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F O R E W O R D

Almost every human activity creates some kind of waste. Whether it is 
harmful, inconvenient, neutral or even positively useful in some other activity 
depends largely on its nature, which can often be changed by some fairly 
simple chemical process so as to neutralize harmful wastes, render inconvenient 
wastes useful, and so on. Radioactive “ waste” can be extremely harmful or 
useful, again depending on its form and the way it is handled; but its essential 
nature cannot be changed or destroyed by any means at present under the 
control of man. Furthermore, the harmful waste of today may well become the 
useful raw material of tomorrow.

As more and more countries embark on programs of nuclear research and 
nuclear power, the quantities of radioactive material to be disposed of are 
rapidly increasing and the problems of safeguarding humanity on the one 
hand and of storing possibly useful material on the other are assuming great 
importance.

It was for these reasons that the International Atomic Energy Agency and 
the United Nations Educational, Scientific and Cultural Organization com
bined their forces in sponsoring and organizing, with the co-operation of the 
Food and Agricultural Organization of the United Nations, a large scientific 
conference devoted to the subject of the disposal of radioactive wastes.

The Conference was held from 16 to 21 November 1959 at the Oceano
graphic Museum in Monaco, in deference to the leading position of this insti
tution in the field of oceanography, which is an extremely important discipline 
in relation to the disposal of wastes into the sea. A  total of 283 scientists 
attended, representing 31 countries and 11 international organizations.

The sponsoring organizations wish to record their sincere gratitude for the 
generous hospitality accorded the Conference and all its participants and staff 
by H .S .H . Prince Rainier III , his Government and the People of Monaco.

It is with the consciousness of offering scientific information of great value 
to the future progress of an extremely important field of knowledge that 
I  now commend these Proceedings to the earnest attention of all workers in 
that field.

Director General 
International Atomic Energy Agency
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T H E  O R I G I N  A N D  N A T U R E  O F  R A D I O A C T I V E  W A S T E S  
I N  T H E  U N I T E D  S T A T E S  A T O M IC  E N E R G Y  P R O G R A M M E  

Abstract

The composition of nuclear power wastes is determined, firstly, by the treat
ment employed for fuel reprocessing, and secondly, by the initial fuel compo
sition. In solvent-extraction processing, wastes of high, intermediate and low 
activity are produced in approximate volumetric ratios of one, five and 100, 
respectively.

The wastes resulting from reprocessing of highly enriched fuels are large in 
volume because they contain the fuel diluent. Low-enrichment fuels usually 
consist of a uranium core clad with aluminium, zirconium or stainless steel, 
and they produce two waste streams: one, an intermediate-activity waste con-, 
taining about 0 .1 %  of the fission products, results from the chemical dissolu
tion ; the other is a high-activity waste containing the remainder of the fission 
products in a dilute nitric acid solution.

The volume of evaporated waste varies from 0.8 1/kg of uranium for low- 
enrichment fuels to 500 1/kg of uranium for highly-enriched fuels. The average 
volume of combined high- and intermediate-level waste from the anticipated 
United States nuclear power industry is about five 1/kg of uranium. In the 
United States it is estimated that the nuclear power industry will have produ
ced about 3,000 million curies of radioactivity in 27 million litres of solution 
by 1970, and 60,000 million curies in 1,100 million litres of solution by 2000.

Power reactor, wastes present new storage and disposal problems because of 
their composition.

O R I G I N E  E T  N A T U R E  D E S  D E C H E T S  R A D I O A C T I F S  D E  
L ’ E X E C U T I O N  D E S  P R O G R A M M E S  D ’ E N E R G I E  A T O M I Q U E  

A U X  E T A T S -U N I S  
Résumé

La composition des déchets nucléaires est déterminée, d’abord, par le pro
cédé employé pour le traitement du combustible et, ensuite, par la composition 
du combustible lui-même. Le procédé de l ’extraction par solvants produit des 
déchets ayant une activité élevée, moyenne ou faible dans des proportions 
volumétriques d’environ 1,5 et 100 respectivement.

Les déchets provenant du traitement des combustibles fortement enrichis, 
représentent un volume important parce qu’ils contiennent le diluant du com
bustible. Les cartouches de combustible faiblement enrichi consistent ordi
nairement en un élément d’uranium gainé d ’aluminium, de zirconium ou 
d’acier inoxydable et donnent lieu à deux sortes de déchets. Les uns sont des 
déchets à activité moyenne contenant environ 0 ,1 %  de produits de fission et 
proviennent de la dissolution chimique. Les autres sont des déchets à activité 
élevée contenant tous les autres produits de fission dans une solution d’acide 
nitrique étendue.

Le volume des déchets condensés varie de 0,8 litre par kilogramme d’ura
nium pour les combustibles peu enrichis à 500 litres par kilogramme d’uranium 
pour les combustibles fortement enrichis, le volume de l ’ensemble des déchets 
d ’intensité élevée et intermédiaire qui, à ce que l ’on prévoit, proviendront des 
centrales nucléaires aux Etats-Unis. est d ’environ 5 litres par kilogramme 
d ’uranium en moyenne. Aux Etats-Unis, on estime qu’en 1970, les centrales
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nucléaires auront produit environ 3 milliards de curies contenues dans 27 
millions de litres de solution, et en l ’an 2000, 60 milliards de curies contenues 
dans 1,1 milliard de litres de solution.

En raison de leur composition, les déchets provenant des réacteurs de puis
sance posent des problèmes nouveaux d’entreposage et d ’élimination.

П Р О И С Х О Ж Д Е Н И Е  И Х А Р А К Т Е Р  Р А Д И О А К Т И В Н Ы Х  
ОТХОДОВ В А Э К  П Р О Г Р А М М Е

Резюме

. Состав отходов, образуемых при эксплуатации реакторов, зависит, во-первых, 
от обработки, которая применяется при воспроизводстве топливных элементов, 
и, во-вторых, от первоначального состава топливных элементов. При обработки 
с применением экстракции водных растворов высокая, средняя и низкая актив
ность отходов возникает в приблизительном объемном соотношении, равном 
одному, пяти и 100 соответственно.

Отходы, возникающие в результате воспроизводства высокообогащенных 
топливных элементов, бывают большими по объему, так как они содержат 
топливный разбавитель. Низкообогащенные топливные элементы обычно 
состоят из урановой сердцевины, покрытой алюминием, цирконием или нержа
веющей сталью ; эти элементы дают два вида отходов. Первые отходы средней 
степени активности, содержащие около 0,1%  продуктов распада, возникают в 
результате химического растворения. Второй вид отходов с высокой степенью 
активности, содержит остатки продуктов распада в разведенном растворе азот
ной кислоты.

Объем испаряющихся отходов колеблется от 0,8 литров на килограмм урана 
для низкообогащеншдх топливных элементов до 500 литров на килограмм 
урана для высокообогащенных топливных элементов, средний объем соединен
ных вместе отходов высокой и средней степени активности от ядерной энергети
ческой промышленности Соединенных Штатов составляет около пяти литров 
на килограмм урана. По существующим оценкам ядерная энергетическая 
промышленность в Соединенных Штатах будет производить около 3 млрд. 
кюри радиоактивности в 27 млн. литрах раствора к 1970 году и 60 млрд. кюри 
в 1,1 млрд. литрах раствора к 2000 году.

O R I G E N  У  N A T U R A L E Z A  D E  L O S  D E S E C H O S  R A D I A C T I 
V O S  E N  E L  P R O G R A M A  D E  E N E R G I A  A T O M I C A  D E  L O S

E S T A D O S  U N I D O S

Resumen

La composición de los desechos que se forman como consecuencia de la pro
ducción de energía nucleoeléctrica depende en primer lugar del tratamiento 
empleado en la regeneración del combustible y, en segundo, de la composición 
inicial de éste. Por cada unidad de volumen de desechos de actividad elevada, 
obtenidos en la extracción mediante disolventes, se forman 5 y  100 volúmenes, 
respectivamente, de desechos de actividad media y  baja.

Los desechos que se producen en la regeneración de los combustibles muy 
enriquecidos son muy voluminosos por contener el diluente del combustible. 
Los combustibles poco enriquecidos consisten habitualmente en un núcleo
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de uranio revestido de aluminio, zirconio o acero inoxidable, y  producen dos 
clases de desechos: desechos de actividad media, que resultan de la disolución 
química, y  contienen el 0,1 per ciento, aproximadamente, del total de los pro
ductos de fisión, y  desechos de actividad elevada, que contienen el resto de los 
productos de fisión en una solución diluida de ácido nítrico.

El volumen de los desechos evaporados varía entre 0,8 1 per kilogramo de 
uranio, para los combustibles poco enriquecidos y  500 1 por kilogramo de 
uranio, para los muy enriquecidos, se prové que la industria nücleoeléctrica de 
los Estados Unidos producirá como término medio unos 5 1 de desechos de 
actividad elevada y  media por kilogramo de uranio utilizado. En los Estados 
Unidos se calcula que para 1970 esta industria habrá producido unos 3 X 10® 
curies disueltos en un volumen de 2,7 х Ю 7 1 y  6 x lO 10 curies en 1,1 x lO 9 1 
de solución para el año 2000.

Los desechos procedentes de los reactores generadores plantean, por razón 
de su composición, nuevos problemas de almacenamiento y  evacuación.

THE ORIGIN AND NATURE OF 
RADIOACTIVE WASTES IN THE UNITED  
STATES ATOMIC ENERGY PROGRAMME

F. R . B r u c e
Oa k  R id g e  N a t io n a l  L a b o r a t o r y , Oa k  R id g e , T e n n .

U n it e d  St a t e s  of  A m e r ic a

1.0 Introduction
Man’s efforts to achieve the benefits offered by nuclear energy are beset 

throughout by the hazards of the materials with which be must work. Uranium 
ores emit toxic radon gas, which makes necessary special provisions for venti
lation before ores may be safely mined. The winning of uranium from ores 
frees radium and other radioactive elements, which contaminate water supplies if 
released to the environment. The preparation of reactor fuel gives rise to wastes 
that require special handling, while the obtaining of energy from fissionable 
atoms in nuclear reactors results in radioactivity which remains a hazard 
to man for thousands of years. This radioactivity stems both from the capturing 
of neutrons by structural materials in the reactor and from the fission products 
formed in the, fission process. Successful utilization of nuclear energy requires 
the recovery of unspent fissionable and fertile material from used reactor 
fuels. The quantity of radioactive waste originating from this source is at least 
a thousand times greater than that arising from all other sources combined. 
In irradiated-fuel recovery processes, fission products are converted to aqueous 
solutions which must be handled in such a way as to safeguard man and his 
environment.

In approaching the problem of radioactive waste treatment and disposal, 
it is most important to have knowledge of the origin and nature of radioactive 
wastes. It  is the purpose of this paper to provide this background by present
ing available information on the sources from which radioactive wastès arise, 
their quantities, their compositions, and properties that are pertinent in con
sidering disposal methods. The methods described for reprocessing uranium 
and aluminium-uranium alloys clad with aluminium are well established. How
ever, there is great uncertainty in defining the nature of radioactive wastes 
from power-reactor fuel reprocessing since it is not yet possible to say which
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processing methods will be used. For this reason several approaches to the 
problem and the wastes associated with each are described here.

