2 Costs of Evaporation of Radioactive Wastes(4) 

Costs of evaporation of radioactive wastes are summarized in Table I, 

annotated along with activity levels of feeds, capacity of units involved 

and other pertinent information. 

We should point out that high level wastes release sufficient fission 

.' 

'. 

product heat to self-concentrate in the storage vessels. Since reflux condensers ( 

are provided for most high level waste tanks, this self-concentration, 
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·Table 1 
:., 

'f 

SUMMARY.OF SELECTED RADIOACTIVE WASTE EVAPORATION COSTS 

Estimate 
Unit ~te or Approximate . 

Year Built Activity lavel" 

oak Ridge National 1949 106_1d3 d/mi~/ml "" 
laboratory 2 years or older 

Idaho Chemical Plant 1952 108_109 d/min/ml 
120 days cooled ~ 

Estimate by J.bund lab 1952 a. Highly salted;' 
for High lavel Solvent full level feed 
Extraction Raffinates 

b. It 

I', 

.. 
Westinghouse Atomic Very low .. 
Power Division Low 
Level ~oncentration 

Brookhaven Low 1952 Low level 
level Evaporator 

Knolls Atomic Power 1950 low level 
laboratory Lo\{ 
Level Wastes 

, .. 

~Actual processing rate rather than nominal capacity 

" 
~ ; , , 

;1 , 

. Nominal 
: "Capacity 

300gph 
as condensate 

350 gph 
as condensate 

a. ,100 gph a. 
, (as feed) 

b. 1000 gph b. 
(as feed) 

"'1,600,000 gal/yr+ 
as condensate 

" 
361,000 g'a1 + 

per year as feed 
i' 

" 4,500 gal/day+ 
l?-S feed 

", 

.~ 

',' 
: ' 

'" 

Installation 
Cost 

b ' 
<j> 

45,000 building 
45,000 equipment 

450,000 equipment 
300,600 building 

200,000 building 
200,000 eqUipment 

800,000 building 
800,000 eqUipment 

43,000 building 
71,100 eqUipment 

92,900 building 
204,4QO equiPment' 

324,000 building 
510,000 eqUipment , 

;\ \.~j 

;. l 

11. 
I' ,. 
t 

Operating 
Costs 
$/ga1 

0.054 

0.149 

a. '~20:l = 0.169 

b. e 20:1 : 0.037 

. ~ 0.023 

@ 130:1 = 0.033 

0200:1 = 0.025 

\. 
I 

I 

i'i-

.. 
" 

Amortization: 
10 years 

5 
for building 

It equipment 
days per year 300 

Approximate Total 
$/gallon cost Reference 

Including Amortization 

0.06' ORNL - 1513 

0.179 by ~. G. Stockdale 

0.253 J.bund lab MLM-672(1) 

0.069 .11 

0.035 NYO - 1830(3) 

0.17 Same{) 

0.156 Same() 

I 
I-' 
V1 
V1 

I 



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 4:1 to 6:1. Condensate can'be 

sent to further purification if necessary. 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 National Laboratory Liquid Waste Evaporator System 

Capacity: Design, 300 gallons J?er hour 

General Description: 

The waste evaporator consists of a shielded pot evaporator with feed 

tank, an entrainment, separator, condensers, and a condensate tank housed 
, '6 9 in a one 'cell concrete-concrete block structure. Feeds vary from 10 to 10 

disintegrations/min/ml. 

References: ORNL-393, i'Design and Initial Operation of the Radiochemical 
Waste.Evaporator". 

ORNL-1513, ORNL Radiochemical Waste Evaporator Performance 
Evaluation - December 1949 through Dec,ember 1950. 

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

Capacity: Design, 350 gallons per hour 

General Description: . 

The evaporator for concentrating dilute radioactive stream is a ther

mal cycling type with the thermal-leg or steam chest external. The evapora

tor is equipped with pneumatically operated density and. liquid level indica

tor recorders and temperature indicators for both the liquid and vapor. The 

evaporator pressure is controllable between atmospheric and 22 inches of lig 

vacuum. Suitable entrainment separator}.~ondenser, and condensate receivers 
. ~. ... ~ . 

are instailed. 

References: IDO-14334, "Experie.nce of Handling Low Level Active Liquid 
Wastes at the Idaho Chemical, Processing Plant" • 

ORNL-1792,' "A Cost Analysis'of the Idaho Chemical Processing 
Plant". 
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10.23 Mound Laboratory Estimate of Cost for High Level Waste Evaporation 
at 100 gph Hot Feed Capacity 

Capacity: 720,000* gallons salted feed/y.ear 

Amortization of building: 10 year period 

Amortization of eqUipment: 5 year pertod 

(BASIS: 100 gph - 24 hours/day - 300 days/year) 

10.24 Mound Laboratory Estimate of High Level Waste Evaporation at 1000 
gph Hot Feed CapaciEY 

Amortization of building: 10 :year p~~od 

Amortization of equipment: 5 year period 

(BASIS: 1000 gph - 24 hours/day - 300 days/year) 

7,200,000 gals salted feed per year 

20.3 Waste Tank Costs(4) 

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 - 1952-54 

Tank Capacity: 600,000 gallons per tank 

General Construction: 

Flat roof, carbon steel, 75-foot-diameter tank, encased in concrete. 

Roof supported by eight 2' _0" O.D. seamless pipe columns filled with concrete. 

Earth cover 9' -0". Ground water to top of concrete. 

Cost: 

Figures listed in table a;-e .based on material, labor and distribution 

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

Number of tanks 
Coaling Coils 
Vent. Condenser and Filter 

8 
4 Yes, 4 No 
4 Yes, 4 No 
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8 
No 
Yes. 

8 
Yes 
Yes 



Table 2 

CAPITAL COSTS OF Rr\DIOACTlVE HASTE STORAGE TAliKS 

Internal 
Capaci:t;y Year r-nterial of Cooling Reflux Total $ Cost per 

Installation at gallons Constructed Construction Provided Condensers Cost $ gallon capac! ty Comments 

Site A High 600,000 1952-l95~ Carbon steel Yes Yes Avg. 1,080,000 L80 Can handle neutralized 
level \-iaste Tanks wastes only 

Site D High 1,000,000 195~-1955 Carbon steel- No Yes Avg. ~03,OOO I 0.40 Can handle neutralized 
level Haste Tanks Concrete wastes only 

Site B High l,OOO,ooo Bids 1954 Carbon steel- I/o Yes 172,000 0.17 
level Haste Tunk Concrete 
Estimates 

I 

Hanford Hot 30,000 1951-1952 Stainless steel Ho 83;090 2.77 t-' 
V1 

Semi I.orks Tank liner CD 
I 

1 Cpp H~gh level 318,000 1951-1952 stainless steel- No Yes 5h6 ,415 1.77 Can store acid raffinates 
:~aste Tanks Concrete 

" 300,000 i95~-1955 Stainless steel- Yes Yes 869,390 2.80 " 
Concrete. 

1 CPP High level 30,700 1954-1955 316 Stainless Yes Yes 255,000 8.20 Interein storage of acid 
Special Interein Steel fluoride and sulfate wastes 
ranks. 

Hope Pit for 5,000,000 1954 Asphalt lining in lio Ho 700,000 0.14 Not in use; 
Intermediate levels earth pit still being studied 



10.32 Si te B. Waste Storage Tank Cost~ 

Construction Period - 1954-55 

Tank Capacities: 1,000,000 gallons each - Total 6,000,000 Sallons 

General Description: 
, , 

Tank farm consisting of six bUried storage tanks of prestressed, rein-

forced concrete with 3/8-in. carbon steel liners with appUrtenant control 

structures, connecting lines and pipe encasements. Control structures 'in

clude diversion box, reinforced concrete ventilation building, and ~ control 

house of insulated metal 'siding on a ci::mc~ete fc~datio~'. ! Also' includ~d' are 

a pump pit, waste cribs, and sampler pits: :Chain link fenc'e'surroUnds the 

tank farm and woven wire fence encloses the waste cribs ~ " Tanks' are: of domed 

roof design, 75 feet 1.d. by 34 feet high at the walL :Capacity-l,OOo;boo 
." __ 'to 

gallons each. ~ • .,! .' 

. " ''''-; ." 

10.33 Site"B~Waste 'Storage Tank: Gosts . 
.t ::-; ': ,. 

Bids Received 1954 
. ,. 

Tank Capacity: 1,000,000 gallons each 

General Description: Bid on Work: 

Work consists of 15 underground steel-lined reinforcea co~crete 'tanks 

having a gross capacity of approximately one million gallons ~~ch. -'- The~e' , 
tanks are arranged in three rows of five tanks each. Tank bottoms and walls 

are lined on the interior 'with 3/8'" steei plate; tank: dome interior' is not 
lined . The~.,bottom of the base sla'Q,s average 50" belOw the 'naturai' ground 

level, and the, domes of the tanks have an average of8 t 'of ee.r:th·;cOverage. 
, . r 

The tanks are a nominal 75' in diameter and are spaced on approXimately 

100' centers. 
-. \: :~ . 

In addition'to'the above' tanks, work inlcudes a diversionoox with 

catch tank, concrete encasement with stemless steel tub1ilg', 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 $;00,000 in to~l project cost. The tanks wOuld have the same effective 

capacity; wall height would be approximately 4-1/2' less, ali other featUres 

of the work remain the same 
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:10~34 Banford Waste Storage Hot Semi-Works 

Construction Period - 1951~52 

Tank Capacity: 30,000 gallons 

General Description: 

A 30,000-gallon underground storage tank 20;feet i.d. by 14 f~et 

3 inches high·. One~foot thick cone wall and roof. L1~ing 1/4-inch stainless 

steel. 

1O.35 Idaho Chemical Processing Plant Waste Storage 

Construction Period - 1951-52 

Tank Capacity: 318,000 gallons each 

General Description: 

Tank farm consists of two 318,000-sallon 347 stainless steel storage 

tanks, eacJ?'50 feet in diameter and:,32 feet ,tall with umbrella roofs capable 

of supporting themselves wi tbout beams. The tanks are housed in two octag

onal concrete enclosures designed to support 8 feet of earth cover. 

Both tanks are equipped with liquid level::..tmd density recorders, 

!nUl tiple thermocouples, and pressure-vacuum relief valves.. One, tank is 

provided with two reflux condensers. 

Reference: ORNL-1687 

10.36 Idaho Ohemical Processing Plant Waste Storage 

Additions to Original Construction 

Construction Period .-,1954-55 

Tank Capacity: 300,000 gallons each 

General Description: 

Addition to the tank farm consisted of three (3) stainless steel 

300,000 gallon tanks (two equipped with cooling coils) erected on concrete 

pad , with precast concrete enclosures. Instrument control house is in

cluded in contract. The, following features ere included: 

(a) Tie-ins to existing first and second 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 first cycle waste tanks (thOse e~u:ipped with 

cooling coils). 

(d) 

(ia) 

(f) 

Access'mearis for portabi'e pumping device in case ,of tank failure. 

Liquid level, temperature, and pressure recording '1ristrumentation. 

Jets in tank enclosures. 
,. , 

(g) Vent 'system" with relief valves, to stack. ':, 

(h) Nine feet of earth cover. 
.. ~ . ' ;' 

The firht cycle tanks have the following additional 'featuI-es':',:,: 

~ .,.! 

,.,. ~ 

~< • 

(a) Cooling ~011s with 100% 'spare capac'ity-' and sui table' val ring for 
.. : ". 

testing and removal of the system in case of' failur.e. 
,~ 

(b) Recirculated water system consisting of 'heat"1D.terChangers surge ' 

tanks, 
It.' ,.: : - F' 

and circulating pumps. ' , ' " 

(6) "Vent condensers for each 'tank. 
':. ,t'\o.;!r: 

(d) Suitable instrumentation. ' , 
., -' .,. 

Reference:":: IDO-240ll - ....... - .. -,--~--,-

,l,. 

J.O.31 Idaho Chemical Processing Plant Waste Storage Costs, .. :'>':', :':', ,:'",'.,::::~.:'. 

Construction Period - 1954-55 

Tank~Capacity: ,0,700 gallons 

General Description: -' . ': ~.'] .. , .:~. 

Four (4) temporary underground 316. stainless ste~l waste storage 
~. ... . ',. . .. -.., .. ' 

tanks (,0, 100 gallon capacity each), including cooling coil~ '.a.m four (4) 

condenser s , set on concrete .draPla:ge pad. AUx111eJ:;1.~s c:~~,~1.~~ ~~of waste 
'"' ... ""-.-.......... .. -..... ~~.>- _ .... ,~ ~. '",,'._-..... _-

storage control house, ins.truments and 'instrument contro~ panel, facilities 

for monitoring and sampling, process and utility piping, ,·electrical equip

ment, and waste lines (750 feet) between process building and tank farm. 
, . . " 

Farth cover approximately 24 feet. (Concrete cradles approximately 35 feet 

below grade.) , No' conc~ete e~closures~ ~e'ct~ tank. 'life (t;~~,corrosion) 
.. ". . :; : '':: .• ~.:. ': "j". 

five years. 

Reference: IDO-240ll 
"r.· • 

, " ~ ...... 

or t, . '.' 
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lQ.4 Cost of Collection and Disposal of Low Level Liquid and Solid Wa,stes -
and Some Notes on Current Practice 

In 1955A.,B',Joseph, Johns Hopkins Universit;r, 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: 

I} Wastes which require limited,personnel exposure or shielding 

because of a gammaradiatiop rate of 2 roentgen per hour in 

air a short distance from their surface. This lev~l can be 

achieved with a very few curies of mixed fissionproducts'~", ,~ 

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

aged about one year, (which emit gamma energ~es~ of about 0.7 

Mev) in a cubic foot of material that would give a ,dose rate 

of 2 r/hr at a distance of one foot in air is as f~llow~: 

SEecific Gravit~ Typical Material No.' Curies 
- .... - .--.. .. 