2.0 Raw materials processing
The problem of radioactive wastes is encountered in the very first operations 

that are carried out in the establishment of a nuclear power enterprise. Ura
nium ores contain members of the U 238 and U 235 radioactive decay series, 
a total of 26 radioactive isotopes. The most important hazards are R a226, 
R n222 and uranium itself (Table 2.1). In the case o f the United States uranium 
milling industry, which processes about 65,000 lb of uranium per day, about 
9.8 c of U 238 and a total of about 100 с of radioactive elements per day are 
delivered to the mills (1).

2.1 Uranium Mining
In the past, about 5 0%  of all miners in the Schneeberg region of Germany and 

the Joachimsthal region of Czechoslovakia died of carcinoma of the lung (2). 
Radon, which is given oif at a rate between 5 X 10 -7  and 2 x lO -5  c/min per 
thousand cu ft of mine volume (3), is probably the principal cause of this. 
The average radon concentration in European mines is about 2.9 x 10“ 9 c/1 
o f air, and may have been as high as 2.5 x 10~8 c/1 for at least ten years before, 
the hazard was recognized. The 1955 Recommendation of the International 
Committee on Radiological Protection is a limit of 10-10 c/1 for continuous 
exposure to radon in equilibrium with its short-lived daughters. Radiation 
exposure during the mining of uranium is minimized by ventilation, and it is 
recommended that about 3 cu.m of air per minute per ton of ore per day be 
provided.

2.2 Uranium Milling
Uranium ores, containing an average of 0 .25%  U 30 8 in the United States, 

are shipped to mills where uranium is separated from most of the impurities. 
The ore is crushed and the uranium is leached from the gangue. Two leaching 
methods are in common use, one using sulphuric acid, and the other a mixture 
of sodium carbonate and sodium bicarbonate. In acid-leach processes the ura
nium is recovered from the leach liquor either by anion exchange or by solvent 
extraction with a dialkyl phosphate or an amine (4). The uranium is removed 
from the ion-exchange resin or organic solvent with a suitable aqueous solu
tion and is precipitated with caustic, lime, or magnesium oxide. Uranium is

TABLE 2.1

RADIOACTIVITY* ASSOCIATED WITH NATURAL URANIUM (1)

Isotope Half-life Radiation
Permissible Concentra

tion in Unrestricted 
Area, /(c/ml o f solution

U, natural Alpha 7 X 10-0
Th234 24.5 days Beta 3 X 10- 1
^^230 8.0 x 104 years Alpha Undefined
Ra226 1.6 X 103 years Alpha 4 xlO- 9
Rn222 3.825 days Alpha 2 xlO- 7
Po210 138.4 days Alpha 3 X 10- 6

* This table gives only the most significant o f the 26 radioisotopes in the U 238 and U 235 decay series.
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TABLE 2.2 

ANALYSES OF MILL EFFLUENTS (5)

Process pH U30 8,
g/1

Mill Effluent Analyses, /¿c/ml

Ra22» Th234+ P a 234

Acid leach-solvent
extraction 1.5 0.10 4.0 x 10-« 3.9 x 10- 5 1.2 x I0~4
Acid leach-RIP 3.3 0.0034 5.4 x 10-« 1.2 x 10-6 4.8 x 10~6

7.7 0.0003 3.3 x 10- 7 2.8 x 10-8 1.8 X 10- 7
Combined acid leach-RIP
and alkaline leach-preci-
pitation 6.9 0.02 8.1 x 10-8 9.4 x 10" 8 5.1 X 10-«
Alkaline leach 9.9 0.009 2.0 x 10-6
Acid leach-countercurrent
decantation-solvent
extraction 2.0 0.002 2.7 x 10- 6 1.1 x 10-5

TABLE 2.3

CALCULATED COMPOSITION OF NEUTRALIZED MILL-EFFLUENT OVERFLOW (6 )

Constituent Acid R IP

Amount, ppm

Alkaline
Filtration

Acid-Counter
current

Decantation-
D2EH PA*
Extraction

Acid Counter 
current 

Decantation- 
Amine Extraction

ci
so4
Mg
N 0 3
Cu
F
В
Fe
Mn
P b

Cr (VI)
u3o8
Na
Ca
h c o 3
C03

Mo
n h 4
Si
v206

Dissolved solids 
Suspended solids 

SAR** 
Organic 
pH

4,556
430

1,470

0.1
332

0.05
12.5

250
735

0

2.5 
430

4.5 
;,221

1.8
0
7.0

3,870
1.1
0
2.7

0.1
0

33.2
3,610

56.5
2,560

67
0

46
650

10,903

131
0

96
3,706

0
< 0.6
<5.6

0.1
395

< 0.6
17.0

665
735

0
0

68
285
100

6,122

6.4
283

4,569
140

4

0.1
760

< 1.1
22.0
28

735
0
0
5.0 

175 
275 
100

7,059

0.2
160

7.0

* Di-2-ethyl-hexyl phosphoric acid.
** In  meq/litre, [N a ]/V ([C a ]+ [M g])/2 .
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recovered from alkaline-process leach liquor by precipitation. In both processes, 
the final uranium product is filtered from the solution and dried for shipment.

In general, about 4 tons of waste per ton of dry ore are obtained from plants 
using the acid-leach process and about 1 ton of waste per ton of dry ore from  
plants using thealkahne-leach process. The volume of mill tailings in the United 
States averages about 865 gal per ton of ore processed. The wastes from the 
acid-leach process are neutralized with lime to a pH  of 7 and, like the wastes 
from the alkaline-leach process, are sent to settling ponds. A  typical radiochemi
cal analysis of mill effluents from several processes is shown in Table 2.2. The 
calculated composition of wastes from typical processes in use in the United 
States is shown in Table 2.3.

Most of the radioactivity in the ore, exclusive of uranium, is associated with 
the finely divided solids, which are sent to waste after the leaching operation. 
In one study (7) of a mill using an anion-exchange process, the combinedliquidand 
solid wastes contained radium equivalent to about 0.6 mg/ton of original 
ore. Of this, 99 .8%  was insoluble and passed to the settling pond with the sands 
and slimes, while only 0 .2 %  was either in solution or went with the uranium 
product. O f the radium in solution in the waste, 8 5%  was removed by neutrali
zing the waste before sending it to the settling pond. In order to minimize 
environmental contamination, the sands and slimes, which contain the bulk 
of the radioactivity, must be retained. In some cases, uranium in solution is 
also an important contaminant in mill wastes, being present in concentrations 
of 0.5— 50 mg/1 (8).

3.0 Uranium refining

The final product from ore-milling is a solid compound containing approx
imately 70 %  uranium. Uranium of sufficient purity for reactor use is pre
pared by dissolving the concentrate in nitric acid and further separating 
the uranium from impurities by tributyl phosphate extraction.

For each ton of uranium processed, approximately 1,000 gal of waste 
solution are produced. The radioactivity in this waste is due mainly to residual 
radium, associated with the product from the milling operation, and the decay 
products of U 238, which are primarily T 234 with a half-life of 24.5 days and 
Pa234 with a half-life of 6.7 hr. Since this waste is low in dissolved salts, it 
is usually volume-reduced and stored. The large volume of such waste pro
duced in the United States is indicated by the 95,000,000 gal produced by  
the Feed Materials Production Center alone in 1955.

Uranium refineries also process high-grade uranium ores such as pitch
blende. The waste from this processing contains appreciable quantities of 
radium; which is removed from the waste before discharge by со-precipitation 
on barium sulphate, followed by filtration of solids. The radium-containing 
solids are stored (9).

Uranium itself is one of the most important contaminants in wastes from  
uranium-refining operations. In general, wastes containing uranium in con
centrations in excess of those which may be discharged to the environment 
are reprocessed for economic reasons.

Solvent-extraction purification yields a pure solution of uranyl nitrate. 
This is thermally decomposed to uranium trioxide, which is next reduced 
with hydrogen and treated with hydrogen fluoride to produce uranium tetra- 
fluoride. Uranium tetrafluoride is reduced to uranium metal with magnesium
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or calcium (10). The resulting uranium metal is remelted for additional puri
fication and rolled into forms suitable for fuel element manufacture. In  all 
these operations gases slightly contaminated with particulate matter, especially 
uranium, are obtained. Gaseous waste may be discharged after purification 
by cyclone separators and filtration.

4.0 Fuel fabrication

Fuel fabrication consists in cladding uranium metal, or uranium oxide, 
with a material that is highly resistant to corrosion under reactor conditions, 
alloying the uranium with other metals, cladding the resulting-alloy, and fabric
ating the uranium, or its alloys, into fuel elements. Wastes from fuel manu
facturing operations (11) may be either liquid or solid.

Liquid wastes result from the cleaning of various metals. In 1957, a typical 
fuel fabrication plant produced 5,000 gal of dilute nitric acid-hydrofluoric 
acid waste containing a small amount of uranium. The contamination level 
of such waste is sufficiently low that it may be discarded to the environment 
after dilution with clean solution.

Solid wastes from fuel element fabrication consist of sheaths used in hot- 
metal-working operations, asbestos gloves, refractory crucibles, stirring rods, 
etc. In a typical year, 7,000 lb of copper and steel sheathing, contaminated 
with about 3 ppm o f uranium, were discarded after being cleaned with acids. 
An additional 5,000 lb of solid waste contaminated with less than 200 g of 
uranium were disposed of in drums. Fifty drums, 55 gal each, containing 
combustible material such as paper, were burned and the uranium reclaimed.

5.0 Nuclear reactor operation

5.1 Fission and Radioactivity

Heat for the production of power and neutrons for research purposes are 
derived from the nuclear fission process, in which fissionable .atoms— U 235, 
U 233, and Pu239— split into two lighter nuclei and yield approximately 2.5 neu
trons. The total masses of the new nuclei are less than the mass of the parent 
nucleus, the difference being released as 200 M eV of energy. For each watt 
of reactor power approximately 3.2 x 1010 fissions per second occur. Isotopes 
of 37 elements, ranging from zinc to dysprosium in the periodic table, havè 
been experimentally detected in fission product mixtures. They occur in 
yields from ~ 1 0 - 7 %  to about 7 %  (Fig. 1) and include isotopes of the rare 
gases krypton and xenon.

The fission of 1 g of fissionable material per day gives rise to approximately
1 M W -day of heat and 1 g of fission products. Accordingly, if a reactor with 
a fuel loading of 100 tons of uranium operates at a power of 100 M W  for 
10 days, about 1,000 g of fission products will be produced. Each ton 
of fuel— and the waste resulting.from its processing— will then contain about 
10 g o f fission products.

Most fission products are unstable and decay, by beta emission, to the 
element having the next higher atomic number. The half-lives of the fission 
products range from less than a second to thousands of millions of years. 
On an average, radioactive fission products decay to stable nuclides through 
three stages of decay, and after a short time, there are about 250 radioactive 
species in a fission mixture. The most important fission products encountered 
iii waste treatment and disposal operations are shown in Table 5.1.
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Fig. 1 
Fission yield curve

Although the quantity of a given fission product present in spent fuel 
waste solution may be calculated (13), it is usually more convenient to deter
mine their quantities graphically (14) from previously calculated machine
results. Amounts of fission products are usually expressed in curies rather 
than mass units, 1 curie being that amount which gives 3.7 x 1010 disinte
grations per second. Similarly, 1 me of an element is the quantity which 
gives 3.7 x 107 disintegrations per second and 1 цс. is that quantity giving 
3.7 x 104 disintegrations per second. Table 5.2 indicates the quantity of the 
fission products present in 100 gal of waste resulting from the reprocessing 
of 1 ton of uranium irradiated to 2,500 M W -days per ton and decayed 90 days.

5.2 Fission-Product Decay Heat
The heat released from fission-product mixtures as a result of the emission 

of beta-particles and gamma-rays must be removed from stored wastes. A  
useful expression for estimating the rate of heat release from a fission-product

m ixturéis H  =  5.9 x 10~3 P [(r— ■ T o)_0-2 —  t-0 -2] (1)

where H  is the rate of beta and gamma-energy emission, in watts, т days 
after reactor start-up, P is the reactor power in watts, and T 0 is the reactor 
operating time in days. The fission product activity, C, in curies is

C = 1 .4 P [ ( t —  T o) - 0-2 —  r - 0-2] (2)
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TABLE 5.1 
IMPORTANT FISSION PRODUCTS

Nuclide Half-life fi Energy, MeV y Energy, MeV

Kr85 10.27 years 0.695 (99 +  %) none
Sr89 54 days 1.463 (100%) none
Sr<*° 28 years 0.61 (100%) none
Y»o 64.5 hours 2.18 (100%) 1.4 (0.4%)
yei 58 days 1.537 (~100% ). 1.22 (0.3%)
Zr95 63 days 0.364 (57 %), 0.396 (42%), -0.717 (98%)

35
0.883 (1 %)

Nb95 days 0.160 (100%) 0.745 (100%)
Mo99 67 hours 0.45 (13%), 1.23 (87%) 0.780, 0.740, 0.181, 0.140
Ku“ 41 days 0.217 (95%), 0.698 (5%) 0.498 (95%)
R u 106 1.0 year 0.0392 (100%) none
Rh10e 30 sec 2.44 (12%),. 3.1 (11%), 

3.53 (6 8 %)
2.41 (0.25%), 1.55 (0.5%), 
1.045 (2%)

90 days none 0.0885 (100%)
Te127 9.3 hours 0.7 (100%) none
rpe i29m 33 days none 0.106 (100%)
Te129 72 min 1.8 (100%) 0.8 (100%), 0.3 (100%)
J131 8.05 days 0.250 (2.8%), 0.335 (9.3%), 

0.608 (87.2 % ) ,  0.815 (0.7 % )
0.722 (3 %), 0.637 (9%), 
0.364 (80 % ) ,  0.284 (5.3 %)

Xe133 5.27 days 0.345 (100%) 0.081 (100%)
J135 6.68 hours 0.5 (35%), 1.0 (40%), 1.8 (50%), 1.27 (50%)

1.4 (25%)
Xe135 9.13 hours 0.548 (5%), 0.910 (95%) 0.6 (4%), 0.25 (96%),

0.37 (1 %)
Cs137 26.6 years 0.523 (92%), 1.17 (8 %) none
Ba140 12.8 days 0.480 (40%), 1.022 (60%) 0.54 (30%), 0.30 (10%), 

0.16 (10%), 0.03 (100%)
La140 40.2 hours 1.32 (70%), 1.67 (20%), 

2.26 (10%)
3.0 (1%), 2.5 (5.4%),

1.596 (94 %), 0.8151 (29 %)
Ce141 32 days 0.442 (67 %), 0.585 (33%) 0.145 (67 %)
p r 143 13.7 days 0.932 (100%) none
Nd143 stable none none
Ce144 290 days 0.170 (30%), 0.300 (70%) 0.134 (10%), 0.100 (10%),

0.0087 (10%), 0.054 (10%),
0.0337 (10%)

p r 144 17.5 min 0.8 (3%), 2.3 (2%), 
2.98 (95%)

2.185 (1%), 1.480 (2%), 
0.695 (4%)

Nd147 11.3 days 0.38 (25 %), 0.60 (15%), 
0.83 (10%)

0.532 (25 %), 0.318 (15%), 
0.092 (60%)

Pm147 2.6 years 0.223 (100%) none
Sm149 stable none none
Smlsl 93 years 0.076 (100%) 0.019 (100%)
Eu155 1.7 years 0.152 (84%), 0.252 (16%) 0.1368 (— ), 0.1309 (— ), 

0.1045 (— ), 0.0858 (— )

or, more simply, C =  2 4 0 H . Equations (1) and (2) are applicable for values 
of r greater than 10 sec but less than 100 days. An example of heat generation 
in wastes from the processing of slightly-enriched uranium irradiated to a 
level of 10,000 M W d/ton computed as a function of decay time is shown in 
Fig. 2.

6.3 Transuranic Elements

Recycling of power reactor fuel will result in the production of transuranic 
elements which are hardly less important as hazards in long-decayed waste 
than are strontium-90 and caesium-137. The most important of these heavy
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TIME OF DECAY (doys)

Fig. 2
Fission-product power in waste as a function of decay time. Basis : 800 gal waste per 

metric ton of uranium irradiated 10,000 MWd/ton at 33 MW/ton specific power

TABLE 5.2

CONCENTRATION OF SIGNIFICANT RADIOISOTOPES 
IN LIQUID WASTE FROM IRRADIATED URANIUM (36)

Nuelide Half-life'
years

Concentration, * 
/гс/т]

Number o f 
times above 

MPC

Sr89 0.148 1.6 x 104 2 X 108
Sr90 28 2.3 x 104 3 X 1010
Y91 0.159 2.3 x 105 8 X 10s
Zr95 0.178 2.7 x 105 4 X 108
Ru103 0.110 3.5 x 104 4 x 107
Ru106 1.0 7.2 x 104 7 X 108
Te129 0.090 3.1 x 103 2 x 107
Cs137 30 2 x 104 1 x 107
Ba140 0.035 5.2 x 103 2 x 107
Ce141 0.088 9 x 104 2 x 105
p r 11 3 0.038 5.5 x 103 1 x 107
Ce144 0.78 6.9 x 105 7 x 109
Nd147 0.032 - 1.6 x 103 3 X 106
Pm147 2.6 9 x 104 4 x 107

. Sm151 80 ' 5.6 x 102 7 x 104

* Assumes that the fission products from 1 ton o f irradiated uranium (2,500 M W d/t at 5 M W /t) are 
segregated in 100 gal o f  water 90 days after discharge from reactor.
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elements are americium-241, plutonium-238, plutonium-239 and 240, and 
curium-242. They are important in waste from power reactor fuel because 
the fissionable material is recycled, with a resulting build-up. of the higher 
isotopes. Plutonium-238 is formed by successive neutron capture by uranium- 
235 and 236 and neptunium-237. Plutonium-239 is used as a fuel itself, and 
captures a neutron to produce plutonium-240. Americium-241 results from 
plutonium-240 capturing a neutron and decaying to americium-241. Curium- 
242 arises from americium-241 capturing a neutron and decaying to curium- 
242. Plutonium in waste stems from the fact that about 0 .1 %  of the plutonium 
in the fuel is lost in fuel reprocessing. The chemical behaviour of americium 
and curium is similar to that of the rare-earth fission products, and they 
appear in the waste stream. Any programme for treating wastes or for dis
charging them to the environment must take cognizance of the transuranic 
elements as well as the fission products. Since the process chemistry of 
americium and curium in waste solutions has been relatively little studied, 
there may be problems.

5.4 Radiotoxicity

The unique health problems associated with nuclear energy operations 
stem for the most part from the radioactivity associated with the fission 
products and transuranic elements. The problem is greatest at waste disposal 
sites where, ultimately, all the radioactive material accumulates. The hazard 
associated with a given radioactive material is measured by man’s susceptibility 
to damage from it. This in turn depends on many factors; some of which 
are : (i) the biological half-life of the element in the human body, for example, 
plutonium is excreted less rapidly than sodium; (ii) the radiosensitivity of 
the tissue in which the element concentrates, for example, plutonium, a bone- 
seeker, has a greater effect than uranium deposited in muscle; (iii) the size 
of the organ, for example, iodine in the thyroid has a more damaging effect 
than sodium-24, which is absorbed throughout the body; (iv) the essentiality 
of the organ concentrating the radioactivity, for example, the kidneys are 
more essential than the thyroid; (v) the energy of the radiation given off, 
for example, tritium, with a 0.006-M eV beta-particle, is less damaging than 
sodium-24 with a 2.7-M eV gamma ray; (vi) the specific ionization and attenu
ation of the energy in tissue, for example, alpha particles are 20 times more 
ionizing than beta particles or gamma rays. Biologists have weighed all 
these factors in establishing the maximum permissible concentration (m p c ) 
of radioisotopes in water that is drinkable and in air that may be breathed 
continuously (Table 5.3).

W hen the identity of radioactive fission products released to the uncontrolled 
environment is unknown, a concentration of 10- 7 /ic/m l is considered acceptable 
for a few months.

5.5 Wastes from Reactor Operations

The nature and amount of wastes resulting from the operation of nuclear 
reactors depend on the type of reactor. However, in general, radioactive 
wastes stem from neutron activation o f impurities in the coolant, activation 
of the coolant itself, corrosion and scale (which is neutron-activated) and 
finally, escape of fuel and fission products into the coolant from defective 
fuel elements.
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TABLE 5.3

MAXIMUM PERMISSIBLE CONCENTRATIONS OF RADIONUCLIDES 
IN WATER AND AIR FOR CONTINUOUS EXPOSURE (15)

Isotope
(Soluble)

A m ount, /да/m l

W ater A ir

U, natural 2 x 10-4 3 x 10- 11
1J233 3 x 10- 4 2 X 10- 10
p u 239 5 x 10~5 6 X 10- 13
At211 2 x 10-5 2 x 10-9
Th284 10-11 4 x 10- 12

Am241 4 x 10- 5 2 x Ю712
Cm242 2 x 10-4 4 x 10- 11
J131 2 x 10~5 3 x IO- 9
A41 2 x 10-« 4 x IO- 7
Cr61 0.02 4 x 10- 6

Co60 6 x 10-4 IO- 7
Ni58 2 x 10-3 2 x IO- 7
Ga72 4 x 10- 4 8 X 10- 8
Ge71 0.02 4 x 10-6
As™ 2 x 10-4 4 x 10- 8

Rb86 7 x 10- 4 io- 7
Sr89 io- 4

0010

Sr90 10-° 0 0

y  90 2 x 10-4 4 x 10- 8
Y » i 3 x 10- 4 10-8

Nb95 10-3 2 x IO- 7
Mo99 2 x 10-3 3 x IO- 7
To96 10-3 2 x IO- 7
Ru106 10-4 3 x 10- 8
Rh105 10-3 3 x IO- 7