1.0 Water 1.89 

1.2 Compressed Wastes 1.97, 

2.5 Concrete 3.42 

2) Wastes which give a dose rate of 0.05 r/hr at a distance of 

one foot in air. This dose rate can be reached at a distance._· 

of one 'foot in air from a one foot cube containing 'the 

following' number of curies: 

SEecific Gravity Typical Material No. Curies 

I.O Water', , 0.047 

'1.2 Compressed Wastes 0.049 

2.5 . Concrete ','" 
0;085 

We should point out that there is a great difference betWeen the 
, . 

level of these wastes and those which are prod~ced 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 radioactivity; solids such as kleenex, 

contaminated containers, etc. 
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", 

" 

" 

Although the cost accumulations are not highly acc~ate no:v the in-

dividualuni ts discussed analysed on a. common ba~i,s of. comparison, ~e infor

mation summarized by Joseph represents an approximation of what present low 

level waste handling and disposal may cost, The summarie~ ~lso" indicate 

current practice for this type of waste at various AEC s1 tes ,,' ,'.' :':= .,.\-, ,,, ': ·· .. c 

The following 1s taken from the summary ~f, J os~ t s. repor,t". . ;~:.,;'.: 

There is no established natio,nwid.e AEC policy conc~g the disposal 

of radioactive wastes other than having those wastes which are xeturned to 
. . ... *. -. '~'---- -".,. , 

nature be below certain allowable limits. of activity •. The practice: of re:-.l 

leas.ing waste to the environment varies among all the installat.ions ':.~ Some 

installations release curies of activity at the~ sites every: year. " 9thers 

release little or no ~ct1 vi ty at, their si "j;es, ~ansfEI'ring their. ~as:te, maj.;eri

als elsewhere for release instead.. In general, those insta,llationsWich,~'-' 

have large are~s of land release low level liquids and bury radioactive solids 

within their. si te boundaries. Necessarily they keep a continuous check· to 

determine if any activity escapes and to 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 radioactivity to the 

larger sites for disposition.or to the sea coast for dumping 'into-the. oceans. 

Waste Collection _ ... _.~ • ...t: 

The objectiv~ of--wsste collection is to gather the ·wastes into one':l 

or more places-:,so that·they may be:, a)treated,- bLpackaged'or::.c)"policed 

and released in' a safe-andreconomical' manner,', Collection practices·:are·./;:-;, 

rather uniform throughout the country. All of' the installations .take extra 

.. precautions ':with ,haza±dous, wastes, .. whether.they be alpha em1tters-::or beta-

gamma emitters., Low" level wastes'which are relatively' non-hazardous:are -, 

handled with less restrs.int.' Low level liquids are collected in regular 

sewer systems and solids are collected. by' crews using motorized carriers. " 

.;:: _ LiqUid Wastes: Most liquid. wastes' are collected on site' in sewers; , 

some are handled in integral containers. Sewer systems vary in. size,' ex

tent and method of' construction. Wastes f'lowing in them are. under mor,e 

or less continual scrutiny as they pass through monito+1ng points. : .Usually 

monitor~ng points are located at the point of origin of' the wastes, the 

point of treatment and ,the point of discharge to the 'environment. Collection 
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in s-ewers is not a fool-proof method. Sewers have been know.n to leak causing 

a great deal of consternation about uncontrolled release of radioactivity to 

the environment. Sewers which carry high level wastes l:tave built-in safe

guards, such as a sewer within a sewer, wh~ch gives more positive control 

over the wastes • Monitoring pOints, buili-i:o:: safeguards and'other::l?pecial 

facilities and controls make the collection of liquid wastes more expensive . . 
than the municiPali tycoimterpart 61' sewer collection.' 

Solid Wastes: Almost all· solid wastes are accumulated in laboratOries 

and working 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 reas'on, as far, as . 

could be ascertained, for the wide variation in accUI!lUlation methods 'other' 

than differences in opinions. . The .. simplest procedure is that of cOl1-ecting 
" ... "" ~ 1 

the wastes in the containers which are shipped. The next simplest appears . 

to be the can method using 32 gallon G.I~ cans .lined with polyethylene bags. 

Thts method is low in cost, especially at those places purchasing the: bags' 

at:a low unit cost •. ':',:'~\ ... ~ 

Another problem of. collection is that of ·transportation, i.e.;,·ph:ysi

cally moving the wastes from the point of origin to a central or convenient 

location for further treatment. 'lhis 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)." ProvisioIlSfor 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 iii relative dollars and cents because they are di

rectly reflected in construction costs. 

Waste Treatment 

The primary reason for treating radioactive wastes is to reduce the 

volume in which the radioactivity is contained. It is less difficuit to 

monitor ahd package small volumes than large volUItles. 'lhe cost of reducing 
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the volume must offset the cost of disposing the untreated volume minus the 

treated volume, othe..""Wise, there is'no economic basis for treatment. Fach 

installation has made a study of its problems. The .methods in use reflect 

the results of those studies. J. '-, 

Liquid Wastes: Liquid wastes in the atomic industry are treated by 

anyoftbree methods: evaporation, co-precipitation with chemical coagulants 

and ion exchange., Fach method has its special merits and special"applications. 
i 

,Large volumes of more or less homogeneous liquids are effectively'.,handled=by 

co-precipitation. Heterogeneous wastes are· more easily concentrated by·' evap

oration processes. Ion exchange is used mostly for selective removal of::, 

certain isotopes. r ~ ", t .', ~ 11:. 
," .. , 

Solid Wastes: Solid 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:pombustion': 

'gases which carry off some of the contaminating isotOpes. ,< Presently: only' 

one installation, WAPD at Bettis Field, uses incineration. -There; the~level 

of contamination of the"W'8stes is rather 'low and-does not present a~;very:::c 

difficult gas problem, Actual results with the BettisField~iiicinerator 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 reason for balmg is, to reduce 

the packaging costs. 'An analysis of the' economy of solid waste volume re': 
duction is presented in Appendix 2. ";" ':: -, -n·). _:"'" ~,~,~ ':: :":'::' 

Packaging for Disposa'l' ,':; . :.' . ,~., ,- ,', .,. ,~, "! " '::' '.: 

Packaging for· on-site burial is minimaL' The wastes' arEFjust ':sU:rfi

ciently restrained for expeditions and 'safe handling in-collection and trans

fer to burial. Considerable preparation and packaging are·'involved'in ship

ments off -si te. ' The ul time te repository ,- 1. e ., on land or 'in ~'the 'sea, deter

mines ,. the characteristics of the packages. 'Those packSges" of: waste which' 

are disposed of into the sea are made heavy with concrete to ensure sinking. 

Waste packages which are to be buried on -land do not have the added concrete 

and consequently involve less shipment weight per volume of ':'waste .. -Packages 

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

be no spillage in transit. 
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There are no regulations, . per .se, 'Which specif'y packaging materials or 

methods of constructing packages. Interstate Commerce' Commission regulations 

state that a package containing radioactive materials should be "tight":-allo'W

ing no leakage from a package. ICC regulations do specif'y a limit ··of tolerable 

emitted radiation. These are .based on the possible fogging' of X-ray~film 'Which 

may be in transit. AEC shipments of radioactive.materials ere exem;pted, from 

ICC regulations if a courier accom;panies the shipments. All those',installa

tions utilizing common carriers have reported that 'their shipments.,do"comply 

'Wi th the ICC regulations. ....:.:: .. .' ... 

Two kinds of packages predominate in waste shipments: steel-drums, 

a~d 'Wooden boxes. Other packaging materials include fiber drums,,·fabricated 

steel boxes and poured concrete boxes. Steel dJ::ums and t};!.e concrete .90xes 

contain most of the 'Wastes that go to sea. All .the other ·packaging.materials 

together 'With steel drums contain shipments.~destined for land· burial. :...cI?rums 
usually contain slurries and loose bulky materials, and the other .kind of .' 

packages contain t1;ash and misce:uaneous it~, of 'Waste. ~' 77.::-:"" ~-.: • '". "':"' 

Waste Transportation ~::, l~"I:': 

The mode of transportation to any disposal site is determined· by con- , 

venience and econom;y. AEC, contractor .owedtrucksare used in some cases 

but mostly the shipments. are by the. common carriers, bo~ railroad and,.:truck. 

Most of the wastes are packaged according to.ICC specif'ications and· these . , .. ~.. . . ~ .. 
are transported 'Wi;thout the accOIIrJ;animentof .,~. :.cpurier. A radiai;;ic>~ ~~or 

does accompany those shipments whose raq.iation levels are above_ r.'!C :.tc~l~~:: 

ances; a few such shipments are made from Brookhaven,' B~r:keley and~Livermore. 
-. . .. .. ~- .... , 

To limit possible;contam;nation and. to facilitate decon+.amjna~ion_most of 

the installations cover~ -the floor and ~alls of the co~ey1ng .. vehicle ·with·a 

protective 'layer:of paper •. '.. \" 

. The 'Wastes are ,loaded aboard the conveying :vehicle by AEC, contrac:t;or 

personn~l ,and with one or . two exceptions they are· also unloaded by ~ con

tractor personnel. The exceptions are those cases in which the Navy .~- . 

loads the wastes at dockside. The routes .~aveled by the waste carriers are 

most .direct; public highways by the trucks and.regular freight routes ,by . 

the rai.l:ii:oads. , So far as is ~ownall shipmen~s have been made .,ithoutany 

loss of lif'e, 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. {Sonie of the wastes sent to the Lake Ontario . Storage 

Area are still'stored above ground.}':: These wastes include lOW and:''interm6diate 

level solids and liquids. The intermediate level liquid'wastes'sre"ihe residues 

of evaporation or concentration processes in the form of, sludges' arid: 'are' 'more 

or less solid in physical form. Usually:wastes that are' buried '8re':-bUr:fE;~' in 
• , • ",.' " "'-. • - y~. ~ ••• " ~.# -< ... ' :"''1",':''1<1.'''':' .~"<~"'';'::;:' . 

their shipping containers.-Radioactivewastes are'buried'by"a method' 's1inilar 

to a sanitary landfill operation. A trench or hole i~ f1X·st··~xcavated:;,'1n?a 
~ , " ' • .......' r' 40 ',. .d..;:. r. 

geologically suitable' area~' The packages' of wastes, those shipped 'cross- . 
• • • ~ - '. '. • •. , " • : .... ! t" t"- ~~ 1'*'t ~ 

country and those collected 'locally, are dumped 'into'the excavated"OOle and 
, . '. . ~ . " . "', ~.. ", -", " : .... : ... ';,( ~;~ "(" !.~ 

covered with dirt;' Some'installations backfill by 'alternat1ng"layers' of dirt, 
... " • ..,r ,": ....... ~ ,:.t;.o.e:- , .. -~-rf. t.c<~~T-~~ 

and wastes and others use only one cover'layer of 'dirt on·top. The ,'excava'tions 
" '.~ , .. ,. .. ". '. ~ ~", _. " :;"'--'''f~:'': ' .• ".~~~'·_:j"!r ..... ,.,...._r~ ",' 

range f'rom 10 to 20-feet '1ri depth'~'" 'DiTt"·cover,.i.fs:·~propOrtional-::;CtO'-"radioactivi ty~ 
• ..' t • • ~'l " "" ~ ~ .... ':" - ... : ",.. .f."j' . 

ranging f'rom s' m1niIinun of 3 ft. for low level wastes to6 or 8 'f't:·':for.higb. 

-'" level wastes.' 
:; - ~ ..... ~ ... ~ ";"':'_ ~L';:"."f ..... :"'.; ,"e.~:~. 

r;. .... 

": u • • ~. ~ .. ; .. -.-;~. ". ... ~ ~~ ... ,.:,.:: .(p:t"'.'\'~"'!:.""..."":"'~~'~' ~;"n~-' 
Decontaminated liquids and 'low level radioactive liqUids-are released 

, • .' .,.' •.• '" ' .. : I' - -.- " •• ' ""~,,,.:.;..~.~~ ·L·~ ~~Ft'"\i~ 

to the environment at the in'stal.l.8.tions:-" Some plSces"release" to nearbj'Sijr-
.' > • • ... ~.' •• ,,''''''V' II- (' .l"j ..,. 

. f'ace watercourses and others to underground strata by seepage f'rOm "Surface. 
• • '\' ,~.~ ... ,' ";'~¥.,J" 

lagoons, pits, cribs or by'discharge toreverse wells. All the1D.stallations 
~ :. '. \ -~ .... ' .' ~ r' '. '~ '.~,~ ...... "' ~. .....,~::"'f",'!'. 

have established certain' tolerance levels f'or the release of radioactive'~" 
'. -, . ".. • • ..l >!" ... \. . ,~. '.- J ~.;;;:. _ .~j<lt'J",,~'" ~: 

material to the environment. Area monitoring program.S'-at'alI of' the~1listalla-
.' ' .. ''''I'~''' ~: ..... '.~~ •• ": •• '.,..::..· .. '!'<;rCl':~J"">".; •. .j.r:t-~~ 

tions releasing materials are 'pUrsued to determine 'the -ef'f'ects,"c~if"ihi,:"on 
" ,.-..• -":- . l' 'w~ ~". ?,_. ~ " ~:' .~~:'~'. ":, ~ ... : __ .: ~ '''t~ ~. "::,r :'f:~~;W it· .;~~·gB~ . ~~ilC:; 
the environment. ', .. ' , 

~ -:. ... ."',~ "': t·' :" Jo'.' ~:-::"~, .. , ,;: ~. :.,-, ':-"!'~ .. ~ J r .. ·, ... ".",' ,''':;' t},t:""r ::~""f·~"'.:i ".;:.·fi"r~:'Jt: 
None of" the installations release high level liquid ,wastes to the en-

.~. -.' .:~ ._:':", ,:,., ,';." •.• "j, ~ .:f: .:~ '., :{.~ ., . ',~ , .~. ~ ~.H:: ~.' ~l-;;.:·"~:,:'n· .{-~:.,::.; ... _;..", ~'it '~"t" .. 

vironment. These particularly hazardous wastes are confined withiIi specially 
, ... '~ ... ' ... '"" .. '.' ""'. ". . "."', .... ..:, .. , :.'.:',':,..' -7."" ."-:.' ~ ii~·,'";;;l-= ... ~~:'~~,,:r"t!'~,.::Ji 

constructed, underground storage tanks. ' 
." 'Sea Disposai ' ',-, , .. ' ~ ::...:~ , ':', .~:~' TY' ' ';. ;;",~ ::1 

, , ,., ' .. " ' '." "~ 
On the West Coast, the San Francisco NavY 'Shipyard (HuDtex-s Po1nt)l! 

is the home port of the YGN-13; a niodified dump scow whose mission is to 
•• • > ,I' ,- -t • 

carry out and dump radioactive wastes at sea. The Naval Radiological Defense 

Laboratory at lfunters Point . co-ordinates truck shipments from the 'Berkel~ 
and Livermore sites of the University of-California Radiation-'Laboratory. 