Isotope
(Soluble)

Amount, /да/ml
Water Air

pd103 3 x 10-3 5 x IO- 7
Rhio3m 0.1 3 x IO- 5
Agl05 IO- 3 2 x IO- 7
Agin 4 x IO- 4 IO- 7
Cd109 2 x IO- 3 2:x 10-8

Sn113 9 x IO- 4 IO- 7
Te127 3 x IO- 3 6 x IO- 7
Te129 8 x IO- 3 2 x lO- 6
Xe133 IO- 5 3 x 10-6
Xe135 í  x 10-* 10~6

Cs137 2 x IO- 4 2 x 10-8
Ba140 3 x IO- 4 4 x 10- 8
La140 2 x IO- 4 5 x 10- 8
Ce144 IO- 4 3 x IO- 9
pr143 5 x IO- 4 IO- 7

Pm147 2 x IO- 3 2 x 10-8
Sm161 4 x IO- 3 2 x 10-8
Eu164 2 x'10-4 IO- 9
Ho166 3 x IO- 4 7 x 10- 8
Tm170 5 x IO- 4 10-8

Lu177 IO- 3 2 x 10-7
Re183 6 x 10-3 9 x IO- 7
Jj.190 2 x IO- 3 4 x IO- 7
Jr192 4 x IO- 4 4 x 10- 8
Au198 5 x IO- 4 IO- 7

Au199 2 x IO- 3 4 x IO- 7
Pb203 4 x IO- 3 9 x IO- 7
H3 0.03 5 x lO-6

Two kinds of reactor cooling system are commonly used, the single-pass 
system and the recirculating system. In the single-pass cooling system, such 
as that used in the Hanford reactors, the coolant is discharged after passing
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once through the reactor. In a recirculating cooling system, such as that 
used in the Materials Testing Reactor, the coolant is recirculated repeatedly 
through the reactor, suitable steps being taken to maintain adequate purity 
of the coolant. In reactors cooled with heavy water (16) neutron activation 
of deuterium results in tritium, which is a beta-emitter of 12 years’ half-life. 
Since it is not feasible to separate this element from the water, the handling 
of such wastes requires special precautions if it is not possible to decrease 
tritium to an acceptable level by dilution alone.

When a fuel element fails, the clad ruptures and fissionable material and 
fission products are released to the coolant. The importance of this is illustrated 
by the fact that fuel element failure was responsible for about 5 %  of the ex
posure to personnel downstream from the Hanford plant in 1968. When 
fuel element failure occurs, the reactor is shut down and the faulty fuel is 
discharged to a storage canal. W aste problems resulting from contamination 
of canal water are discussed in section 6.1.

(a) Research Reactors. W hen water isused as the coolant, it is usually purified 
by ion-exchange treatment. Table 5.4 shows the probable reactions in 
the recirculating cooling system of a typical research reactor— the Low  
Intensity Training Reactor in Oak Ridge, Tennessee (17). Activation 
products produced from structural materials were sodium-24, cobalt-58, 
and cobalt-60. Major activation products from water and dissolved air 
were nitrogen-16, nitrogen-17, oxygen-19, and argon-41. The Low Intensity 
Training Reactor coolant clean-up system consists of a cation exchange 
bed, an anion exchange bed, and a mixed cation-anion exchange bed. 
A  typical analysis of nuclides found on the beds is shown in Table 5.5.

In a second research reactor— the Materials Testing Reactor at the 
National Reactor Testing Site— a coolant flow of 22,000 gallons per 
minute is used. This coolant is treated by passing a 1,000-gall/min 
side-stream through a cation-exchange bed to remove fission products. 
The radioactive isotopes removed by the cation-exchange bed have been 
identified as aluminium-28, sodium-24, and cobalt-60.

(b) Pressurized-Water Reactors. Wastes produced in operating pressurized- 
water reactors are similar to those described for reactors operating at lower 
pressures. However, the higher operating temperatures result in enhanced 
corrosion rates, with a resultant higher-activity level attributable to 
induced nuclides. Table 5.6 summarizes some of the induced radioactivities 
observed in a Naval Reactor Test.

The Pressurized W ater Reactor (20) at Shippingport, Pennsylvania, is 
designed to operate with 1 %  defective fuel elements with the accompanying 
problem of fission product removal from the coolant . The volumes of wastes 
per month anticipated from this reactor are : (i) 23,000 gallons of liquid 
reactor-waste containing 10.6/y.c/ml of gaseous activity and 2.9 fiс/m l of 
non-volatile radioactivity; after 45 days’ decay, the gaseous and non
volatile radioactivities will be lower by factors of 360 and 31, respectively; 
(ii) 170,000 gallons, containing 7 x  10-6  //с /W , of monitored wastes from 
showers and a non-radioactive laundry; (iii) 89,000 gallons, containing 
about 1.7 x  10-4  Цс/m l, of special monitored wastes from radioactive labo
ratory drains and laundries; (iv) 7,700 gallons, containing 0.27 //c/m l, of
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TABLE 5.4
PROBABLE MODES OP FORMATION OF RADIOACTIVE NUCLIDES IDENTIFIED 

IN THE LOW-INTENSITY TESTING REACTOR COOLING WATER SYSTEM (17)

Radionuclide Primary Mode o f Formation Secondary Mode o f Formation

Ba140 Fission product
g r80m IT, y Br80. Br80 Br78 (n, y) Br80

j 5r8om Br79 (n, y) Br80m
Br82 Br81 (n, y) Br82
Ce141 Fission product Ce140 (n, y) Ce141
Ce143 Fission product Ce142 (n, y) Ce143
Со60 Со59 (n, y) Со60 Cu63 (n, a) Со60
Cr51 Cr50 (n, y) Cr51
Cu64 Cu63 (n, y) Cu«4 Zn®4 (n, p) Cu64
J? 18 O18 (p, n) F18
Ее59 Fe68 (n, y) Fe59 Со59 (n, p) Fe69
J131 Fission product
J132 Fission product
J133 Fission product
J135 Fission product
La140 Fission product La139 (n, y) La140
Mns‘ Mn5t (n, y) Mns{ Fe56 (n, p) Mn5e
Mo99 Mo98 (ri, y) Mo99 Fission product
Na24 Al27 (n, a) Na24 Na23 (n, y) Na24

Mg24 (n, p) Na24
Np239 . U238 (n, y) U239

TJ239 /̂ - Np239
pu233 Th232_(n, y) Th233 U 235 (n, y) U236

^ 2̂33 /S-pa233 U236 (n, y) U237
XJ237 p-Np237

' Np237 « Pa233
Sb122 Sb121 (n, y) Sb122
Sr91 Fission product
Sr92 Fission product
’J’j.eMn Mo98 (n, y) Mo99 , 

Mo91^ T c #™
Fission product

Te132 Fission product
Xe131m Fission product
Xe133 +Cs133m Fission product Xe132 (n, y) Xe133
Xe135 +Cs135m Fission product Xe134 (n, y) Xe136
Y«im Fission product
Zn66 Zn64 (n, y) Zn65 Cu66 (p, n) Zn85

. TABLE 5.5
RADIOACTIVE NUCLIDES IDENTIFIED ON ION-EXCHANGE RESINS OF THE 

LOW-INTENSITY TESTING REACTOR (LITR) COOLING WATER PURIFICATION
SYSTEM (18)

Cation-exchange Resin Anion-exchange Resin Mixed-bed Resin

Radioactive Half-life 
Nuclide

Radioactive
Nuclide Half-life Radioactive

Nuclide Half-life

Na24
Np239
Zn65 
Coe0 . 
Ba140* 
+La140*

15.0 hr 
2.33 days 

245 days 
5.2 years 

12.8 days 
40.2 hr

J131
J133
Mo99
_l_Tc99m 
rpe132 * 
_|_J132*

Cr51*

8.05 days 
21 hr 
67 hr 
6.0 hr - 

77 hr 
2.3 hr 

27 days

J131
Ji33
Ce141
Co60
Mo99*
^ r]['c99m*

8.05 days 
21 hr 
32 days 
5.2 years 

67 hr 
6.0 hr

* Presence not confirmed.
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TABLE 5.6
TYPICAL RADIOCHEMISTRY OF COOLANT IN NAVAL REACTOR TEST FACILITY (19)

Nuclide Half-life Specific Activity 
¡i c/ml Source

N le 7 .3  sec 100 O16 in H 20
N 17 4.1 sec 800* O17 in H 20
K 38 7.7 min 5 x 10- 2 ч
Д41 1.8 hr 4 x 10- 2 Air in H 20

- J'ls 1.9 hr 4 X 10- 2
Mn5e 2.6 hr 0.5 X 10- 2 Steel
Cu64 12.8 hr 3 x io- 4 17-4 PH steel
Na24 15 hr 1 x 10-3 Na in H20
W187 24 hr 3 x io- 3 Stellite
Fe69 45 days 1.1 X 10- 5 Steel
Та182 111 days 0.6 X 10- 5 Steel
Co60 5.3 years 2.5 XlO- 5 Steel

* Neutrons per second per ml. -
TABLE 5.7

PRINCIPAL ACTIVITIES FOUND IN REACTOR WATER DURING OPERATION (21)

Isotope Half-life Concentration,
counts/min/ml

Abundance, % 
o f total gamma 

activity

Na24 15 hr 3 X lO 5 76
Mn56 2.6 hr 8 x 104 20
Co58 71 days 8 x 103 2

TABLE 5.8
PRINCIPAL ACTIVITIES IN LIQUID-METAL COOLANTS (22)

Product
Nuclide

Product
Half-life Nuclear Reaction

Na24 15 hr Na23 (n, y) Na24
Na22 2.6 years Na23 (n, 2n) Na22
Rb86 19.5 days Rb85 (n, y) Rb86
Sb124 60 days I127 (n, a) Sb124

decontamination room wastes; (v) 2800 gallons of a water slurry of spent 
ion-exchange beds used for decontamination of the reactor coolant water. 
It is estimated that the ion-exchange resin will be depleted at the rate of 
36 cu ft per month and that the resin will contain about 104 /¿c/ml of 
activity, 8 0 %  of which results from fission and corrosion products in the 
reactor coolant.

(c) Boiling-water Reactor Wastes. Table 5.7 summarizes the activity found in 
the Experimental Boiling W ater Reactor during operation. The main 
contaminants were found to be sodium-24, manganese-56 and cobalt-58. 
When the reactor was operated at a power level of 20 M W , 0.2 to 0.4 с 
per day of xenon-138 and 0.005 to 0.01 с per day of krypton-88, which 
were produced from uranium contamination on the outside of the fuel, 
were discharged. In addition, 30,000 gallons per year of liquid waste con
taining 5 x  1 0 -5 /¿c/ml is produced by the hydrostatic testing of the reactor. 
Finally, 100 cu ft per year of solid waste containing about 100 me of 
activity per cu ft is produced. Spent ion-exchange beds reading about 
10 r/hr at contact constitute 10— 20%  of this.
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(d) Liquid-metal-cooled Reactors. L'iquid-metal-cooled reactors use sodium 
or N a K  as coolants. Induced activities found in these reactors are shown in 
Table 5.8. Liquid-metal coolants are not processed for the removal of indu
ced radioactivity, corrosion products, or fission products resulting from 
ruptured fuels, but an acceptable radiation level is maintained by withdraw
ing" a sidestream of the coolant.

(e) Air-cooled Reactors. The chief contaminant found in the gaseous waste from  
air-cooled reactors is argon-41, which results from neutron activation of 
argon-40 in the atmosphere. In addition, particulate material containing 
uranium and fission products, may result from ruptured fuel elements. 
Particulate material is removed from the gas by filtration.

(f) Organic-moderated Reactors. The waste produced by the operation of orga- 
nic-moderated reactors is primarily a slightly contaminated radiation 
decomposition product of the coolant.

(g) Aqueous Homogeneous Reactors. Aqueous homogeneous reactors use solu
tion fuels and their liquid waste problems are very similar to those of the 
Thorex process [see 6.3 (f)]. Homogeneous reactor oif-gas problems are 
unique since the fission elements iodine, krypton, and xenon are evolved 
directly from the fuel and provision must be made for retaining them for 
decay.

(h) Liquid-metal-fuelled Reactors. Liquid-metal-fuelled reactors use a solution 
of uranium and bismuth as fuel. Their waste problems are similar to those 
from the aqueous homogeneous reactors except that polonium, produced 
by neutron activation of bismuth, is an additional problem.

5.6 Spent Ion-exchange Resin.

The ion-exchange resins used in reactor coolant water demineralizers must 
be either regenerated or disposed of as a solid radioactive waste. The deminera
lizers used with research reactors fuelled with aluminium-clad fuel are usually 
regenerated, producing a liquid waste. In power reactor systems, however, the 
exhausted resin itself is usually discharged, since its volume is less than that of 
the régénérants required.

In the case of the Nuclear Ship Savannah, 17.5 cu ft of resin are used 
during each period of 50 days, after which time the bed contains 150— -400 с 
o f corrosion product activities. The major long-lived activities are cobalt-60, 
iron-55, and chromium-51. The resin may be sluiced to a tank and stored, or it 
may be packaged and disposed of. One packaging method which gives better 
physical integrity and greatly reduced teachability of activity is to prepare a 
concrete with resin instead of sand in the mix. Volume ratios of 5 /2 /2 for Port
land cement/resin/water will yield a concrete block of density 1.5 g/m l, with 
good physical and chemical resistance to attack by sea water and from which 
activity release rates are orders of magnitude lower than from resin alone in 
sea water.

6.0 Fuel reprocessing by aqueous methods

Aqueous methods are at present used exclusively for the reprocessing of 
spent reactor fuels, although fluoride volatility and pyrometalïurgical pro
cesses, which are being developed, may ultimately supplant aqueous processes 
for many fuels. After being discharged from the reactor, the fuel is stored for 
several weeks or months to permit decay of short-lived fission products. The
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cladding may then be removed, after which the core is dissolved (see 6.2 and 
6.3).

Aqueous processing is based on the fact that uranium, plutonium, and tho
rium, under proper conditions, may be selectively extracted away from fission 
products into organic solvents. Since the solvents currently in use extract the 
heavy metals most effectively from nitrate solutions, the first step in repro
cessing is to convert the spent fuel to a nitrate solution. Simple fuels, such as 
uranium metal, are dissolved in nitric acid. Fuels that are not soluble in nitric 
acid, such as zirconium-uranium alloys and uranium oxide dispersions in stain
less steel, are dissolved by more complicated procedures and the solution is 
converted to a nitrate system before solvent extraction.

In  the following sections processes for removing cladding from fuel elements, 
for fuel dissolution, for converting the resulting solution to a form suitable for 
solvent extraction, and the wastes resulting from these operations are presented. 
Since it is not yet possible to make a firm decision as to which dissolution pro
cess will be used for most power reactor fuels, in some cases several processes, 
and their waste products, are described. Many of the solutions produced in the 
various steps require clarification, e.g., by centrifugation, the separated solids 
usually going to waste disposal.

Solvent extraction processes may be carried out in liquid-liquid contactors, 
such as columns or mixer-settlers. The feed solution is introduced at the mid
point of the contactor and flows downwards as a counter-current to the organic 
solvent. In the lower part (extraction section) of the column the fissionable 
material is extracted into the solvent while the fission products remain in the 
aqueous phase and go to the waste system. The solvent, bearing fissionable 
and fertile material, passes to the top section of the column (scrub section) 
where residual fission products are removed by contact with a fresh aqueous 
stream (scrub solution).

The product-bearing solvent next goes to a second solvent-extraction contac
tor, where the fissionable and fertile materials are separated from each other. 
In a third column uranium is stripped from the solvent with dilute nitric acid. 
These operations constitute a cycle of solvent extraction, and they must usually 
be repeated one or more times to achieve the desired separation from fission 
products.

Most of the discussion in this section treats high- and intermediate-activity 
wastes. In addition to these, there is a low-activity waste stream whose volume, 
iri a typical fuel reprocessing plant, is approximately 20 times the volume of 
intermediate-level waste. Low-activity wastes are typified by radioactive 
process cooling water (23) that becomes contaminated, through failure of a 
heat-transfer surface, to a level of probably less than 5 x l 0 ~ 5 /¿c/ml. Process 
condensate from boiling highly radioactive solutions may contain 10-3  to 
10-1  /ic/ml. The importance of low-activity wastes is shown by the fact that 
during the period 1944_ 48, 35 x lO 9 gallons of such waste was disposed of at 
Hanford.

6.1 Isotope Decay

Many of the fission: products have very short half-lives, and accordingly 
the requirements for their separation from fertile and fissionable material 
may be decreased considerably by allowing a time lapse between, discharge of 
fuel from the reactor and chemical processing. Similarly, waste handling pro
blems are simplified, particularly as a result of the lower rate of radioactive
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decay. This factor is particularly important if wastes are to he treated so that 
hazardous fission products may be separated prior to disposal to the environ
ment, or if dilution by the environment is to be utilized.

The problem of waste treatment before ultimate disposal is very much 
simplified by allowing the waste to decay for a number of years. After 5 years’ 
decay, only eight fission products must be removed from the waste if it is to 
be discharged safely to the environment, while 16 isotopes must be removed 
if the waste has decayed for only six months (Table 6.1). However, decay does

TABLE 6.1
VARIATION IN SIGNIFICANT RADIOISOTOPES* 

IN HIGH-ACTIVITY WASTE WITH DECAY TIME

Decay Time,1 
years

No. of 
Elements to 
be Removed

Decay Time, 
years

No. of 
Elements to 
be Removed

0.5 16 10 7
1 13 50 5
2 12 500 4
5 8 1000 2 '

* 100 gallons o f  waste per ton, fuel irradiated to 2,500 M Wd/ton.

not fully accomplish waste decontamination since, even after 1000 years’ 
decay, two radioisotopes, samarium-151 and plutonium-239, still remain in 
hazardous concentrations. For plutonium-239, 5.2 million years’ decay is 
required for waste* to reach the maximum permissible concentration for this 
element.

Decay cooling of spent fuel usually takes place in a canal, under several 
feet of water. I f  the fuel element contains defective cladding, if a neutron- 
activated cladding is corroded, or if the fuel is sheared, the canal water may 
become contaminated, thereby creating waste disposal problems.

In a typical canal of 144,000 gallons capacity used for storing sheared alu- 
minium-clad uranium fuel elements, a gross gamma-activity .of 500 counts/ 
min/ml was observed under stagnant conditions. W hen sediment on the bot
tom of the canal was disturbed, the activity increased to 104 counts/min/ml. 
The gravity of this problem is illustrated by the fact that about half the radio
activity released to the uncontrolled environment by the Oak Ridge National 
Laboratory in 1958 originated with two canals used for storing irradiated fuels. 
The canal-water waste problem may usually be solved by continuously pro
cessing the canal water by mixed-bed ion exchange to remove fission products 
and corrosion products. W hen the ion-exchange capacity of the bed is depleted 
it is disposed of as a solid waste, or it may be regenerated and a concentrated 
solution of the fission products and corrosion products, which are eluted from 
the resin j is sent to waste.

6.2 Fuel Decladding

Selective dissolution of the cladding and core, the cladding solution being 
discarded, increases, in effect, the capacity of the core-processing equipment 
and decreases the volumes of highly-active waste to be stored. The reagent 
used for removing the cladding, and the composition of the resulting waste, 
depend on the cladding material.

* From fuel irradiated, to 2,500 days/ton. 100 gallons of waste per ton.
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Mechanical methods for removing the cladding are also under development 
(24— 26). I f  these prove successful, a solid waste of very small volume will 
result. From the standpoint of waste disposal, there is a great incentive to 
develop mechanical decladding methods.
(a) Aluminium-clad Fuel (27, 28). Aluminium cladding may be dissolved, sepa

rately from the core, in a solution of sodium hydroxide or in a mixture of

OFF GAS CL AD DI SSOLVENT WASH OFF GAS SLUG
NH3 Ъ.ЪМ Na N 0 3 18.8 M NoOH H 2 0 NO DI SSOLVENT

“  41.4 l i t e r s  8 . 9 6  l i t e r s  32 . 2  l i ters N 0 2 9 . 0 M HNOj
f  3 2 3  l i t e r s
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8 2 . 5  l i t e r s  T

TO F E E D  A D J U S T M E N T
AND

: S O L V E N T  E X T R A C T I O N

Fig. 3
Decladding and dissolution, of SRE-1 core

sodium hydroxide and sodium nitrate (Fig. 3). The sodium nitrate mini
mizes the formation of hydrogen and the possibility of accidental explosion 
of dissolver off-gases:

A1+ N aO H  +  H 20  ->  N aA102 + 1 .5  H 2
2 A1+ N a O H + N a N 0 3+ H 20  ->  2 N aA102 +  N H 3

W ith  an A l/N a 0 H /N a N 0 3 mole ratio of 1/1.65/1.47 the balance between 
reaction rate, gas evolution rate and final solution stability is satisfactory. 
The volume of the decladding waste is 353 gallons per ton in the case of 
natural uranium fuels and 100 gallons per ton in the case of enriched ura
nium fuel (Table 6.2). Decladding flowsheets for aluminium-clad uranium 
fuels (SRE I) and uranium-thorium fuels (SRE II) are similar and give 
essentially the same waste compositions. The solvent extraction flowsheets 
for the core solutions are the Purex for the SRE I  and the Acid Thorex 
for the SRE I I  [see 6.3 (f)].