Wastes from these sites and. from'cthe USNRDL constitute th~ bulk of the matter 
" 
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taken out to sea and dumped in a designated area about 20 miles off San Fran

cisco where the water is at least 500 fathoms (3,000 ft.) deep. 

On the East Coast the Navy operates a disposal service for defective 

ammunition. An LST puts in a~ selected ports along the~tlantic Coast to pick 

up unwanted ammunition and haul it out. to sea. Co-operating with the AEC. the . . " 

Navy also accepts packaged radioactive wastes and disposes of it along with 
, ... 

the defunct ammunition. The designated dU!I!piI],g areas in .the Atlantic are at 

the edge of the continental shelf about 100 ~les from the mainland where the 

water is at least 1000 fathoms deep. 

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. (6,1 x 

6' x 12' max) concrete disposal units which contain contaminated isolation. 

(glove) boxes and other bu1.ky ~ tams • 

'Conclusions Regarding Liquid Wastes Disposal Costs 
. . 

On the basis of available data it is difficult to make equitable com-

parisons of the costs of radioactive liquid waste disposal among the installa-
. . 

tions surveyed. Table 3 summarizes the principal items which. makeup these 

costs. To make a comparison one has to calculate a unit cost -in the case 

of liquids say, cost per gallon. The column headed IICollected after Monitor-
. . 

ingll includes all of the wastes in some cases and only part of the waste in 
. . .' ...... ~. 

others. As a divisor in dete~ing unit costs it is not equitable because 

it vaires with the different kinds of wastes. The largest item of colle~tion 

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 ll
, the column lIEf'fluent Discharged ll also has an element of . '. 

unreliability. Unit costs computed from either one of these indices could 
. . 

be made lower by diluting the waste· stream with water, possibly storm water, 

and thus increasing volume. 
. . 

The costs of liqu~d waste treatment and waste concentrate d~sposition 

operations are summarized in Table 4. The reader is cautioned against com

pa!ing these costs. The basis for each item is not the same. 

Conclusions Regarding Solid Waste Disposal Costs 

Tables 5 and 6 summarize, by installations, the costs of the various 

phases of handling low level and high:·.level wastes. For preparing these 

-168-

\. 

'. 



I ..... 
0-
-.0 
I 

I" -, 

, ' 

Collected Transferred Radioisotope Concentration Treotment 
Installation otter in 

Monitoring ContaineF$ Evaporated 

ArgaMe Nai, Lob, 5,732
1t1 " 116 66 .,.' 

.' , " 

Bettis Field hVAPO) 1,67913\ 79 1,600 

Brookhaven Not. L 3,261
14

\ l2 ; 367 

Fernaid IFMPCI \ 

'., .~" " 
Knolh Al Pow. Lob. 1,130 !i " 1,125 

\ 

! ; 
Los Alamos 13,900 none none 

15\ 
NRTS ICPPI 671 none 252 

Oak Ridge 10RNLI 1,000 
, 

none none 

Roelly Flats 4,800 none I none 

(I) Discharged either to a surface holding pond or direct!1 to subsurface. 
(2) Does nol include high level wasles collecled in 'pots • 
(31 Does not include wastes dumped to sewer syslem. 
(41 The quontity monilored was between 367,000 and 120,000,000 QailoRS. 
lSI The quonti1ies lisled are tor a 6 month period. They would not be true 

for a 12 mon", period if doubled because waste' production varied. t 

Chemically 
Precipitated 

25 

none 

none 

I 

non. 

none I 

i3,9oo 

none 

none 

; 1,570 

.; 

Volumes 
" I '\ 

of i Liquid: Wastes Handled 
(Units' in! , ~.' 

Table 3 

Ion Concentrate 
Exchanged Produced 

1.9 

none 3.96 

none 3:61 

non. , 
I , 

none i 4.9 ~ 

none 33.2 

: 
none 3.56 

none none 

none 45.5 
i 

~ • ,,) : i I 

(by stages ) 'During 
10001

5: gallons) 

. ! 

-., 

Effluent Discharged Stored in 
Underground 

To To Tonks 
Surface Subsurface (I) 

46,400 500 none 

137,000 none none 

i20,OOO nolltl nonQ 

.94,000 none none 

126,000 none 42 

13,900 none none 

none 671 3.56 

158,000 1,000 none 

40,000 786 none 

Fiscal Year 1955 
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... ostes Gro,,_ COil COI'IctturoliOlt 
tnstaliottOfi 1reattd of Cost 

(.oftU;l"ltrotion p", Gollon ,. 
!l000 901) 

110 T'FlEArMf:Nr (lVEN 

Oal Ridq< (ORNL) 1,000 RA. H.A. 

8Y EVAPORATION 

.leO ....... Not I.a!>. 66 S • 
BeM;' 1' •• 14 IWA.PD1 1,600 56,060 0.04 

Ilr""""'.,.. ... Not L 367 ",400 0.17 

Knoll> 41. Po-.l.aIi. 1,125 60,900 0.05 

!cPPI 
/61 

NRTS 2.52. 

BY EVAPORATION ANO =1 tNt; _4 
tFMPCI 718,141 

BY CHt:"'ICAL PH. CJPr'nJnON ·NO VACUUM FIL 'IIATION OF SL/JDSl 

AtO_ HOI. lAb. 2.5 

l..ot AlomCK 13,900 136,840 0.01 

Rodor nota 1,510 126,IZO 0.08 

M.A. ~I)nif •• s -lIIOt CDOlitobM-. 
tt) total 1reottn<tttf cOSI nu~ f'ud cost. 
(2) EJI1MOttd ;;s 0 p'oPOt"ttOI"l o.f tnt ,roSl "tight ot woolum. .tUCP4ct 
13) ConUtuChM \lnll Cott of I'or09. faciHtlu rnuUiphtd by OfU'HU;1 .nput. 

Ooes :lOf ("'Clu4. operotlonal end mointenonce tesU. 
f4J 01\1,. 2.COO OGHo11S pcu:kGCtd. 

Operotino 

COSI 
III 

RA. 

S 

37,510 

1%,2.30 

8,500 

328,1131 

." ,630 

66,870 

t51 t""or,"col coS! of Shp",ng ~,'OO QaUono ,. ORNI.. 11.,100 IllS G1 l2.811c;w\.! 

Table 4 Costs of Liquid Waste 

Opefating I 
Summory Cotf. 

Cbftttntrot • Conc:eniTote Conct"ntrol. Conc:ent'.Ue COSI 01 C OftCet\ "olfnO Unit 
COlt PTcductd Poeh;,"') Pock.oQing Shit'::~Gt21 Unoer9"""'11 Podo°9"'<1 Summary 

Per Gallon tost Cost :~:~~~.CJI ShiPP'''9 at .. test 
( ~.l1ot\.) Per Gallon Storing CosIO (per 90t) 

RA. H.A. RA. N.A. N.A. N.A. S ~,400 sO.cae; 

, S S S S • I 

0.023 3,960 3,110 0.79 3,150 N.A. ~3%0 0.039 

0.033 3,670 710 0.2.1 830 ".A. 64,000 0.114 

0.02.5 ~,900 860 0.36(4
) 610

151 
2,400 64,770 0·051 

3,565 RA. N.A. RA. 8,200 

RA. RA. RA. 
ITl 

0.005 33,200 nU!·' nfi
tiU 11" 

1,870 N.A. 138,710 0.010 

0.043 43.000 4,140 0.10 5,940 N. A. 136,200 0.087 

(6) itt. C)uonhHel thUd Ott to( 0 , tnOl\th periOd. TJ\t, would not b. I,. tor 0 tl mOf'lfh 
petfod it dOlJble:(I beeth",. wolle production wo .. itcL 

(1) COl1ittUC1iOft unit CM' is S t, It pet eu. ft. 
(a) Used chutM or. obtained fro," ctW C;>efOfion. on the Soil .... 
t9) Tho coli of houli"ll GIld bur,i"ll th. ..~dO". 

Treatment and Waste Concentrate Disposition 

Fiscal Year 1955 

Operations 

.. , 



I 
-' ...... 

t'I~" ; ..: 

Wattt CoIn-U'(JIR Wast. ConCtnff1l:tiQrl 

lnstoUO'tlon 
V.oC\l1ftt COSl !.Mit 

COit ... - Vo'"",. 1ft 1 C\l f1. 

(W. It) adore I At"f 

~N.'.I."" 

8.n" '.,ld tWAPt:)l 

BrDQllrlhcworft Mal L. 

ancUsAl ~,t. •. 

!..CSAi~. 

HRTS ~ tdol\O 

0,* "'iliff 

RodI., FlOtt 

II. 01 COl. II ... 1.ob 
9 ....... ' .. ,. 

"" ............ 

'4,290 1 S '8,530 

18,000 3.160 

\6~140 £.~20 

36.880 1,910 

62.400 32.030 

21.000 6.280 

• I6, .. oef'l 38,440 
;" 

H,A,. N.A, 

6.200 3,610 

".no 3.$20 

S 1.30 
.!;. i ~ ... 

0.2 •. 

·O.4() . 

O.ZI 

0.5' 

O.t! 

0.33 

N.A. 

0.58 

O.e! 

·Ctp.;o 
bolino '0,000 

. : ~.. ~~ 

inari/1\ 13,200 

.. . I :,"'. 
. c ...... ·,2.000 

.... !If 

-~~; ..,n • 
.... 

:-",' } .... 
I , 

, .. on. 

.... 

20.000 

II.A. 
, ". 

"A. 

N,A, 
~~ 11 

NA. 

N.A. 

N.A. 

'lA. """fIn -NJt G#O"C~· , 
'1) Conc""ff"oHO" _I COlt ......... d· m Gollcrt 1M' .. 1 ot ~tfCt_. 
12. ~or i2 1ft""'M baMd _ • lrKtf\f1\s crt '.-cord. ! 
UJ MGt... ani}. 

,,". 
2,380 

360 

6.0 

3,300 

".A. 
"',, 

N..t.. 

H.&. 
;~~ 

N.A. 

Hi.: 

N.A. 

tOli 

f) \ 

U.$80 
,.; 

",510 

* •• 90 

5,110 

N.A. 

N.A . 

II.A. 

N,A. . 

N.A. 

! 
N.A • 
I 

Unit 
(0'1 1m 

S 614 

.n 

no 

lWOltt 

Volv"'t 
I .... It.) 

: ~: 

6,660 

110 

14$ 

161 1 20.950 

N.A. H.A 

N.A. ".A. 

N.A. N.A. 

H.A. 33,900 

N.A. 6,IBO 

.u. • •• 60 

-. 

PGtkCOII\' 

j: 

Co.' 

t ~ , 
"U,110 

2.530 

'1 

UAit 

t.o" 

SI.70 

3.!l6 

2.SS0 I $..!!$, 

17.840 I O.SS 
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Table 5 Costs of Ve~y Low ~evel Sol id Wast~s (0.05' r/hr) Disposal Practices 
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31.070 
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, 3.38 

0.91 

1.12 

1.45 
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0,17 

0.80 

1.58 

5.01 

5.711 
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~ collection (and Sloroge' Packoging Shipping ond Terminal Handling Data 
Inslollation 

Volume Cost Unil Volume Cost Unit 
Deslinalian 

Volume Cost Unil 
(eu.lt) Cost (:u. fIJ Cost (cu. II.! Cosl 

Argonne Not. Lob. i 391 SI0,440
C2J 

S 26.70 N.A. N.A. N.A. Sile .toroge N.A. N.A. N.A. 

Bellis Field (WAPD) I 26.8 900 33.60 26.8 123,930 S 893 Eorle, N.J. 26.8 110,600 1392 

Brookhaven Not L, 462 3,60d
21 

·7.80 462 4,200 9 Floyd Bennett Field 462 1,620 3.52 

Knoll$ At Pow. Lab. 5.6 2,900(2) 518.00 N,A. N.A N.A. Sile storage N.A. N.A. N.A, 

NRTS, Idaho 230 600 2.61 N.A. N.A. N.A. Site burial 230 80 0.36 

N.A. signifies "not applicable". 
III Cosl 01 maintaining and guarding high level wosles in slarage represents an additional CMI PIOI included. 
121 Includes amartizotion of construction eost of storage facilities. 
III Sum of collection, pockoginv. shipping and overhead cosls. 
(4' Same 01 I tie depreciation chorged to low leyel wastes practices could be chorged here. 

Table 6 Costs of Low Level Sol id Wastes (2 r/hr) Practices 

Fiscol Year 1955 

i ." 

Capitol Total Total Casl 
Investment Overhead Known per cu. II. 
Depreciot'n Cosllll Collected 
Charged III 

S 10,260 S 100 SIO, 540 I 27 

(4) 
3,510 38,940 1,450 none 

1,420 4,870 14,290 30 

1,950 300 3,200 572 

(<4, 
375 ',055 4.58 none 

• 
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• 

tables an attempt was made to ascertain the total cost of disposal per cubic 

foot of waste. In some cases this was not possible because all the costs are 

not known. Cost data for those installations disposing of wastes to the oceans 

lack one important item,' namely the ,true charges for the ship and' crew which 

took the material out to sea. This service was rendered as any inter-govern

mental agency service. Another ~own c~st item is that cost for removing 

high level wastes from storage or for'maintaining and guarding the high level 

w~ste storage facilities in the yearsoi'storage. Even Without tlie~e"trealistic 
, . . 'r" 

cost items one can' draw some conclusions' regarding the costs of disposing of 

solid radioactive wastes. 
...... :: . .. ,-

" 

'10·5 C t ' f Drum Dryin' . T_. La' 1 'O-di ti W t' (6) , ' '" .... ', as so· g.I.Nw ve.LlQ oac ve as es .... _, ... , .• i,J:.\ ... ~ ... , 
,t, ~. 

•••• ,",~. Jo; 

Drum drying of radioactive waste was tested at KAPL over a period of 

time between 1949 and 1952 with the following results and costs. 
, ... 'l:.1. ~ t ".~' 

"Drying was discontinued because of the ·numer.eus; troubles encountered 

wi th ,the' dryers, th~ lack of any appreciable reduction1n' ~~i~~·. of. the con-
. .. . ....... ~ 

centrated evaporator slurry by drum drying, and the additionaiJ: ~xpense. 

The cost of drying in addition to the cost of evaporation.based .on pro

cessing 3,~00,000 gallons of raw waste a year is estimated at 4 cents per 

gallon of raw waste. The drying rate obtained was 50 pounds of solids per hour 

with the larger of the two dryers, oc: 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 p. c per gallon. . 
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Building 

Equipment, Installed 

Operating Costs 

TOTAL 

TABLE tj 

71,000 LBS OF SOLIDS PER YFAR 

Estimated Costs 

$158,000 

221,680 

Depreciation 

310 
2010 

Cost per pound of waste dried is $1.76 per lb .• of dried solids. 
Cost per gallon of raw waste is $0.04 per gallon. 

Note: 

Annual Costs 

$ 5,740 

44,340 

. 74,940 

$125,020 

Storage costs for slurry 
Storage costs for dried powder 

$1.18/gallon (Drum costs) ._ 
$1.43/gallon (Drum costs) 
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APPENDIX I 

Description of Present Reactor - Chemical Processing-.Waste Complex 

Characterization of the nature of radioactive wastes starts with the .nuclear 

reactor, in which the follOwing variables have a decidedeff.ect·onthe·radil?active'. 
. '. " . 

wastes produced .. '!he first set, of variables.,;. relatiDg to the ~uclear properties 

of the fissiona~l~ and fertile material, and the manner in whicl:i the reactor is'" 

designed to operate, shall be labeled nuclear· variables. 

Nuclear Variables 

1. The fissionable material used 

A. . Uranium.-235, ·highly enriched. Used for reactors for 'research. 

(high neu,tron ,fluX), mob.ile .power, ~ore elementso:f. ·:two-region 

power producers . 

B. . Naturru. uranium - . containing 0.11;' J!35., iD.itially~· ·:Af'ter start of 

irradiation, which is 'sUpported by J!35' fi~sion} ~239 is produced, 

'Which in turn fissions at -increasing r8.t~ -depending. upon 

concentration of.Pu produced by capture of neu~ri; 'in fertile· 
. 238 . 

nucleus u '. Natural uranium is now used' in production reactors' 

for Pu, and can be used in stationary power reactors as a combined 

fuel and fertile material .. 

C. Partially enriched uranium - containing from 110 to' high enrichment' .;. 

(-90;,) J!35. '!his type of feed 'is 'beingstudied.for·IIJ!!IlY. stationary 

power reactors; .thereis a .high ProbabU1tyof ;r6eitiCing mor~ ~239 
than fissionabie material consumed. 

... - ~. _ ..... " . "'.~ 
'., '-' "'" ~ . 

D. Plutonium.-239. This second fissionable isotope has 'potenti8J.1y"-the :~ 
same applications as ~iched J!35 reactors'; '. ,. It: 'is' bein'g" -:,' 

. considered for .fuel cores 'f'or"fast" stationary power reaCt.o~s '., 

'operating o~ ~ breeding .. cyCle u~'ing ~tura.l or depleted uranium as 
.' . 

the fertile ·material.,:: . 

E. Uranium-233. '.Jhis third fissionable material is produced by neutron 

. capture in thorium.-232. Major probable use may be in uthermal" reactors 

operating wi ~ a. fully ~iched if33 core and a breeding cyc::le' using 
232 . . 

'1h . as the fertile material. 
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(Comment: The products of fission of if35, Pu239, and if33 are approximately the 

same for thermal neutJ;oon (2200 m/sec) fission., 1'he fission product spectrum changes f 

with the energy of the neutrons causing fission. Complete aata on changes in fission 

product spectrum with fission neutron energy level ~e not availabe for all three 

fissionable materials. In this first report" all fission product yield data have 

been calculated from if35 thermal fission values, a safe genera.l.iza.tion~ !]he 

latest compilation of u235 the:rma.1 fission values, a sa.:f'e genera.l.ization., !]he 

latest compilation of if35 fission yield data for thermal fission is given in 

works by Blomeke (1 )" Glendenin and Steinberg (2 ) • ) 

2. The fertile material used 

A. if38 - in ,natural, depleted (from gaseous diffusion cascades or o:ther 

reactor cycles) or partially enriched. Natural uranium is used as 

, both fuel and fertile material for Pu production; for "fast" reactors 

operating with a plutonium breeding cycle in which natural or 

depleted uranium will be the blanket material. 

B., Thorium-232 •. The most probable use will be for thermal reactor 

breeding cycles; however, it can be used as a fertile blanket for 

intermediate and fast reactor breediug cycleso As iu the' case of 

if38 fertile production of Pu in a reactor, u233 produced from Tb.232 

fissions at a rate lower U!.an its total production rate during 

irradiation. 

3.. The "specific power" of the reaotor system, or the number of fissions 

per unit weight of fissionable material, or the energy .release per unit weight of 

fissionable me. terial per unit of t:!Jne CI 

For each specific power of' the fissioning system, a di:ff'erent total 

quantity of fission products is produced and the fission product spectrum differs 

for finite periods of radiation, as shown by the follo'Wing e~tions (using the 

nomenclature of Glasstone(3»): 

: =' ).. AA-O-A ~A + 7 A Z f ~ (assuming no chemical removal) 

'Where 

dA ' diJ.I = ,net rate of increase of fission product A with time 

A A = radioactive decay constant of' A, AA= 0.693 
, , . T

l
/ 2A 

A = numQer of nuclei/cm3 of 'element A at any instant 

C-A . = D,eu~~.;arap:t~'UlfQ-ss".Sf:tQiadn ' 
~-'?':~~Jfiiot~_··;".X~~:;··' :' 

I.. 

\; 

-:. 
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':~ 

\ , 

7 A ' =, fission yield of A, expressed as a fraction 

2: f ~ = number 'of fissions/(am3)(sec) 

For periods of operation at constant power in which £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 A as equilibrium 
dT ' 0 

concentration of A, 

A = o 
7A 2: f " ~ 

AA +~ ~ 

'''1:;.)..:. 

= 7A ~f ,", where AA~' 
)...* , , A 

A +cr
A

" ,~, , 
'A., ' " 

~ .. 

'!hus, the equilibriuniamo,url.t of A is seen to depend upon the neutron flux. or the 

specific power of the reactor. 

4. Since many fission products have long effective half-lives and sm8.ll neutron 
~ . . ~. "'" "" 

capture cross sections_ as illustra~d by'the examples m Table lio. 1, their 

concentration :In th~ reactor'may not reach equilibrium before the' fueielement 

is removed. '!hus, the time of 1:rrad1ation, assuming a co~st8ntneutrOn nux"or,. 

more exactly the total of ~ T ;product, 'determnes' the'production' of a:"fiss1on" 

product of known fission Yield and capture ',cross section, assuming' that'tJienucleus 

is the first element in the decay ahain. This time dependence is eXpressed b! the 

following equation: 

. dA' "', 
aT + "A*. A = 7 A, L::f · ~ . 

J ' 

:.:l:.:"";"'~;"··; ." '. ,; '. 

l ... 

, if L.
f 

~ is constant; t.h:i~~anbe int~grated to ' ' ... 

",', ,~ . ~*T 

A(T) = _ 7";",;1',1 (l~e- AA } A(O)e- .. 

. , t"~.:,) '1': ,~ : ,. )" 

. ~ ,~' II,~ ,"'" h. ' .. t 

'" 
.:~ ,- .... """'1 

were A(T) and A(O) 'are concentration of A at times T and zero. 

''lhe determination of other th.8.n' pr1inary yield fission products in.' a' 

nulti ... membered decay chain ~ B ~ ~. D is treated in many published 
sources. (4)(5) 
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Properties of Long-lived Fission Productts 

Ba.:rns 
'!hermaJ. 

FP Yield~~ Half' .. Life 'Capture Cross Section 
t'.,:'~;. 

8m151 0.5 73 y 7000 

Cs137 5.9 33 y <2 

Sr90 5.9 28 y -1 

K;r85 003 10.27 y '>15 

Pm.
l47 2.6 ' , 2.6 y -..60 

Nb93m 2.l 4.2 y 

5. '!he energy of neutrons that ca:us!= the fission event, or enter in other 

reactions with nuclei in the reactor neutron field. B.:rfect . the . nature and hazard '.01" 

wastes. As previously pointed out, the fission product spec~ changessllghtly 

with neutron energy; compilations 'in this ,report are based on thermaJ.. fission. 
t 

Even in a reactor in 'WhiGh almost all neutrons have' been slowed down:to

the:rma..1. energies (220Q;'~) by moderat.o~s such' as heavy water, water,· carbon" 

beryllium, or aluminum, a' significant "fast" neutron flux ~y exist, significant in, 

that neutrons of sufficient energy to produce appreciable quantities of products 

of' reactions of' the type (n, 2n) may exi,st.. 'lhe significance of' (n, 2n) parasitic 

reactions is illustrated by the production of ~32 by' the neutrons of energy in', 

exces~ of 6.37 Mev on Th232• ''.!he buil.d~u'p, c:::I/81-reavy element chains by (n,',,) 

and other :r-eactions and the e:f'f'ects of' p:roducts of' these on - the hazards, in 
, .' , ... ·(,1:.:;· .. t ~ 

reactor fuel recycles and wastes are discussed in~~~ •• *·.:o,;O. ,~ 

6. '.!he reactor IIburn~u'p" is the degree to' which the ~vaiJ..B.ble fissionable 

material 1s used is usually. expressed as atom per cent or, weight. per cent' 

consumed, or more generally, in energy per unit weight of irradiated fuel. '!he' 

per cent of' utilization of available fission element in any reactor per pass is 

determined by many f'actors, the most important of 'Which are: 

A. Radiation damage to fuel elements - particularly important in metal 

fuel reactors. 

Bo Corrosion - particularly important in Circulating fuel reactors 
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Co Build-up of fission product poisons, primarily :from such nuclei as 

xenon-135; samarium-149 and, -151; gadolinium-155 and -157, cadmium-1l3; 

iodine-l31; 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.(6)(7) 

D. Depletion of fissionable material inventory in a reactOr of specific 
, , -

design, 

E. Growth of para.sitic heavy elements by complex (n,?,,) or (n, 2ri) 

capture chains 

The pe~ cent burri-up in a reactor determines the frequency of chemical, 

proces~ing and hence, the volume of fission product wastes produced per unit of" " 

energy from nuclear fission.. The total quantity of fissiqn products produced per 

unit of energy obviously is ,independent of the number of .times tllat chemical: 
, , 

processing occurs. However, the' growth of certain parasitic heavy elements 

that may provide hazards to fuel element recycl~ and to waste disposal, is 

dependent upon the number of' recycles and the nature of':'thechemica.l process.. _ 

Type of Reactor 

The type of reactor has a definite effect on the nature of hazards f'roIli' fuel 

element recycle and waste fission products. Classifying reactors is a somewhat 

inexact procedure,' but ,for this report we have chosen to discuss two b~d 

categories: heter9geneous and homogeneous. It should be pointed. out that, other 

characterizations are possib~, such as by neutron velocity I type of' fuel, 

enrichment of' fuel, et cetera. 

1. Heterogeneous Reactors 

Heterogeneous reactors us'Qally are fueled by metallic ,fuel elements. 

The fuel elements can contain natural, partiaJ.l¥ enriched, or:hig1:il3" 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, dimensional stability or other ,desirable 

characteristics. Since most fissionable or, fertUematerial 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-produced heavy elements 

remain with the irradiated material in a heterogeneous reactor. Thus, the removal 

of f'ission product poisons and the recovery of new fissionable material can be 

accomplished only by removal of fuel from the rea.ctor, followed by chemical 

reprocessiD;.g. 
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The hazard potential from accidenta:l'reiease of fission products in a 

clad metallic fuel or fertile element is slight; if a rupture occurs in a single 

element, only a 'small portion of the total fission ,product activity accumulated 

in the reactor would be released at any time. 'lhe hazard evaluation for a solid 

fuel element reactor can be assisted by 8.1lS.lysis of data from the repO:Jrts on the 

accident with the NRX reactor at Chalk River(.B) and the Borax experiment. (9) , 

The hazards involved in handling, transportmg, and storing metal fuel elements 

are those resulting ~'the high contamed fission product activity: (1) fission 

product heat removal; (2)' biqlogical'shielding from gamma. rays; and (3) ingestion 

or tnnalation hazard of fission products released by an improbable fuel element 

rupture in transit. For most power reactor fuel elements, residual fission product 

heat will be sufficient to require otitafing for several weeks to several months' 

to prevent large temperature rises under near &diabetic conditions during transport 

and storage. The heat due to decay of fission products can be estimated from 

empirical equations accurate to a factor of about 2 for decay periods of ten 

seconds to several months (10) (11) as given 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, 

r 
r 

water of heavy water moderated. Early exper:lmental reactors used natural uranium \, 

as fuel; later machines such as the M'm use:~ enriched ~35 --aluminum alloy clad 

in alUlIli!lum. The Experimental Breeder Reactor is a "f'ast" reactOr, cooled, 'with eo:' 

liquid metal; it uses big1:i:tyenriched uranium metal canned in stainless steel. Naval 

and submarine reactors employ z irconium-clad :td~ enriched uranium-zirconium alloy. 

M9ny of the proposed stationary power :reactors are'Of the heterogeneous 

type. Most are designed to breed more fissionable material than they consume, and 

thus require processing to recover',new fissionable material and probably to 

recycle partially depleted core' fuel. Ill: order to extract the energy released by 

the fission process, to produce electricity with reasonable thermal e:f':f'iciencies, 

high temperature metals are employed in pOwer producer fuel elements. Such mater1ais, 

new to reprocessing technology, are zirconium and stainless steel and variations. 

Cladding and alloying elements, together wi tIl possible bonding agents" brazing "1" 
welding materials have a controlling 1n:f'luence on the chemical process and 

ultimately on the volume of fission product wastes. 

For example" an Ml'R fuel element contains roughly 200 grams of' uranium 

along with about 4400 grams of aluminum, 15-17 grams of silica in brazing tlu:x 
~'\ 

and other lesser impurities. To recover uranium it is necessary to dissolve the 

entire fuel elemen.t in nitric acid (catalyzed with mercury in a concentration 

equivalent to about 2 per cent of the Al weight). 'lhus, the volume of chemical 
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plant f'eed is determined by aluminum, and inactive salts of' aluminum control the 

volume of' the aqueous fission product wastes. ']he uranium concentration is less 

than two grams per liter. 

'Ibis same condition is true f'or most of the proposed power reactor fuels: 

liquid wastes will contain large conQentrations of' inactive salts. 