(b) Zirconium-clad Fuel (24— 26, 29— 31). Zircaloy-2 cladding m ay be removed 
from a core of uranium dioxide such as the Pressurized W ater Reactor 
blanket element by dissolution in aqueous ammonium fluoride (Zirflex 
process, Fig. 4). Zircaloy-clad fuel is treated under refluxing conditions 
with 6 M  N H 4 F— 1.0 M  N H 4N 0 3 :

Zr +  6 N H 4F  ^  ZrF6=  +  2 N H 4+ +  4 N H 3 +  2 H 2

The ammonium nitrate is present to oxidize the 2 %  tin in the Zircaloy 
to a soluble species. Decladding waste from the Zirflex process is approxi-
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TABLE 6.2

COMPOSITION OF WASTE FROM ALUMINIUM DECLADDING STEP (27, 29)
Decladding reagent: 18.8 M  NaOH— 3.6 M  NaN03

Chemical Composition Radiochemical Composition

NaA102 
NaOH 
NaN03 
NaN02 
Na2Si03 
Specific gravity 
U and Pu, or 
JJ and Th

1.2 Ж 
1.0 Ж 
0.6 Ж 
0.9 Ж 
0.02 Ж 
1.19

0.04% of that in fuel

Gross /3 
Gross у 
Cs /3 
Sr /3

Rare earths +  Y  /3 
Zr y 
Nb y 
Ru f)
Pu

9.1 /¡с / ml 
27.0 juc/ml

1.2 fio/ml 
0.5 /ic/ml 
0.2 /ic/ml
8.0 /¿c/ml
6.2 ¿«c/ml
5.0 /ic/ml 

1,500 dis/m/ml

Volume : 353 gallons per ton of uranium
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Fig. 4
Zirflex process for dejacketing Zircaloy-jacketed fuel with ammonium fluoride

mately neutral and is diluted before storage to prevent precipitation of 
zirconium in the storage tanks. The final volume is 69 gal. (261 1) per fuel 
element or 4,200 gal. (16,000 1) per metric ton of uranium. Economic con
siderations wifi probably indicate storage of neutralized Zirflex waste in 
mild-steel tanks, which would amount to 4,600 gal. of waste per metric 
ton of uranium (Table 6.3). Neutralization of Zirflex waste results in a 
voluminous precipitate of zirconium hydroxide, which is expected to com
plicate waste handling operations and to increase the likelihood of waste 
superheating during storage (32). The fission-product, uranium and plu
tonium contents of this waste depend on the amount of core material dis
solved in the decladding reagent. It  is estimated that about 0 .02%  of
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TABLE 6.3

COMPOSITION OF WASTE FROM ZIRFLEX DECLADDING PROCESS (26)

Reagent: 6 M  NH4F— 1.0 M  NH4N 03 
Fuel: PWR blanket; clad contains 6 kg of Zircaloy-2

Component Original Waste Neutralized Waste

Zr4+ 0.2 M 0.18 M
Na+ — 1.6 M
F - 1.5 M 1.4 M
OH- — 0.05 M
N0 3- 0.02 M 0.05 M
n h 4+ 0 Л5 М —
Sn4+ 0.003 M 0.003 M
Al3+ 0.0075 M 0.006 M
U, Pu, FP ~ 0 .0 2 %  of total ~ 0 .0 2 %

Volume, gal/ton/U 4,200 4,600

the core will dissolve and that the waste will contain about 500-fold less 
radioactivity than that resulting from the processing of the core. The core 

-solution is processed by a Purex flowsheet [see 6.3 (a)].
(c) Stainless-steel-clad Fuels. Type-304L stainless-steel cladding may be 

removed from stainless-steel-clad U 0 2 and U 0 2-T h 0 2 fuel by selective dis
solution in sulphuric acid (24) (Sulfex process, Fig. 5). Uranium dioxide is 
slowly attacked by sulphuric acid, but the rate is less than that for stainless 
steel by an amount that renders fuel losses to the clad solution tolerable. 
The original Sulfex waste (Table 6.4) is essentially a saturated solution of 
iron, chromium, and nickel sulphates, containing excess sulphuric acid. The

TABLE 6.4

COMPOSITION OF WASTE FROM SULFEX DECLADDING PROCESS
Reagent : 6 M  HjSO,,

Fuel: Consolidated Edison fuel assembly; clad containing 9.9 kg of 304 stainless steel

Component Original Waste Neutralized Waste

H+
OH- 

Fe3+, Cr2+, № 2+
so4=
Na+
XJ6+
Th*+

4.4 M

1 M  
3.3 M

0.04% of total 
0.01 % of total

0.5 M  
0.72 M  
2 A M  
5.3 M  

0.04% of total 
0.01 % of total

Volume, gal per 
ton U +  Th 2,140 2,950
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Fig. 5
Sulfex-Thorex flowsheet for the dissolution of Consolidated Edison reactor fuel
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volume of non-neutralized waste is 2,140 gallons per ton of uranium plus 
thorium before neutralization and 2,950 gallons per ton after neutralization. 
Like Zirflex decladding waste, it will probably be neutralized before storage, 
although the precipitation of hydrous oxides of iron, chromium, and nickel 
complicate waste handling and storage. The fission-product content of Sulfex
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waste is uncertain, but is estimated to be about 0 .0 4 %  of the total in the fuel. 
Accordingly, the waste will contain 2500 times less radioactivity than the 
waste resulting from the processing of the core material.

Sulfex waste offers the possibility of conversion to a solid by adding CaO 
to the waste, thereby forming gypsum and decreasing the stored waste volume 
from 2,950 to about 2,100 gallons per ton.

Stainless-steel-clad T h 0 2 fuels may also be declad in dilute aqua regia 
without excessive uranium losses from the core (Fig. 6). The waste from 
this procedure could be either immediately neutralized or stripped of chloride, 
evaporated to a solution 2 M  in stainless steel, and then neutralized.

TABLE 6.5

COMPOSITION OP WASTE FROM DAREX DECLADDING PROCESS
Reagent: 5 M  H N 03— 2 M  HC1 

Fuel: Consolidated Edison Fuel Assembly; clad containing 9.9 kg of 3,04 stainless steel

Component Original Waste Neutralized Waste
Waste from which 
Chloride removed

Evaporated Neutralized

H+
OH- 

Fe3+, Cr3+, Ni2+
c i -
NO3-
Na+

U, Th, FP

2.7 M

0.83 M  
1.5 M  

~ 3 .6 ¥

0.05 % of total

0.4 Ж 
0.64 M  
1.15 M  

■ ~ 2 .8  M  
4.3 M  . 

0.05% of total

1  M

2 M  
50 ppm

7 M

0.05% of total

0.5 M
1.4 M  

35 ppm
5 M
5.5 M  

0.05 % of total
Volume, gal/ton 

U+Th 2,560 3,330 1,060 1,490

6.3 Fuel Dissolution and Processing

After the removal of the cladding, the spent fuel is dissolved in a suitable 
reagent and sent for solvent-extraction purification. In  some cases, for example 
aluminium-clad uranium-aluminium alloys, the decladding step is omitted 
and the entire fuel is dissolved. In the following section are described the 
methods for dissolving and purifying various fuels and the resultant wastes.

(a) Uranium and Uranium Dioxide Fuels. Declad cores of uranium and 
U 0 2 may be dissolved in nitric acid. Uranium metal dissolves in 13 M  H N 0 3 
according to the equation

U  +  5.5 H N 0 3 U 0 2 (Ж >3)2 +  2.25 N 0 2 + 1 .2 5  NO +  2.75 H 20  .

The resulting nitrate solution is properly adjusted with respect to uranium 
concentration, acidity and plutonium valence state and sent for Purex 
solvent extraction.

In the Purex process (33— 35) uranium and tetravalent plutonium are 
recovered from a nitric acid solution of irradiated fuel .elements by extraction 
with tributyl phosphate (TBP). The “ salting” agent is nitric acid, which is 
recovered for re-use, thus minimizing reagent costs and waste storage. A  
simplified Purex process flowsheet is shown in Fig. 7.

The second-cycle Purex waste is evaporated and recycled to the uranium- 
plutonium extraction column, and only one highly-radioactive waste is pro-
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Purex Process flowsheet

duced. The Purex waste is evaporated and neutralized with 5 0 %  N aO H  
solution before storage in mild-steel tanks. The composition and volume 
of this waste depend on the type of fuel being reprocessed. Table 6.6 sum
marizes the characteristics of Purex waste resulting from the reprocessing 
of uranium metal or uranium dioxide. The chief ionic constituents are sodium

TABLE 6 . 6

COMPOSITION OF РШ ЕХ WASTE ORIGINATING 
FROM THE REPROCESSING OF URANIUM OR URANIUM DIOXIDE

Component Original Waste Evaporated Waste Evaporated and 
Neutralized Waste

Na+, M 0.02 0.5 5.1
AI3+, M 0.004 0.1 0.08
Fe3+, Ж 0.01 0.3 0.2
Cr3+, M 0.0004 0.01 0.008
Ni2+, M 0.0002 0.005 0.004
H+, M 2.36 5.6 —

OH- , Ж — — 0.1
NO,- , M 2.40 5.8 5.7
P 04= , M 0.0004 , 0.01 0.008
s o 4= , M 0.025 0.75 0.56
Si, Ж 0.0007— 0.007 0.Ó2— 0.2 0.015— 0.15
U and Pu, % of total < 0.1 < 0.1 < 0.1
F.P., % of total >99.9 >99.9 >99.9

Volume, gallons 
per ton U 1,225 41 55
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and sulphate ions introduced for plutonium valence state adjustment, iron, 
chromium, and nickel from stainless steel corrosion, and nitric acid added 
as salting agent. The original solvent extraction waste may be evaporated 
from a volume of 1,225 gallons per ton of uranium to 41 gallons per ton of 
uranium. A t this point the 5.6 M  H N 0 3 solution is saturated for sodium 
nitrate. On neutralization with 50%  N aO H  the waste volume is increased 
to about 55 gallons.

Highly radioactive Purex waste, in storage, radiolytically decomposes 
water to produce hydrogen and oxygen at an estimated rate of 40 standard cu ft 
of hydrogen per million British thermal units of heat released (36). Similarly, 
sodium nitrate decomposes to form sodium nitrite and oxygen. A t equilibrium 
the nitrite composition is 3 .0 Ж . The nitrite ion further decomposes to nitrous 
oxide, nitric oxide, and nitrogen dioxide. The alkalinity of the waste prevents 
the release of nitrogen dioxide to the atmosphere. Nitric oxide, however, 
is released and reacts with oxygen and water to form nitric acid, which may 
corrode the tank off-gas system. Corrosion studies in Hanford waste tanks 
indicate attack rates of 10~5— 10-4  in per month at 220°F, and a life of 
500 years is indicated for the 3/8-in.-thick mild-steel liner in contact with 
the Purex waste.

D E C L A D D IN G  R E A G E N T  M I X E D  A C ID

5 A Í  H N O j  2 Л /  N C I  H +’ 5 . 5  i t /

"  A N D  S O L V E N T  E X T R A C T IO N

Fig. 8
Darex-Thorex flowsheet for total dissolution of Consolidated Edison fuel

(b) Stainless Steel— Uranium Fuels. The .Darex process may be used for 
total dissolution in dilute aqua regia of fuels consisting of uranium dioxide 
dispersions in stainless steel or of stainless steel— -clad oxide fuels (Fig. 8). 
The composition of waste from the Darex process is shown in Table 6.5. 
Before the solution can be processed by solvent extraction in stainless steel 
equipment, the chloride must be removed to less than 50 ppm. It is therefore 
stripped with 20— 38 mole %  nitric acid vapour in steam, the condensate 
being recycled. The product uranium solution is 13 M  in nitric acid. I t  is 
adjusted to the nitric acid concentration required for solvent-extraction 
feed by boiling off the nitric acid and adding water to the residual solution
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Vo! ___ 30
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HNO3 1 M
U 133 g /l
Pu 0.37 g /l
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HNO3 0.19 M
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EXTRACTION
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HNO3 < 0.01 M
U 0 .01%
Pu 0.01 %
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AQUEOUS WASTE ■ 
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U O.Ot %
Pu O.OI %
Fission Products 
Vol 130

AQUEOUS PRODUCT
HNO3 0 SM TO
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Pu 0.13 g /l CYCLE
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Fig.
Solvent extraction of N. S. Savannah reactor fuel by the Darex-Purex process

in the evaporator. The resulting solution is treated by a modified Purex 
process (Fig. 9).

(c) Zirconium-Uranium Alloys. Three approaches may be taken to zirconium- 
uranium alloy processing. First, uranium-zirconium alloy fuels, containing 
about 9 8 %  Zr and 2 %  U , may be dissolved in aqueous H F . A  minimum 
of 4 moles of fluoride per mole of zirconium is required. Aluminium nitrate 
is added to the solution to complex the fluoride, which would otherwise 
inhibit uranium extraction and corrode the stainless-steel extraction columns. 
The uranium is extracted by 10 vol %  TBP in a kerosene-type hydrocarbon. 
The scrub is 0.7 M  aluminium nitrate (37).

TABLE 6.7

COMPOSITION OF WASTE 
FROM PROCESSING OF ZIRCONIUM-URANIUM ALLOY FUEL

Component Concentration

H+ ,M  
Al3+, M  
Zr4+, M  
NO3- ,  M  
F -, M  
Cr20= M  

Fe, Cr, Ni, g/l

1.0
0.75
0.55
2.3
3.2
0.01

< 1

Volume, l/kg U 3,300
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The composition of the waste from zirconium alloy processing is shown 
in Table 6.7. W aste essentially saturated with dissolved salts is produced at 
the rate of 3,300 1 per kg of uranium. The presence of fluoride ion 
may result in high corrosion during storage of this waste in stainless 
steel, but there are indications that a tank life of at least ten years may be 
anticipated. Precipitation of solids from the waste, which was of concern 
originally, has not been observed. An additional waste stream 500 times 
lower in activity originates from scrubbing the uranium-bearing organic 
solvent with about 4101 of 0.7 M  H N 0 3 per kg of uranium. This waste is 
evaporated and stored.

Secundly, a modified Zirflex process has been developed in which the fuel 
element is completely dissolved in 6 M. N H 4F. All the zirconium goes into 
the solvent extraction step and therefore into the solvent extraction waste.

Finally, uranium or U 0 2 fuel eleménts containing zirconium may be put 
into soluble form by hydrochlorination and chlorination (Zircex process, 
Fig. 10). The volatile zirconium chloride, with 5 %  of the fission products, 
goes into the off-gas, from which it is desublimed. This waste is stored as 
a solid. The uranium chloride residue is dissolved in nitric acid, and, after

HCI HN03

STR FUEL 
U I %
Zr 97%  
Sn 2 %

N2 ,CCI4 -

HYDROCHLORINAT ION 
12 hr -  6 0 0 °C

CHLORINATION 
1 hr - 600°C

10 % U 
97 % Zr 

100% Sn

90%  U 
3 %  Zr

URANIUM
DESUBLIMATION

FEED
ADJUSTMENT

300 °C 0.5hr-60°C

X

OFF-GAS 
' H2,N 2 ,C 02

n o , n o2

1
ZIRCONIUM 

DESUBLIMATION 
* room 

temperature

I
WASTE 

<0.4 %  U 
ZrCI4t SnCI4 -

TO SOLVENT EXTRACTION 
99.9% of U in HNO3 -  HCI

Fig. 10
Zircex hydrochlorination of STR fuel followed by chlorination with carbon tetrachloride

FERMI BLANKET 
U 2 0 0  kg
Mo 6  kg
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I ______

DECLADDING REAGENT .
NaN03 H20  NaOH
3.6/1/ 18.8ЛУ
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CORE DISSOLVENT
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5hr I00°C
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1.0 /1/ NaOH
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1.0 /1/ и
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0.5/1/ Fe
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TO FEED ADJUSTMENT AND 
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Fig . 11
Decladding end dissolution of aluminium-clad uranium fuel containing molybdenum
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removal of the chloride [see Darex process, 6.3 (b)], is sent to solvent extraction 
for uranium recovery. The Zircex process offers the possibility of minimizing 
waste volumes by effecting the separation of bulk zirconium from uranium 
and fission products before solvent extraction. Only 32 1 of solvent extraction 
waste is produced per kg of uranium processed, compared to 3300 1 of waste 
from the aqueous hydrofluoric acid dissolution procedure.

(d) U ranium-Molybdenum Alloy Fuels. The Purex process, with slight 
modification, may be used for the reprocessing of uranium-molybdenum  
alloys. The alloys may be dissolved in nitric acid containing ferric ion to 
solubilize the molybdenum (Fig. 11). The aluminium cladding may be removed 
first with sodium hydroxide. A  solvent extraction feed solution containing
0.5 M  iron and 1 M  uranium is obtained. The solvent extraction waste is 
similar to the Purex waste except that the iron content is higher and the 
volume of stored waste is larger. I f  the iron is omitted during dissolution, 
molybdenum precipitates as molybdic acid. The molybdic acid is separated 
from the solution, and before being sent to waste is dissolved in caustic, 
yielding a solution 3.33 M  NaOH — 0.83 M  N a2M o 0 4.

(e). Enriched Uranium—Aluminium Alloy. Aluminium-clad uranium-alu
minium alloys such as those used in research reactor fuels may be totally 
dissolved in nitric acid containing mercury. The dissolution reaction of enriched 
uranium-aluminium alloys with a low mole percentage of uranium in 4 M  H N 0 3, 
catalysed with mercury, is essentially the same as the reaction for aluminium : 
A l +  3.75 H N 0 3 ->  Al (N 0 3)3 + 0.225 N 0  +  0.15 N 20  +  0.1125 N 2 +  l . 875 H 20 .  
Fuel core dissolution results in a nitrate solution which is sent to a solvent 
extraction system. Two processes may be used, one using tributyl phosphate 
as solvent, and the other methylisobutyl ketone.

In the TBP-25 process (38) for recovering uranium from irradiated enriched 
uranium-aluminium alloy the “ salting” agent is nitric acid plus aluminium 
nitrate, and, as in the Purex process, the nitric acid is partially recovered 
for re-use. The fuel, containing about 2 0 %  uranium, is dissolved in 7.5 M  
nitric acid in the presence of 0.005 M  mercuric nitrate catalyst (Fig. 12), 
and the uranium is extracted from the acid solution by 6 vol %  TBP in hydro-

DISSOLVENT
l .b M  HNO, 
0.005. ' ' *
126

N0
N02

RESEARCH 
REACTOR FUEL

DISSOLUTION

Al 5 .1 0  Kg 
U 0 .8 7  Kg 
Si 0 .0 5  Kg Boiling

Point

8  hr

PRODUCT 
1.3M HNO3 
1.5M Al
0.029M  U 
126 liters

TO S0UDS REMOVAL 
AND FEED ADJUSTMENT

Fig. 12
Dissolution of enriched uranium-aluminium fuel
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carbon diluent. The extract is scrubbed with 0.5 M  nitric acid containing
0.75 M  aluminium nitrate plus 0.03 M  ferrous sulphamate to reduce plutonium  
to its inextractable, I II , state, and the uranium is stripped into 0.01 M  nitric 
acid (Fig. 13). In the second cycle 18 vol %  T B P  is used and the scrub contains
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A H N O j 13 1 .2  M
H N 0 3 а . ъ м  —
N 0 ,- 0.01 M
Pu 0 .0 2 3  g / l
V o l (0 0
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COLUMN

TBP 6  %  
(A m sco  9 4  % ) 

V o l 6 4

AQUEOUS W ASTE 

A I(N 0 3)3  к.гм 
H N 0 3 О.ЗЭ M
F iss ion  P roducts 
Vo l 100

F IR S T  C Y C L E

P A R T IT IO N  SCRUB 

A l ( N O ,) ,  0 .75 /W
H N 0 3  0 .5  M  ■
Fe +  +  0 .03 /W
Vol <6

S O LV E N T 

TB P  6 %
U 9.30 Ç I/I

-  H N 0 3  0 .1 7 M  -
Pu 0 . 0 5 9 g / l
V o l 6 4
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T B P
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6%
16

Г  T B P  6  7o _ 
HNO3 0 0 1 Л /  
V o l 8 0

► TO RECOVERY

H N 0 3  0 . 0 Ш -  
V o l 8 0

S T R fP

COLUMN

T
Pu PR O D U C T 

Pu 0 .14 4  g / l
A I (N 0 3 )3 0 .7 5 M  
HNO3 0 . 9 0  M
V o l 16

SO LVEN T 
TB P  6  %

• U 7 . 5 g / l  -  
H N 03 0 .0 7 M  
Vo l 8 0

I

1

U 7 . 5 g / l  
HNO3 0 .0 1  M ~  

•V o l 8 0

-  TO SECOND CYCLE

TO STORAGE

Fig. 13
Solvent extraction flowsheet for 20% enriched Research Reactor fuel

no aluminium nitrate. The aqueous product of the second cycle is passed 
through silica gel to remove any remaining zirconium. About 44,000 gal 
of high-activity waste (Table 6.8) is produced per ton of fuel containing

TABLE 6.8
COMPOSITION OF WASTE PROM TBP-25 PROCESSING 

OF 20% URANIUM-80% ALUMINIUM ALLOY

Component ' Original Waste Evaporated Waste

Al3+
H+
NO3-  
U, Pu 

Fission products

1.2 M
0 A M  
4.0 M  

~ 0.1 % of total 
'—■99.9 % of total

2.0 M  
~0.6 M  
~6.0 M  
~ 0.1% of total 

~99.9 % of total

Volume 44,000 gallons per 
metric ton of U

26,400 gallons per 
metric ton of U

2 0 %  uranium, which is evaporated to a saturated solution 26,400 gal in volume. 
This waste may be decreased to a volume of about 5,400 gal per ton of uranium 
by calcining to a solid. The volume of waste produced in processing aluminium-
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containing fuels is determined by the aluminium content, and may be easily 
calculated for fuels other than the 2 0 %  case considered here.

The U 235 may also be recovered by extraction with hexone (methylisobutyl 
ketone, M IB K ) (38). The alloy is dissolved and the solution is adjusted to 
a slight acid deficiency. The uranium is recovered and decontaminated from 
fission products in three cycles of solvent extraction, with the aluminium 
present in the fuel serving as salting agent. Ferrous sulphamate is included 
in the second-cycle scrub solution to reduce the small amounts of plutonium 
present to Pu (III) and thus increase the uranium decontamination from 
plutonium. The aqueous product of each cycle is evaporated before being 
fed to the next cycle.