Most· of the reactor types now being considered for large scale installation 

f'or research, power demonstration, and large scale power production are of' the 

heterogeneous type.. A listing of types, taken !"rom a recent declassified 

publication (12) includes the following: 

A. Pressurized Water.- all reactors are therma.l, use-higbly enriched to 

slightl:y enriched ~iUm~as: f'Uel:, have rod or plate fuel elements 

using Al, Zr, Zircalloy-2 and stainless steel as fuel diluent and . 

cladding material. Examples of this type of' reactor:' '.' 

a. Ma1:erials Testing Reactor(l~t Al and enrichedU," ~:,E~t. 

b. 

c. 

d. 

'!his reactor design typif'i-esall others of: this class and has 

provided the basic reac~r type f'or most of' . the reactor_ proposals. 

Submarine 'lhermal Reactor --Zirconium-clad enrich~d uranium fuel, 

no bl&'1.ket.; for mobile power. An: MTR type reactor using zirconium; 

typifies many othel':" reactor designs, such as . the Pressurized water 

Reactor(14) for stationary· power. . ' ." ! . " ." 

Engineering Test Reactor (15) - A giant M'ffi uSing' Al . and' enriched 

uraniUm •. For engineerip.g research~ 
, . ", (16) 

Army Package Power Rea~tor - A'stainless steel MTR,: with 'notable 

difference in that' U02 is used in' the fuel and 'then clad with stainless 

steel to f'orm the fuel element. No blanket., For small: power station 

use, pa.:i.4 ticu.1arl:y f'or out1:y:1ng and remote .. areas,.were ~er cost i.s 

not restrictive. ; "':, . 

B. Boiling water Reactors(17)- All, so f'ar, are ~xperiDienta1, of' the MTR type, 

sponsored by Argonne National laboratory. Fuel el.ements are enriched 

uranium and aluminum with no blBt1kets.' 'lhe Nuclear Power Group has 

proposed a z+rco~ium-uranium boiling water reactor. 

c. Swimming,Poo1 Reactors(J.8)- Research reactors of MTR type, of which the 

ORNL Bulk: Shielding Reactor was the first in the f'am1ly, the Geneva', 

Conf'erence Reactor a f'amous daughter, and the oak Ridge Research Reactor 

is the maturing and powerful research-oriented sen,ior member of the cJ.e.n. 

~ are aluminum-em-iched uranium fuel assembll~s of' the MTR plate type, 

"some with U02 rather than uranium metal as the fissionable material. 



D .. 

E. 

F. 

-,::~> 

Heavy water Cooled ReactOrs(19)- ~st are fueled with uranium metal, and 

are used for research or pluton'ium production and do not breed. Most 

notable examples: 

a. Savannah River Reactors 

b. NRX and NRU Canadian Reactors 

c. CP-3 and CP-3' (enriched U) - first of this type, built at 

ArgoDne National Laboratory 

d. Most foreign research reactors - 'Eritish, French, Swedish, 

Norwegian, Russian, Canadian 
. " (20)(21) 

Graphite Moderated Reactors ., 'lhe classic type first built in 

Chicago in 1942, with many production and research descendants. 

Uranium metal fuel is' ca.n.ried in aluminum or zirconium.. Power reactors 

may be the single region ... type plutonium producers. 

Sodium Graphite Reactors(22)(23)_ pioneered by North American Aviation .. 

The Sodium Reactor Experiment which is scheduled f'or completion in 

1956.1957 will be the first of this type. The fuel is slightl:y enriched 

uranium metal clad in zirconium or stainless steel, with a, bonding agent 

of' sodium metal. Coolant will be sodimn. Its long-term use rlll be fo,r 

power and plutonium production .. 

G. Liquid Metal Cooled Reactors - built for fissionable material consumption 

only. !]he first reactor of' this type was Clementine, a mercury cooled; 

plutonium fueled, fast reactor built at los Alamos. The classic reactor 

design for power may be the Submarine Intermediate (intermediate neutron 

energies) Reactor built by General Electric at Knolls Atomic Power 

laboratory. !]he fuel is enriched uranium; no blanket is ihcluded. 

H.. Fast Breeder Reactors (24)( 25)( 26)( 27) _ 'the classic type is 'the 

Experimental Breeder Reactor, with b;1~ enriched u235 core, clad in 

stainle~s s¥el, a na;iural uranium blanket, and a sodillJJ1ootpotassium (NaK) 

alloy coolant. 'lhe f'ast breeder cycle may utilize plutonium as fuel and 

depleted or natural uranium as blanket. Coolants will always be some 

material other than a hydrogeneous one, probab~ liquid metals or fused 

salts. Cores of fuel elements 'Will vary greatly. Many reactor concepts 

of this nature have been proposed, such as that of' the Atomic Power 

Development ASSOCiates, EBR-2, and the British Fast Po'Wer 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 concept, pioneered by Brookhaven National laboratory ,is a 

graphite moderated homogeneous u233 breeder. 
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TABLE 2 . 
Classification of Heterogeneau~ ~~~l Elements Based on Reproc~ss~ ~~ciples 

Classification 

1. Enriched (90% U235 ) uo2-S.S. sinter 

2, Enriched (g:>1> ~35) U and Zr 

3 .. Enriched (:1J"f, ~35) U-AJ. alloy, Pu alloy, 
Pui U02 or, UC2 ~' 

" ~ "* . 

" 
.~ . 

40 ,Enriehed (20~ t?3~) U and Zr 

" 

" . ' 

5. Natural o~ :~1ight~ ~nriChed (- 2"f, U235) 
U and Zr 

\ 

. " 
6. Natural or'sliShtly enriched ("" 2~ u235 ) 

Q metal, oxide, or Me:> , alloy : 

f ' . 

7., Thorium 
... ~ 

" .-

:t. 

,', .. 
... 
~ .. ~ 

J' 

;, 
:} 

Principle 

1. Requires criticality control 
2. No Pu recovery 
3 •. Not directly' HNO~soluble 
4. High inert content . 

1. Requires criticality control 
2. No Pu recovery 
3. Not directly' HNO~ soluble 
4. . High inert content 

1. Requires criticality control 
2. No purecovery (enriched U case) 
3. Soluble in HN03 catalyzed by Hg 

or HF 
49 High inert content (~"f, A1 for 

U-Al alloy) 

1. Requires cri ticali ty control 
2. Requires Pu, recovery 
3. Not directly' soluble in HN03 
4. LQw inert content (-lo"f, Zr) 

1. Essentially no criticality control 
2.' Requires PU. recovery !' • 

3. Not directly soluble in ENo3 
4 •. Lmf,inert content (~5"f, Zr) 

1. . Essentially no critical! ty control 
. . 2. 'Requires Pu /recovery 
; : 3. 'Solt1ble :in ENO . ' 
!. 4. Low mert contant. (<J.5~ Mo) 
" • • • 1 

14 , ' ,-
t 1. ,Es~~ntis.:u:.Kn0'. ,crt. ticali ty control 

2. Requires ,if', recovery ~. ~ 

'i \ 
~, ~ 

\' :.:} , , 

3- ' Soluble in ENO~ cataJ:yzed by HF 
4. No inert content .' 

~ 
;. 
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J
'~" . ',: 

" 
t· , <.,.' 



-'~~ .. . " .. ~~ .. 1')" .. 

0; 

From the standpoin't 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 development of a highly. t 

diverse nature 0 R. E .. Blanco has S'llIIVIlB.l"ized possible fuels from heterogeneous 

systems in seven categOries(29) as sho'WIl in' Table No .. 26 

2e Aqueous Homogeneous Reactors 

'!he hOmogeneous reactor is one in which the fuel., coolant and moderator 

(if any) are combined in a single phase, usuaJ.ly a fluid.. The two primary types 

that are emerging are the aqueous homogeneous and the liquid metal fuel reactor .. 

A third t:ype 3 employing fused salts as the fuel carrier has·promise. '!he t:ypes 

which we shall Consider in this discussion are the aqueous homogeneous and the' 

liquid metal fuel reactor .. , .' 

The Aqueous Homogeneous Reactor combines fuel and moderator (usually:', 

heavy water) in a fluid that can b~ used 'as the primary heat transfer mediumo 

The first circulat:ing fue~ model was built and operated by ()3.k Ridge 'National .. 

laboratory. Many combinations of fuel and blan.k.et arrangements are possible, 'sUch as: 

Aft Two .. region Machines'", circulated 'fuel and blanket 

Bo 

, 
Core ~ uranium salt dissolved 'in D20 or a slurry of u0

3
, usually. 

fully enriched uranium-235 , or for a ~ower breeder cycle, if33. 
a .. 

Core tank probably zirconium .. 

b. Possible blankets 

1 t. Thorium oxide slurry in D20 

2t 4. Possible thorium salt soluble in aqueous medium. that is 

stable chemically to reactor conditions and does not have 

prohib:tti ve parasitic neutron capture 

3'.. Natural or depleted uranium in D20 solution. Pu will be 

produced but breeding not possible. A uranium oxide~or 
,.) 

, . 
other insoluble salt slurry is possible .. 

" .' .... 
1 .. ! 
.~ . .., 
.~ 

; .~ 

Single-region Machines .... Circulating fuel' . 

a" "Partially enriched uranium salt dissolved in heavy water. 

b., 

Co 

Plutonium is produced by excess neutron capture in if3B . 
Slurries of uranium oxide or other water insoluble salts 

Reactor built to consume enriched if33, u235 or Pu without any 

fissionable materj.al recovery for production of high neutron flux 

or for mobile power application. It should be noted that to 

increase neutron flux levels appreciably above those attainable 
14 / 2/ in; the MTR - (2-3 x 10 n em sec) an aqueous homogeneous reactor 

may be necessary for two reasons: 

'1' ! 
", 

.,-

\. 

.,' 

'.1 

t .. .; 

~ :-'" 
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1'.. ']he burn-up ~te and consequently the f'uel replacement 

schedule of fis~ionable material (loj, of core per day in 

the MTR) 'WOuld require prohibitive material handl:ing and 

very short reactor cycles 0 For example, at a flux of 

\,- 15 2 2 x 10 neutrons/(cm )(sec), the fissionable material consump-

tion wu;ld be approx:i:mately 10oj,/ day CI For a core of fixed geometry 
. . , ., 

the operating cycle would be from two to ten days maximum. 

2' • For systems othertha:n the aqueous homogeneous, the maximum 

. concentration of if35 may be'too low to achieve flux levels 

of the or~r of 1015 to 1016
0\ Dilution .and para.Sl~1C neutron. 

capture by materials other ~ water w1ll prevent the attain:"" 

ment of high neutron flux levels .. 

'lhus, the ideBJ. experimental and engineering development reactor, i,.e., one 

in which it is possible to obtain much higher neutron fluxes ~ wi~ .be .ut~lized 

in reactors built to produee power, could be of the aqueous homogeneous ,tn>e. , . ~ . . .... ,." ,,,. ..' 
'lhe aqueous homogeneous reac.tor possesses. a, high negative temperature ': ,:' 

coefficient of reactivity and remains stable, even vith large additions of reactivity 

in a short period of time.. Its fission rate is self-regulating depending, upon the 

power demand. A more complete picture of homogeneous reactors can be obtained f'rom. 

numberous reports published :in the dec1.a.ssified literature. (30)(31)(32) 

']he hazard from sudden release of fission products from a homogeneous. reactor is 

greater than for heterogeneous reactors vith sol:!.d ckd 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 in e. liquid under pressure. 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. 'lb minimize ,the hazard of an aqueous homogeneous, or for any 

circulating fuel, the reactor and its associated chemical ple.nt, are contained in a 

sealed vessel built to vithstand the energy release of a reactOr break. The long

term hazard from a release of reactor fluids from a homogeneous reactor vould not be 

greater than those from a heterogeneous one 0 In fact, since homogeneous reactors 

can be operated vith a continuous chemical cycle that removes biologically 

dangerous isotopes from the reactor, potentially the hazard from the ultimate ,develop

ment of the homogeneous reactor can be less than that of the hete~ogeneous case.(33)(34 

Processing of homogeneous reactors is siDJplif'ied somevhat in that it is possible 

to remove fission product and corrosion product poisons continuously f'rom. the reactor 

circuit without having to process the uranium fuel. However, a small bleed-off of 
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fuel must occur to mailitain the enrichment i.evt:l of the reactor, assuming a maximum 

concentration limit on the fule solution. Fortunately, in the aqueous homogeneous 

case, the allowable concentration range for fuel can be from a few grams per liter 

to several hundred grams per liter for U0
2

S04 in heavy 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 ~eparate u233 and Pa233 from 

thorium. In the 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). However, the quantity of fuel and blanket material 

to be processed, (and as a consequence the waste volumes) may be less than for most 

heterogeneous cases, since the fissionable and fertile material are present in 

relatively pure form uncontaminated ,by diluents, and since the achievable burn-up 

fraction in the homogeneous case can always be high. 

The aqueous homogeneous reactor produces and releases gaseous fission products 

during its operation, unlike the heterogeneous case. A list of rad10activegaseous 

fission products from ~35 thermal fission would include the elements 'listed in 

Table No.1, Section 3.0 of main report. 
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LiquidMe~ Homogeneous Reactors (35)-

The liquid. meW fuel reactor is similar :in concept to the aqueous homogeneous 

reactor except that a relatively low melt:ing metal of low neutron capture cross 
. 0 

section is substituted for D20. Bismuth with a melting po:int of 21l C and a 

neutron capture cross section for.2200 m/sec neutrons of 0.030 barns will dissolve 
o 

about one-half atom per cent uranium at 500 C. This is sufficient solubility for 

an enriched uranium to support a chain reaction.' With bismuth ~e two-region type 

of reactor can be bullt econom:1ca.l.l.y,;- because of solubility re'strictions a 

single-region reaction.for plutonium production is not feasible. The reaction 
• 7~' , •.• " ... 

being studied at Brookhaven National Laboratory is f.t two-region mach:ine conSisting 

of. a graphite moderated core oflhigtl:lyenriched uranium (~33 in the long range power 
, .,,' 

picture) dissolved in bismuth "With a b1.anket of some i'orm of thorium, although 

natural or depleted uranium could be used. Several bl.anket systems are possible: 

(l) 'lhorium oxide slurry in D2~ .•...... ' " 

(2) SUspenSion of thorium bismutb.ide ('lh!i5) 'in liquid bismu~~~ . .i"J' ~ 

lJbe processing of core fuel will be similar to the aqueous homogeneous case in 

that high cross-section fission p~ducts will be removed continuously. W:l:th the' 

uranium-bismuth system this will be accomplished by treating a portion of .the 

circulating core solution with a fused fluoride or chloride salt of so~um, 

potassium,' magnesium, calcium or zirconium. 

As in the aqueous homogeneous case the fission products, fissionable and 

fertile material, and the parasitic capture products of the heavy elements w1ll 

be present in a mobiJ..e fol'm,. but not under, high pressure. ~owever, the'liqUid , 

metal system possesses a high chemical rea~tion potential on expos~~ ~'O~g~ . 
or moisture. The fission gases must be vented from. the reactor circuit, offering' 

the same problem as described for the aqueous homogeneous case; , Fission produ~ts 
, -' 

will be removed in a fused salt mixture along with some of the valuable fuel, which 
" 

ma.y require processing to recover, processing such as 'the addition of magnesium metal 

to the fused salt to reduce ura:o.ium for . return to the bismuth phase. The sma:u 
percentage of fuel with the fission products in the fused salt can be purified 'by 

, , 

solvent extraction ... Recovery of new fissionable material from the bla.n.ket.'probably 

will have to be accomplished by solvent extraction. 

lJbe liquid metal honiqgeneousreactor using bismil.th-209 as the carrier presehts 

an additional hazard ·which results from the fol1owing parasitic neutron capture: 

;"201:-



* Bi209 (n,r) 0,,030b ) 

6i. "~,,,~ ..... " •. "ln~.:;t.i(.J.~· 

Bi
210 ~, ~ 

5.0d : 
P0210 ex 7-138. 3d 

, 206 Ph ' 

PolQnium.-210,with an alpha emission of 5 .. 29 Mev,is retained in the body by the 

spleen (soluble) or lungs (insoluble) and is particularly hazardous because of the 

high ionizing potential of its raditii'tion. 

~er liquid metal, reactor systems are possible, using either themal or 

fast neutrons for fission. For example, a slurry of some salt or uranium in 

sod1~ or sodium. potassium. alloy; ,a solution 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 

potentiaJ.s comparable or greater than those provided by a single reactor are 

possible. The recycle complex for a nuclear pover economy involves the transporta

tion, storage and processing of the radioactive output 'of all reactors. 'lhe 

inventory of radioactivity in a chemical. plant, because of the probable economics 

of reprocessing, represents an integration of hazard from long-lived fission 

products'produced by many reactors. Stored wastes by virtue of accumulation and 

degree of dispersabillty may represent the greatest potentiaJ. long-term hawd'to 

the generaJ. population. 

Chemical Processes for Fission 'Product Removal'and'Separation 
of Fissionable and Fertile' MateriaJ. 

Fol.lowing a suitable cooling period, as determined for thermal fission:~in, '" 

Figu:te J:; ttf1. :reacto~ f'ue! and: b'l:a:niie"f ,ma teriaJ.s 'a'r'e r~ady .for· chemicaJ. processing 
, . . ~ -\ . . 

to separate fissionable and fert:u-e ,material from ~ission products and from each , 

other. Two types of processe~ can be considered: (1) where fissionable and , 

fertile ~terials are removed from fission products, and (2) where fission products .- ...... 

are removed from fissionable material.. Various degrees of ~eparation can be 

consid.ered for the long-term devel.opment~ ,However, to~,a.l.l.Ow for direct (or better, 

unshielded) handling of fissionable and fertile materials, complete removal, of 

fission products is required. With t..lae development of methods of remotely accomplish-

- cross section of O .. 030b includes capture to form _106 year aJ.pha. 
emitting Bi-21Om. , 
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ing all other phases of the recycle after chemical separation, partialdecontamina

tion as possible .. As far as the reactor is concerned, only fission products of 

high capture cross section need be removed.. To recover new fissionable material 

produced by neutron capture in blankets or fertile regions of a reactor, either 

complete or partial decontamination may ultimately be used, depending upon the 

economics of the particular reactor cycle. 

All chemical processes developed to the pilot plant stage ito date have been ,.', 

aimed at complete decontaminationo All are based upon.selective organic solvent 

extraction of uranium,plutonium, and thorium from aqueous nitrate systems 
.... ~ .. ..: 

(with the exception of the first process for separation of Pu, the bismuth phosphate: 
(37), ' . ..'. " 

precipitation process). Figure No.2 giver the decontamination factors required' 
, .... -"4~' 

, . 
to return irradiated fis sionable and fertile mate:>.ial to natural' background .. 

The reprocessing of reactor fuel elements may 'V~\accomplished by a variety of .' 
.. \ -~ 

process techniques. A list of some of the better knowc ... ~ossibilities follo~s: 

A. PreCipitation 
, 

~"" '\. ~:';. 

. (39) . . 
B:tsmuth phosphate for the recovery of Pu from uran:tum anQ'-~'; ,::;::;'on 

: ..... ;::,: 

products .. Precipitated fission product sulphates from aqueous homogeneous '~<:~,:.~; 

B. 

reactors. 

Solvent Extraction 

Add the following possible reagen~s .. as extr~ctants: 

ao Triglycol Dichloride (Trigly) 

b. Dibutyl Carbitol (Butex) 

~. " 

c. Ethers, such diethyl; dibutyl~ diisoprophyl, and cello solve 
. . . (39) 

The solvent extract:ton processes have been descr:tbed :tn numerous papers. 

Since the basic principles of. the separations by solvent extraction are so 

well reported arid since the technique is well established, we will not 

describe any of the processeso We are primarily interest0d in the chemical 

and radioactive nature of the wastes from these processes. Table No. 3 
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background activity of 109 djsintegrati~ns/min/kg; decay time, 10.days~ Consi~er the following exomple: A'ssume that U-235 
. . ,..' 1/2 " . 

was irradiated to 20% burnup:o( fJult. of 1014
; the decontaminati,on fqctor=20x5.3XI07 lt{S.S7} = 2:74lt109 afferlOdays 

decoy and 3.3x10 8 after 100 days. (~b=initial flu)(~flu)( increases with burnup in order 'to maintain Constant power) 
i ,'" , . 
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Redox 

.':~' -~ 
Table .i 

Processes for Chem1cal Separation of Fissionable and Fertile Materials 
• T __ • I, .... • • • •• 

Organic 
Sol'vent 

Aqueous 
Solvent 

Irradiated 
Metal Feed 

For Separation and Decontamination of U and pU 

HliJxone Natural U, 
Alcan 

Sslti:Qg 
Agent, 

. AJ.:(N03)3 

Metal Recovery 12.5% TBP 

HN03 

HN03 Caustic precipi- EN03 
tated U, fission ' 
products 

Purex 

TTA chelation 

in hydrocarbon 

30% TBP in?
hydrocarbon 

0.25: M TTA" 
in hex one 

~03' 

BN03 
. t' 

'" Na tu.raJ.. U,,'· " ENO ' 
Al can 3 

, 
~:.r ~.; ~ 

.,-

Natural U, , Al(N0
3

)3'; ~ 
Al can .' . 

For Separation and Decontaminatiob' of Enriched U and Al f! '. 

25 

25, TBP 

Hexone" 

5% TBP in 
hydrocarbon 

~03' 
H€;(N03)2 

catalyst 

~03' 
'Hg(N03)3' 

catalyst 
" 

,. , 

U-Al alloy . Al(N03 )3 

U-Al alloy mc -, 
.•. .!'~,(. \', 

ri(r~(j3~3 
:.i(,. . 

... -_. --~--. __ ~ ___ ~ __ - __ r-______ ~_ .... _-__________________ .... _______ _ 

\',-

Fo,!, E?eex::tion ofU ... 2,3,3, Pa, and Th , • 

Interim-23, hexone Hexone', , ~¢3' F- , ' Th, Al can ' Ai~N~~)3' 

Interim-23, TBP 

Thorex 

!~ catalyst mq03 

1.5% TBP in 
hydrocarbon 

42.5% TBP in 
furdrocarbon 

HN03 , F- Th, :Al can Al(tf0
3

)3' 
+ Hg++ '~3 
catalyst 

HN0
3

, 
F- + Hg++ 
catalyst 

-206-

Th,Alcan Al~,N03)3' 
HN03 " 

;-

,: 

-, 

, 
.' 

<l'~~ 



• 

Co 

D. 

'/ 

,: E. 

,\:,,~, 

. .... ;~~~~?~. 

gives a list of the solvent extraction processes, along with their 

main features. 

For materials that are initially insoluble in nitric acid such as 

stainless steel and zirconium, dissolution methods in other mineral acids 

have been developed" After dissolution, the stainless or zirconium fuels 

can be converted to a nitrate aquques sys~em by the addition of AI(N~3)J 

and HN03 and solvent eXYracted by a mOd1fi~d Purex P!Oc~~~: Stainless 

steel elements can be dissolved in concentratedsulfuri~ ,acid or ,aqua 

regia; zirconium and zirconium-uranium allo~ can be dis~olved'in concen-

trated hydrofluoric ac.1d. 

Volatilization of Chemical Compounds, , .. <j <"" ~'t 

, , (40-43) "" ' ' , 
a. Fluoride volatil~~y , !o~,.,re~o:ral of UF 6 as a gas. 

" .t •. 
Wastes prob-

ably produced as a fused fluoride salt waste. F1u~!inating agents 
C. ....;,.,J '", '!. :' ' 

could be F
2

, BrF
3

, CIF
3

, ~rF5' and other interhalogens. May be use- , 

ful only for enriched uranium fuel~. 
.:. . 

b~ ~hloride volatility! from which wastes would appear in fus~d s~lt 

chlorides 
r:,~ i ':, 

Ion Exchange" ~ 
; ,: .... ~. f ........ ·~,~ -','" .t~~~.:;'''!.~~1-:'' .. ''7·. 

a .. Possibly applicable to separation of U and~ Pu 9; ""'"and. U
233

'f _ .~", 
• ;.-; :.; ~. ~ '. • . i ,(.~"'~" ~ ~ ..... '.i., •• ~ -' .... ,t..J.. 

Wastes from primary recovery of fissionable and: fertile material,will 
, ' '.. .:, '. - ' , ',-." .. _",' :"~",, 

besimilar to those produced from solvent extraction. Mos~ useful for 

recovery and final purification of solvent extraction plant products. 

Further development of inorganic ion exchange materials a~d permeable 

ion exchange membranes may increase the applicability of ion exchange. 

b. Can be used to remove fission products from process 'solutions or 

wastes. 

High Temperature Process for Partial Decontamination from Fission Products 
(44-46) 

a~ Distillation of Pu and high cross-section fission products from 
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molten uranium. This type of process must be follow9d by shielded 

transport, fabrication, reactor loading. 

b. 
. . (47)(48){49) . 

Slagging of molten uran~um-plutonium . w~th uranium oxide 

to remove high cross-section fission products and volatile components. 

ThiS, ,too, must be followed by remote metallurgy, fuel element· hand-

ling and reactor loading. Fission product wastes w ill appear in vapor 

phase and in oxide slag. 
'. ( 50 )( 51 ) . . _.. ( 52 ) 

co Molten salt or metal extraction for high cross-section 

fission product removal'~nd 'possible partial separati~~ of uranium 

and plutonium. The same general comments as for slagging are appli-
" ..... , ....... 

cable. This type of process'maybe 'usedfor-primary 'sep~ratio~ of fuel 
. '.' .' '-' , .' (5;2) 

and blanket of liquid metal fu~l reactor. 

do 'Fused salt el~ctrolysis in which a partially decontaminated product 

. ill . It- (5:;) ': w reSU •. 

j9. M d · f' d dB' . ("54) f . o ~ ~e e oer process '. or uram.um recoveryo 
, 

Most 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. 
.... • ~. t', 

Insufficient information has been developed on the nature of liquid 01:' solid wastes 

from these processes to provide a basis for' discussion' iD. this' ~a~~r" a1 th~ugh further 
, " • ..., r· t:" ,.. ~"r 

study' will define their nature; 
.: :.: .. ..;. "', :::j 

,.' , 

..~ .. 

'-

.. 

;:-...:.. 
.;~ 7 
,;" , . 

t ... ,\ 
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APPEm>IX II.t 

REA.CTOR EXCURSIONS 

1.0 Borax Incident(;2) .... L.(" .• ~ . >,. 

Those who had witne~sed' the Borax excUrsion (power reached: l3~20' x 109 '~tts 
., - . ~ -,' f" .. . ~ • ~: t ,,'" ~..... -! :'1 

in a reactor which norma~ operated in' the' 1-10 MW range) were asked to compare it 
. . . ".1,' ".ti$'j:' '. ~..", .... k;' •. ~.t' q ~ ", ... :'~ :'.{; 

with the dynamite explosion; Shots of 1,'2,;; and 4 sticks were m8de~' eacn st:1~k', 

being about 1/2 pound of ~ dynamite~-' Opinions Varied considerably~" -Those':~ho' . ~ 
( ',' • - < '. .., ~. '~l:;' , ,. , ':"" 8. 

had been inside the control trailer for both kinds of explosion had the opinion 

that the Borax excursion souDa.~ like 2 st1~ks'of ~te,·.but ~t"~~' ~h~~"~s.'~" 
. " .~! t;' h ... "'", !;.Io"t, ::."'. '.~:-;\'" "",,¥,"'h-.t""'".';?"J> '.,' ,r 

dynamite. Most of the observers who had been in the open thought~~t about' ;;~·,bU.t 

. not mciretb8n 4, sticks ~s a proper ~omparison, but theY felt ! ~t \.h:e"-~x·:;O'~i_':' ~: 
, . "', . . .,: .. '., ~'~";~-rf'r.s·.;:-i:.:z,,,:::.r .7,'c: 

cursion was a shBrper eXplosion. . '.. '.,' , ," 
. ." , ... '~. v ... ...:::·~·., ,.\..:!.t ':':.2~~bf'\ . ' .. ..:..:1 

The damage q.'OIle to the equipment perhaps gives ~ ~re quantitati,!e~dea. ~ , 
,';,~. ' •• " ", •. :"'~. ~"{"J • ..... t: " ',1'," ,",_. ":I·"'""';·'·;~ ':~1.;"!::,: .. "' .. \ .. 1.: .•. ,,~"C:~.~~f, 

the explosive effect. The breaking of the reactor tank: was the most str1k1ng mani-
, .... ,., .. ,,~ .. ~, :.'~~ :'-. . .. ~, . . ,,", ,,' -.... ~.::'.';.~ '_':'-: :~".o·i·~')! :·:(~·..:rs"j.D·;:~·::': ~::::': 

festation of explosive force 0 " • 

~ '.~.: : .. ~ *. . . , ..... n #·,·;c,... ~ .. l~ ~ .. ;1'/(~'f!.. 

The fact that the reactor tank failed was not surprising, since it was con- . 

structed' ~f 1/2-inch"c~b6n stee:l for ~ desis-n Pre's~e"of J.25'-;~1; :-'±i~~s ~it"':'': 
-. . ' .:,). .. . , . -' '. ~ , ,'. . .. ~ " . ..,i~~ ~r'-:" '::'\~1:: .:'~5; :~. v.{~ \:. ~~'~'~:'":"::'i,~ 

expected to withstand pressures grea:tJ,.y in excess of ',1,000 psi. ,The manner in .! 
':,' • '~" " '-':'",. ...' '.. _" ~. .' _" .' , ,,' ". .:' . .... ' '. .~:: ....... : :: •. , .. ;, :~: ..,'; .?;").,; ..... ::;)-ie";r"'.: ":.;~, l' • 

which it i"ragmented, without regard for flanges or other r~1nforcem.en:ts, wal'!, hoW:-, 

ever,' ·str1kin~ •. ,' .... :"~;,_":'" "',-' '_:'~_,.' -' '. .' '- --: ',~~ .~\.:: .. ~~.:~ _ .. ",.:.:,~,~~.::~~;,:';~: .. ,~-:' ~~ 
It was est:i.l:l:la:ted by examining the lines of parting, :that the breaking pro~ess 

had OCCUP1:~d: a 'iilI~e>~~ '8bout~ 1/2:~<'i mUl1~~co~;' ~ -tliai'tlie':t:e~~~'~d~·~'e~:· 
t ,... ""+.~ ';', -. l, .. :,.. .. <~ .~;~}1: .. :. f:, ..... :;.,~"':.: ." .:. ;<~" '/""'"_. J:'" ~~ :::;,}.":",:;::". :'" ~'".:,<;~ 7i.l~f~~"f,t;:1. ~~·;s".I~.\;":i.x~·, 

fore been lII8inte.ined ata high level for' at least that length of time::· <:.~.:" 
,. • ,:,' , ~ .~ ,.) ~ .• w~, ~~'.:< ~,~.l, .:: C . .t"_.~.",:.:: :.,~ ~t'f ~"~:·'f ::.:: .. <e, .:"':·.:t.;: ::,,,",".~"' . .:.~'O ,~-'f'.': ::l:'.",,::" J':'!:'< .. :.t.:;.o-c;~": ~,J 

Calculations 1ndicatedtbat explosive charges 1:ri the range 6 to 17 pounds of 
." ~: 1!'>':~ ~~-!:.."" ,', J ';!,tlJ> .J ';- /";:,:; .. 1 i . > ~t. ~ •• :':. ~:"';.-: ":. :.,;'.. -.: ~~~ .• : ,;,~; '" ,- *':. ~ - ,1 ~".~ .-t;'" ~~.r: ~t}~~l!~~;~\'A";)tj r~o~~ 

TNT would produce cOmp8rable daDiage to tb.,e reactor and shield tanks. The equ.1va-
- ~.;; ...... • .... ..." ~ •• - " • "!:.", ., ,..' ..' ~ ,.' '. ,.. ,; ... ~ ! ; .... ;- • .,:: ....... ""'... ~."-:~ 

lent~" enersi-w:1se,:oi :,'th8"135 ~-8ec Of'lmci~ energy released'-1li:'th8 exc~s:ion ~~-;; 
,. '., ... :- '. ~"'=," : ..... ;. '" t'''' ,:,". +V_, ~ ~;:""""I ~\ ":: • .1 ~ . ;',~~, 7' .~. "'.'" '.: " , .:.... ':" '" " '.... ... ... <:. /}. : ~:;~. C.~·.(:' '~'2 ~;f1~r;:.)~~' """'':-::~ 

is about 70 pounds· of TNT. . 
...... ":! ~ , ~;:'.';:.":" .. ~.:~. :,""; , ..~ ~,' - ~ :' ........ ' ~ .. "" "t-.. ~~': ..... , ,....r../{~ • Y* 

Duringw. immediatel,y following the excursion an instantaneous. dosage rate in 
, , .•.. ". '" '.' -',' 1 ' . ", . ," ,..,. , \.~;. . -;". . ' 

excess of 400 rrrr/br w~s -indicated on survey meters at the dist8nce-o:r."appro~telJ 

1/2 mil.e from the reactor·" Within appro:x1.mately ;0 seconds the rate had decreasea. 

to 25 rrrr/hr and ,~ont~ued to decreas~ rapidly. Witb.1D. le~~ than 5 m1rnites the'read-
ings had decreased to less .than 1.0 rrrr/hr. . . . ","., ,,'" 

These intensities, which were undoubted4r from pure ga.m:ma radiation, seem 

consistent. with the energy release of the excursion. At the time of the' excursion 
~ 
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the air temperature was 53.8°F, and the barometric pressure was 250285 inches. 

Taking an effective air attenuation length of 270 meters for delayed fission-product 

gammas under these conditions, one estimates that, if no other shielding than air 

were present around the total mass of fission products from an excursion of 1;5 Mw

sec, the radiation intensity at 1/2 mile would be about'110 mr/hr after ;0 seconds. 

Actually, something like ~lf' the fuel remained in the ,shield tank and pump p~to, . ' 

Of the remainder, it seems reasonable to assume that its radiation might ,be attel;1u,,:, . . , 

'sted by a factor of 2 or 3 by local ~bstructionso 
.:;::'" ~ ~ 

Beta-gamma film packets located at 1500 fee~ from the reactor, rougbly ,down-.~, 
.... -#. 

wind bJat outside the path of t:all-out, recorded ,exposures of 50mr /hr.. These ex- . ' 
, .•. 0., .• ,,~' '_'" 

posures ,were probab~ primarily from gammas originating in the material whicl:L, s,tayed 
. ' . '.' . ~. ~ 

in the reactor vicini ty. The total integrated ~xposure from complete gamma :Aecay r. 

. • . t. w' • ", .. '"' ~ ~; H. ~ .. 

of all fission products of 8 135 Mw-sec excursion would be about 140 mr if o~ 
. . -. ,,;. '~"':.~ .~~."'~ .:~ .. ::;",::;;.,""' .. 

air shielding were present. 
. . ". ", , • -.:.... .. ~* t:, • ·<~~··J.l ", 

The air-dispersed material from the reactor was blown in a direction about , 
• .' • • • ~. ..~ '. I " ", ,~'. -;. : ~ " ;" =:: 

35 degrees west of south. Mobile mom toring teams crossing the trajectory of ,the 
, ' :' .... ".';', .• ,~,: .. :' . " J>-:':J:~f .~-~: 

material at 8:35 AoM. (15 minutes after excursion) at' a distance Of. about 008 mi 

from the reac~, 'record~d "a ~'Ximum r~d1ng ':oi 5 ~/br"'rith open-wind;'~~ , 
, • • , .,.~." . , ., ~, ~ . . ~ ~ '. f.,' ,'._ ~~""~~ ::., 

meter, 3 feet above ground. A similar reading at 8:45 A .. M., about 2 .. 3 miles from 

the reactor, save 2.0 mr/hr o • The ~~ read~g~' at these same dis~c~~,'~t 
• -.: .. ~. .. ... ;,:" : ' ',-" ~ • .' .• ' " • " '¥ . ' ~ .' ' ,: 

9:15 - 9:20 AoM., after the air-borne material had definitely pa'ssed over, were 

'~:f 

\ 
~ , 

• -. ~J ~ ~, '''1'.'. 

6 mr/hr, with open-window meteJ; 1 inch above ground. :By 10:30 the following , 
• ,;" w", ". .' ,...t'.~ ~.:. ,_ ': .' .... : .. ".... ,+ •• ::. ..... .. ~,L, .::~ .• : .;-:3 .... , ;;~ , .. ' . 

morning these intensities had decayed at 0.05 JJ.'II'/hro The intensities w~e main;.. , .', 
, ' ,,: .... ..~':.: ~." ~ '. ;'" .' • ' ., • .1'\., ..... ")., ' .. :: :.' _ ..... ~.::.,:.' •• :~r,~:---,_,.,::~;~. 

tained at roughly the maximum l.eve~ over a path width of about ~ .teet, and. fell,. " 
" : '~.~ .. " .... f', t, ' . .'., ": ,", ' •.••• ~ '. '" • f ,- 1..1' ':'.;:' ':: .... :r:f., ~'!.::;l.l~l ·.rrrr.":. ~ 

to about 1/10 the maximum along the edges of a path about 1,00 feet vide., "" ' 
.' . "_" -1:..' 1\:: '04' .... : • .:~;,. :'",.~~ j ~ . :: • .z,".: ... ~ .:.", ":" . "',~~....:' •. :'~.: :,"tr' ~ 

For comparison with, ~e foregoing observations, an e.stimate ha,s ,been made 00.:, ,'" 
... '.' ". "_·:·f .. t·,'1:"~ ';:':7 ~ ."~ .. ~~ '." '1~~.",·:t: "'".'~ ',:. ""·~,· .• ', .. ·:t "": ;:."~,tf'~'7 ~: .... ~")."''1o~h: ;:"~J. 

the total activity ,of the fuel left in the 1mmed18te , vicinity of the reactor, by, . 
... ~ .'; ~",.; "'._'''~''. t.-.. .. po:~.".:.:;." ;:: •. , .•• w .. , •• "; •••••• ~ •• ' '.~ ·t~.~ \ •• !.:-~\',"'. Ii.'~.:.:.~;, -(:"':::'.:.,'~t.. 

extrapolation of later surveys 'in the reactor area" This estimate indicates that , 
. ' .... 8· . '; .. ::e'.:' .. <:~· 

the fuel, if spread uniformly over an area of,5 x 10 ,square feet, ·wouJ.d ,give,a 
. '. •.••. - .• ~ I. 

reading of 6 ~ /br on an' 'open-window meter 1 inch above 'ground, 1 hOUr after 'the 
.., • .' • 'l. .""'::" :. • • ,:'. -; • : .'. '.' # "", .~., 

excursion 0 
" , .... '" 

The integrated radiation intensities of fuel in the variQUS locations on this 

date' are given in the Table' 'b~iow 0 
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.. £~~-~~~-:'""'; 
, . .t., ' .. :~&t-,:~"" ' 

Area Integral' or Intensity 
Description of Fragments on 8/19L54,(cmf)(r)/hr 

General distribution of fra~ents 
outside fence (Figure 38) 

General distribution of fragments 
inside fence 

Fragments remaining in shield tank 

Fragments remaining in pump pit 

Large pieces of :fuel element 

Fragments mixed With other miscel
laneous' debris 

, TOTAL 

24 x 104 ' 

38 x 104 , 

4 :x: 104 

33 x 10
4 

10 Xl0
4 

4% 104 

ll3 %104 ' 

2.0 Farly Obs~tions ~nd Ded~ct10ns of'l952 NRX InCident<"(3) 

The activity 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 ~SeollS fission products from the ,uranium wi1;h ruptured sheathing together With 
. . 

most of the fission products from the melting, fracture, and rapid oxidation of th~ .., . '. 
uranium of the air;"cooled rod of Previously unirradiated uranium..' " 

The best est:lJmilte which it has been possible to make is that, the total fissiO~ 
18 ' ,': 

involved would be 10 ,and, assuming the power surge was 4000 me~watt-sec, if all 

the activity were supposed to come from the air-cooled rod, it'l!ou1d'reqilie the' ",,' 
excape of the products from'~' kg of 'natural m-alrlum at the center of the '~od.:7 Much.' 

less than this is likely to have been involved because there would ~ve ~een a -ccm-

siderable excape of volatile and ~seous fission products :frori'other ruPtures~"' 
The est:1mate is that of Drs~ W. G. Cross and S.'A .. lW.shneri~ ~sed 'on the ex-

, M·., 

posure of 350 mron a film worn by an electrician up a pole adjac~t to the reactor 

stack at the t:f.Jne. 
, , 

It was not considered safe to stop 'the flow ,of. water '?' the basement since the 

condition:l)f the uranium was not known. It was, feared th8t, since some of the metal 

had been so highly irradiated (about 3000 MWd/ton), it would heat itself up, oxidize 

rapidly, and might even catch fire if not cooled. The' flow of water was cut back ' 

as low as considered sufficient to reach all the uranium.. This flow was about 10 
~l/rrrl:JJ.. It was not discharged to the, river ~t was pumped':from the basement to a , . . . 
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storage tank. The total water collected amounted to about k,OOO,OOO gal and 

contained about 10,000 curies of long-lived fission products. This water was 

successtuJ.ly disposed of by pumping it through a 1 l/4-mile pipeline to a tren..Qh 

system in a disposal ground where it was allowed to seep away. A check was kept 
. , , . 

on activity in water draining from this area, but no detectable activity was found 

even in the creek draining the area to a small lake .. 

300 EBB Incid~t(34) 

On November 29, 1955, at A.1!X,;'s reactor testing station near Arco, Idaho, the 

world I s first fast breeder reactor, EBB-I J was undergoing the last series of eXperi

ments scheduled ,at tba~ time. Pbject 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 o', To 

obtain the temperature coefficient of the fuel ~ 1 the liquid NaK coolant flow 

had to be sbut off - so that the machine was actuall3 operating not as a reactor at _ 

all but rather as a critical assembJ.;r. (The core pot wa~ filled with NaK" but it (, 

was static .. ) On the last test ,in the series of deliberate power surges, the sC,ientist 

in charge, watching special fast-acting neutron and temperature recorders and ~e~ 

alizing a runaway was imminent, gave verbal instructions to the operating technician 

for :immediate SIliuiidawn •. The technician .misunderstood and pressed the button ~c~- . 

voting the normal motor-driven shUt:of'f rodso The scientist reached ,over and push~ 

the scram button. The interval, a delay of at most.two t:leconds, was ~Ugh to ' . . , . 
permit power to overshoot to a level where tb.e fuel rods melted ,down,· s~ ~um.: 

alloying wi tb. core steel." 

One possibJ.;r encoura~ th;Ulg that remains to be verified has to do with the 
• • I • 

whitish encrustation on the reflector elements and ~n tb.e surface of the melted 

mass. This is due to oxides of sodium and potassium from the NaK coolant. The' 

core underweni? a significant decrease in density'due to bOiling and volatilizati~n 

of the NaK, and thereby became less reactive, from the nuclear ppint of vfew. . It 

has yet to be established whether this took place an instant before or an instant 

after the meltdOWIl:o If the .former, it would mean this phenomeqon was operating as 

an added safety :factor .. 
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APPENDIX ,III 

CRITICALITY HAZARD IN REPROCESSING OF NUCLEAR FUELS 

by 

Origin of the Problem 

J. W. Ul1mann . 
Chemical Technology Division 
Oak Ridge N&tionalLaboratory 

INTRODUCTION' 
, , 

Fissionable material.s uranium;.-233, l:!.ranium-235 or plutonium-239, may have 
r 

to be recovered from bred orpartia.J..l.y spent fuels to permit economic operation 

of nuclear reactors. The recovery process ,consists of chemical. or ,metallurgical. 

separation of the fissionable material. from undeSirable contaminants alla: a:ny', , 

chemical., metallurgical. and mechanical. steps necessary to restore the' fuel'ta"its ' 

ord.ginal. form." Precautions Imlst be taken'. ill the design and 'operation of.;,reprocess-

ing plants a.ge.inst the creation of. a critical. ass,emble. . " ',-' 

Definitions" ' .... ,: 

An assembly is said to be critical. 'if ,the number of neutrons' produc'ed :in each 

generation' by fission equals the total. number of neutrons absorbed and 'lost' by 

leakage. ' SUch a system if self'-81ista1n1ng and can be oPerated at'various power 

levels. If fewer neutrons are produced by fi$sion than are absorbed and lost, ' 

the system is designated subcritical.j if more neutrons are produced thati absorbed, 

and lost, the system is'supercritical.. " 

If a source of neutrons· is, directed ,at a, subcritic8.!'assembly:the' sieaaY state' 

neutron flux will exceed that due 'to the source al.one.· The closer" an' assembiy' is to 

criticality the greater will be this :flux IIIIiltiplication. Critic8.lity,measuiem:exits 
- I . ,;, . " ' 

can therefore be made by extrapolation of data frOm subcritical. s,ystems to zero 

reciprocal. multiplication. (1) , 

When a s,ystem attains critical.itywithout requir±pg the delayed neu~rons 

which are produced by post-fission ,dec8\Y it is said to be prompt critical.. If the 

delayed neutrons are needed to reach critical.ity the system is called delayed critical.. 

System Parameters 

The factors affectini the critical.! ty of a system are: 

(1) The mass of fissionable material. which determined the potential. number of 

fissions. 
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~ " .:~: . ..... ,:~:" 

(2) The speci:fic f.issionable isotope which determines the number o:f neutrons 

produced peI:.fission and the ratio of fission to non-:fission abso~tions. 

(3) The degree o:f moderation since the probability of e:ffecting fission depends 

on neutron velocity. The probability is greater :for s~ow neutrons than 

fast neutronlt. 

(4) The size and shape of the system which determine the extent of neutron 

leakage. 

(5) 

(6) 

(7) 

(8) 
(9) 

(1) 

(2) 

(3 ) 

The d~gree of pOisoning since neutron absorption by non-:fissionab~e poison 
i 

atoms competes with the f.ission reaction."; I 

The degree o:f homogeneity, ,of. the system since the presence of. voids will 

increase the mass required f.or critic~ity. 

The degree of reflection since ;reflection of neutrons back into, the .. system' 

reduced the effect of leakage. 

The presence of :fertile material which can fission with fast neutrons", ".'C :'.~' 

The size, shape and spacing of lattice elements in a heterogeneoussyBtem, ~.'" 

will inf.luence leakage and the degree of ,interaction between e~ements., :,~ 

The types of systems which can be encountered in a processing plant: are: "'~'::' ',': , 
~-;" ~:~ _.. ... .. -... ~ 

Slow neutron systems which result :from ,the :fissionable materi~s in water' 

or organic solvents4 

Fast neutron systems which result from the fissionable materi~ bend1ed 

as oxide or me~o 

Intermediate systems which mBy resu~t :from aqueous slurries or hydrated " 
• J. " 

so~id suts o:f :fissionab~e materiaL ' , . .:. ..... ,: ; '.~ 

Since the s~ow neutron system ~eads to the smallest,critic~ mass, it. is, 

potentially the lDDst dangerous, the lDDst of. the following remarks concern so~utions 

of fissionable material in a moderating so~vent. 1 ~ .... 

~~: ': ", 

METHODS OF CONTROL . ':. ,. ~ 
:~. 

Mass Limitation 

Critic~ity ~ be aVOided if. the m1niDDlm mass of fissionable matei'i~ capable 

o:f sustaining a chain reaction is never assembled in 'any single ~ocation, provided 

care is taken to prevent interaction 'Wi th surrounding materi~s. Tab~e No. ~ gives 

pub~ished safe upper masslimi ts f.or ref~ected and unre:flected so~utions' with 

ciptimum geometry and moderation and no pOison present. . 
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TABLE 1 

EXTIMATED MINIMUM CRITICAL MASSES (GRAMS) 

U~33 t?35 Pu239 

Unre:flected 

Water re:flected 

*1150\2J'~" -- -~I30T21 '1244(3), 
588(4), :' 800(4) ,510(4,~ 

------,---------------------,-----.,', 
*Lowest,reported mass, 'not'necessarily minimum; - . 

cr1tic~lity control by ma4s limitation requires strict accounting by analysis 

and material balance to detel"ll2ine at all times the quantity o:f :fissionable material 

present in a piece of equipmen':t or in storage. Mass l1mi tation inherentlY requires 

batch operat1~~ith holdup o:f batches for a.ruDYsis l:e,fore ea~h step. "It"is 

therefore usually more costly than control methcids amenable to,continuous process

i~g and is cert8.1n, ~ to'the extent permitted by the 8.ira.iJ..eib{~;t~~mrl~~e~:~f" 
analysis and mensuration. 

Geometry Control 
<".-, 

;~:.: ' 

" .... ~ .... "." ; '\"-
.";. ,,'_. 

.f A su:f:f'1ciently' high rate o:f neutron le~ from a system-::averts criticaiity. 
i . "( 

Table No. 2 show~ the minjmnm demensioDs of 8ph~~s, infinitely":lOD.g 'CY1~ders' ~ 
iilfinite,", area slabs required to sustain 'critica.:U.ty of solutions~ " ,:l ,', ,,~, 

TABLE 2 
, " : " -' .f" " 

ESTIMATED MINIMUM CRITICAL DIMENSIONS' (CENTIMETERS) 
...... : "'~~: ~ tj:. " .~ ."'.,'. . \.. '\-~~'~".--

Bare Sphere, Diameter 

Water-reflected Sphere, Diameter 

Bare In:fini te Cylinder I Diameter 

Water-re:flected Infinite Cylind~r 
Diameter 

Bare Infinite Slab, Thickness, 

Water-reflected Infiriite Slab 
Thickness 

," 

'U233 , -J235 

, 18.i(4) 23.0(4) 
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. ~,.::, 

It should De~noted that the ws contained in a geometry mntrol1ed system 

can exceed the "",,9 _r!1 critical mass of Table No.1 without achievement of 
, . ! 

criticality and ~the minimum masses and m1ntmnm volumes occur at different 

concentrations of fisionablematerial. 

.. 

Geometry control is adaptable to safe continuous operation, but as can be seen, 
',-'; 

the equipment size is necessarily small and parallel liiies may be required. Adequate 

spacing of individually safe units must be allowed to prevent criticality of an 

assembly of units by interaction. 

Concentration Control 

Change in concentration of a fissionable material in a water or hydrocarbon 

solvent will alter the atomic ratic;;r)f hydrogen to fissionabl~isotope. Both the 

degree of moderation and the degree of posioning are affected by this ratio •. The~ 

combined effect is illustrat~d in Figure 1. At lowbydrogen concentrations per :.: ",; 
, , _.' ':. .4 

fissionable atom, the critical mass is large since there is only a small amou.nt .. ~f 

moderation. As the hydrogen concentration increases, the mass 'decreases' to a 

minimum. With further increase in ~rogen concentration, poisomng increasE;:s the 

critical mass until a region of infinite critical mass is reach~d~:" rus' i~ t~e, .. ~ , 

limit for concentration contrq1. Aay solu~1ons more, dilutE: in f1ssionab~e'isotope 

than corresponding. to this hydrogen t.o fissionable:i;sotope rati~~:J9:~e. :~.:.,: ..... . 
Table No.3 lists the maximum safe concentrations f,or aqueous solutions in 

optimum geometry. 
-;, "' 

TABLE 3 
~ . ~ . 

ESTIMATED MINIMUM CRITICAL AQUEOUS CoNCENTRATIONS (5" 

H/Fiss~ona~~~.~sotope . G:r;:ams/Liter_ 

-... --..-----.-.. -................ ~ ----
U233 2330 10.9 

. U235 2220 11.6 

Pu239 3600 7.3 
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H ATOMS PER FISSIONABLE ATOM 

Fig. 1. Effect of Moderation on Critical Mass of Water Reflected 
Aqueous Solutions in Spherical Vessels. (Data of McKay and Nicholls). 
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rn'the absence of,aQY moderation, at a hydrogen to fissionable atom ratio 

of' zerol easentially only fast fission ~'Yl,oC~ur. 2 Table NO(. 4- giveJ values 

o:btain~ with spherical assemblies of 50 to 9O'fo u 35 metal ~f'lected with metallic 

natura.1- uranium at various effective densities produced by vpids. 
i ' ' 
i 

, TABLE 4 
I ;; CR~TICAL MASS ~35 MEn'AL SPHEREs(6) 

i 

} 
,/ 
(/ 

;Core Density (Grams/cm3 ) Critical Mass (Kg tf35) 

,'~90oj, u235 

'1~90% u235 

-90'10 u235 

-65% U235 

"" -50'10 U
235 

f 

18.7 
13.1, 

9.3 

18.7 
18.7 

16 

25 

37 
21 

27 

" 

, (, 

-', 

r 
I 

J 
I 
I 

// 
/ . 

The data. of the above table are correlated by assuming critical. maSs propostion

al to U235 enrichment to the -0 0 7 power aDd to core density to'the -'1.2 power. 
~ 

The ef'fect of' s1ight ~gen moderation is illustrated by the',critical mass 

of a highly enriched uranium bydride assembly reflected by natural uranium. The 
, ~ -.. ~ , 

'I! 

• 

average empirical' ~o~ for the hydride was ~.97C1.ll00.25'. Btlld,the' critical .. ' : .. ,. . 
IIU3,SS :was 12.1 Kg U 35. ( ) '. 

Concentrai;ioIl; contro1 is effective in ptoce~sing dilute, aqueous solutions if' 

there is as~ce.that the fissionable iso~ope concentration will not, exceed the 

values of' Table "No.3, and pre,cipitation will not occur. 'Instruments arE! theref'ore 

u~ed to monitor stream concentrations and flows, ,t:md, alarms ~ se~ :to sound in ad-

~~ce of a critical condition. 

',; 

In the hand1ing of' metallic f'issionab1e material, 'concentration contro1 permits 

the assembly of' masses far in excess of' the m::in::imum of' Tab1e N~.' 1. The, lpacing of' 

metal pieces,possibi1ity of' water being present and sim11ar f'actors require detai1ed 

study of' each individual situation tO,determine the most deSirable method of' safe 

.:~~ " 
~~.,/ 

band1ing. I,' 

" 
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Combined Mass, Geometry and Concentration Control 

The maximum sa:.fe 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 

safe side of the optimum value. For example, the diameter o.f 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 1imi ts of Table No. 2 if the units are" in 'a criticality 

sense, far short of infinite cylinders or slabs. The basis for such relaxations 

flo m the limiting values is illustTated by Figure 2, a plot of critical cylinder 

heights as a function of diameter for two hydroge~ to uF35 atom ratios. 

Poison Control :, , 

If it is compatible with the precess, a pOison can be deliberateJ.:y' introduced 

into the equipment or:,process streams to prevent~, cri ticali ty • Cadmium foil 

s~ing a vessel can essentialJ.:y negate the ~ffec~ of a water ~flector, and 

the insertion of poison rods into the interor C'fvessels has been ~roposed.. :.The 

latter method requires certainty that the pOison is always pre sent_ in .the proper. 

geometry; . 

The poison effect of the nitrate ion and the'presence of the,: 240 isotope of 

piutonium is illustrated by the estimate of 510 grams of Pu239 as .the minimum 

C~itiCal mass compared to 690 grams fou:na. by experiments with ~(NP3}4~ (4) 

Fission products present in irradiated fuel add poison to the'system to an extent' 

dependent on the irradiation history of the material. Fertile' isotopes aiso exert 

a poisoning effect. For e~le, the minimum critical mass of 4.9 per,cent 
235 ' ' 

enriched U is reported as somewhat less than 2 kilograms'compared to 0.8' 
. (4) '. 238. . 

kologram for -90 per cent enrichment.·:'Because of U .' poisonipg, there 

exists a min1Wlm U235 enrichment belOw which uranium c~ot be made critical with 

light water moderation. 

\ 
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Fig. 2. Critical Dimensions of Woter Reflected Cylinders Containing Aqueous 
U235 Solutions. (Dato of Callihan, Morfitt and Thomas). 
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sAFETY PHILOSOPHY 

The aim. of ctiticaJ.1ty contro1in processing is to prevent a nuc1ear 

incident from occurring. Since it ~s almost impossib1e, and certainly uneconomical, 

to design against all possib1e operational errors or sabotage, the conse~uencesof 

an accident are of intere~t. 

In a process p1ant it is most unlikely that fissionab1e materla1 can be 

assembled fast enough to cause a ~ear detonation. Since nuc1ear exp.+osion 

requires assembly in less than a millisecond, a s01ution brought to supercriticality . 

by precipitation or overfilling will probably disperse i t~eU- b; b011mg.·(3) . . 
, . '\. ~ . 

The consequences of such an incident wou1d, however, 1ead to serious radiation and 

toxic hazards. and damage to the eqUipment •. 

The present practice is to design for routine safe operation with substantia1 

safety factors, to check the mode of operation with expert opi:.irlon or exPeriment, 

to monitor the p1ant to prevent acCUIlDl1at;tQn by leakage or depositio:;l,' and to . 

provide instrumenta1 inter10cks and ala:rms such' that at 1east two independent 

mistakes are necessary to create a dangerous situation.' 
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