W aste compositions from the process are summarized in Table 6.9. Since 
a large volume increase occurs on neutralizing aluminium nitrate wastes,

TABLE 6.9

COMPOSITION OF UNEVAPORATED HEXONE-25 PROCESS WASTES

Component Original Waste

H+ 
AP+ 
NH+, 
Hg++ 
N 0 3-  

Fe3+, Cr3+. 
№ 2+, Si

0.2 M * -  
1 . 6  M  
1.4 M  
0.01 M  
6.0 M  

< 1  g/l

* The . minus sign indicates that the solution contains less than the stoichiometric amount o f  H+.

the waste is usually evaporated to a saturated solution and stored in stainless 
steel tanks. In the reprocessing of fuel containing about 3 .5 %  uranium, 
the original volume of waste is about 700 1 per kg of uranium, and 510 1 per kg 
of uranium after evaporation to a saturated 2.2 M  A l3+ solution. Neutralization 
to a stable solution requires 25— 3 0 %  excess N aO H  and the resulting volume 
is 860 1 per kg of uranium.

(f) Thorium and Thorium Oxide Fuels and Blankets. Thorium metal and 
thorium oxide are dissolved in 13 i f  nitric acid containing 0.04 M  fluoride 
ion as catalyst and 0.04 M  aluminium nitrate as corrosion inhibitor. The 
reaction with thorium metal is

Th +  5H N 03£¿Th(N 03)4 +  0.25 N2 +  0.03 H2 +  0,5 Nox +  2.47 H20

In the initial Thorex flowsheet (39, 40), the dissolver solution is evaporated 
to remove the acid and then diluted to solvent extraction feed conditions. 
The acid condensate from the evaporator is fractionated and the concentrated 
acid is recycled to the dissolver; the condensate may also be recycled as 
a diluent or disposed of as a low-activity-level waste.

The first-cycle extraction system for an acid-Thorex flowsheet, recently 
developed and operated on a laboratory scale, is shown in Fig. 14. This flow
sheet effects a significant (factor of 3 to 5) decrease in high-activity-level 
waste volume. In the first extraction cycle the thorium and uranium are 
coextracted. For short-decayed feeds, sodium bisulphite is continuously
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ORGANIC PRODUCT (5 vol)

SCRUB {4 vol ) 

HN03
PHOSPHATE
FERROUS

SULFAMATE

FE E D  ( b o l )

THORIUM
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HNO3
A I(N 0 3 )3
NaF
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4  M  
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THORIUM 
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HNO3 
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Fig. 14

7 0  g / l i fe r 
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О . Ъ М
4 2 .5  vol %
57 .5  vol %

AQUEOUS WASTE ( 2 voI ) 

THORIUM 0.1 g / l i t e r  
URANIUM <0.01  g / l i t e r
HNO3  ъ м
PHOSPHATE 0 .0 015  M  
FERROUS SUL. 0 .01 M
A I ( N 0 3 )3 ' 0 .0 2  M

•NaF 0 .0 2  M

Acid-salted Thorex solvent-extraction flowsheet, first cycle

metered to the feed to oxidize any nitrite present as a result of radiolytic 
decomposition of nitrate. The organic extract is scrubbed with nitric acid 
containing ferrous ion and phosphate, and the thorium and uranium are 
stripped with 0.01 M  aluminium nitrate. Subsequent solvent extraction 
cycles are similar to those of the original Thorex process except that feed 
and scrub solutions are acid. I f  the fuel has decayed less than 60 days, prot
actinium is present and the waste stream from the first cycle is stored 250 days 
to allow the protactinium to decay to isotopically pure U 233, which is re
covered by a process using 5— 10%  TBP solvent.

Intermediate-activity-level wastes are produced by the Acid Thorex flow
sheet from the subsequent solvent extraction cycles and the solvent recovery 
system. Solvent extraction wastes will be similar in ionic composition to  
the first-cycle wastes or to the TBP-25 wastes [6.3 (e)]. The solvent recovery 
waste will be similar to that described in 6.4 (a) below. The composition of 
waste from the Acid Thorex processing of a typical thorium-oxide—-uranium- 
oxide fuel (Consolidated Edison) is shown in Table 6.10. The original 
waste volume, 1,440 gal per metric ton of thorium plus uranium, may be 
evaporated to 72 gal per ton for storage as an acid solution. I f  the waste 
is neutralized the volume stored is 101 gal per ton. Calcination of acidic 
Thorex waste produces about 10 gal of solids per ton of thorium plus uranium 
in the fuel.

Stainless-steel-clad thorium-oxide— uranium-oxide fuels may be totally 
dissolved by the Darex process and the thorium and uranium recovered by  
the Acid Thorex process (Table 6.11). The waste may be calcined to produce 
about 136 gal of solids per ton of thorium plus uranium in the original fuel.

(g) Uranium-Graphite and Uranium-Thorium-Graphite Fuels. A  flowsheet 
for reactor fuels containing graphite, based on laboratory-scale experiments, 
provides for grinding the fuel and leaching with 15.8 M  nitric acid (Fig. 15).
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COMPOSITION OP THOREX-PROCESS WASTE FROM PROCESSING OF DECLAD FUEL

TABLE 6.10

Component Original
Waste

Evaporated
Waste

Evaporated 
Waste 

Neutralized 
with 50 °/0 

NaOH

H+, M 3.0 ~ 3 .0
OH- , M . — — 0.5
NO3- ,  M 3.02 ~ 6 .0 4.3
AP+, M 0.05 1.0 0.7
Na+, M 0.02 0.4 5.8
Fe3+, M 0.01 0.2 0.15
F -, M 0.02 ~ 0 .4 0.3

Th, U, % of original ~ 0 .1 ~ 0 .1 ~ 0.1
Fission products, % of

original ~99.9 ~99.9 ~99.9

Volume, gal per metric 
ton of thorium plus

uranium 1,440 72 101

TABLE 6.11

COMPOSITION OF THOREX-PROCESS WASTE FROM TOTAL 
DISSOLUTION OF STAINLESS STEEL-CLAD THORIUM OXIDE— URANIUM

OXIDE FUEL

Component Original
Waste

Evaporated
Waste

Neutralized
Evaporated

Waste

H+, M 1 ~  1 _
o h - , M — — 0.5

Fe3+, Cr3+, N ia+, M 0.7 2 1.4
Na+, M — — 5.5
NO3- ,  M 3 ~ 7 5

U, Th, %  o f  original 0.1 0.1 0.1
Fission products, % of

original 99.9 99.9 99.9

Volume, gal per metric 
ton of thorium plus 

uranium 3,040 1,060 1,490

The acid uranium solution will probably be processed by a TBP-25 solvent 
extraction flowsheet after adjustment to proper acidity. The graphite residue, 
which is equal in weight to the carbon content of the original fuel, may be 
stored as a solid waste.

Alternatively, the graphite may be burned before uranium dissolution 
in acid. I f  this is done, carbon dioxide containing carbon-14 and particulate 
matter will be produced. The gas will probably have to be stored for many 
years before release to the atmosphere.
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Fig. 15
Recovery of uranium from graphitized fuels

6.4 Auxiliary Operations

(a) Solvent Recovery. The solvent used in the previously described processes 
is degraded by both chemical and radiation attack. The resulting degradation 
products are generally deleterious to solvent extraction owing to their greater 
attraction for fission products and to their emulsion-forming tendencies. 
Several solvent recovery schemes may be used, involving contacts of the solvent 
with sodium carbonate, sodium hydroxide, calcium hydroxide, oxidizing 
agents, nitric acid and water. These flowsheets may use any one or a com
bination of several of the above chemicals, generally at an elevated temperature 
(40— 60° C). Solvent clarification by centrifugation or filtration may also 
be used as a final step. A  typical treatment process consists of contacting 
used solvent with 0.4 M  N a2C 0 3 at ~ 5 0 ° C , followed by a 0.5 M  H X 0 3 
contact at room temperature, About 2.9 1 of waste from the first cycle and 
11.61 from subsequent cycles per kg of uranium processed by the Purex 
process is produced in solvent recovery. The waste has the composition:
0.5 M  N a C 0 3, 0.15 M  N a2C 0 3, 105-108 gross y  counts/min/ml of fission pro
ducts, and mono- and dibutyl phosphates. It may be used to neutralize an 
acid waste, or stored separately.

(b) Head-end Scavenging (41, 42). Ruthenium and zirconium-niobium may 
be 90— 9 5%  removed and cerium 4 0%  removed *rom solvent extraction 
feed solutions by permanganate treatment. The permanganate oxidizes the 
ruthenium of the volatile R u 0 4 which is removed irom the solution by boiling, 
or it may be sparged with air, nitrogen, or steam. Manganese dioxide, formed 
by reduction of the permanganate ion, precipitates and carries zirconium, 
niobium, cerium and some of the residual ruthenium from the solution. 
Volatile ruthenium tetroxide is removed from the sparging gas by caustic 
scrubbing. The manganese dioxide is centrifuged from the solution and dis
solved in a reducing agent such as chromic ion, and the resulting solution 
is sent to waste.

(c) Silica Gel Sorption (43). Zirconium and niobium, two of the most trouble
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some fission products contaminating the uranium recovered by tributyl 
phosphate extraction, may be separated from the final uranium product 
by sorption on a silica-gel bed. A  zirconium- and niobium-containing waste 
is produced when the used silica-gel bed is regenerated with hot 0.4 M  oxalic 
acid (to elute the zirconium and niobium) and demineralized water.

(d) Ion Exchange. Ion exchange may be used to concentrate the uranium-233 
or plutonium from solvent extraction. Both cation (44) and anion exchange (45) 
may be used, and some separation of the products from fission and corrosion 
products is achieved. The liquid wastes ara> recycled to solvent extraction 
to reclaim uranium and plutonium. The spent resin is disposed of as a solid 
waste.

6.5 Other Aqueous Processing Methods

Two other aqueous processing methods are of historical interest, parti
cularly since they have given rise to large volumes of waste, much of which 
is still in storage.

(a) Bismuth Phosphate Process (44). The original process used for recovering 
plutonium from irradiated plutonium is known at the bismuth phosphate 
process. It  is now obsolete. In this process bismuth phosphate is precipitated 
in a nitric acid solution of the irradiated uranium, carrying the plutonium. 
The plutonium is purified by repeated co-precipitations and is concentrated 
by co-precipitation with lanthanum fluoride, and the plutonium-lanthanum  
fluorides are metathesized to the hydroxides which are dissolved in nitric 
acid. The plutonium is precipitated as a peroxide to separate it from lanthanum, 
the plutonium peroxide being dissolved in nitric acid to give the final product.

Unlike solvent extraction processes, the bismuth phosphate process does 
not recover uranium. The uranium goes into the waste from the first bismuth 
phosphate precipitation step, accompanied by 9 0%  of the fission products, 
nitric acid, phosphoric acid, sulphuric acid and sodium nitrate. Wastes 
from the fission product scavenging steps contain 10%  of the fission products, 
bismuth phosphate, cerium phosphate, zirconium phosphate, nitric acid, 
phosphoric acid, sulphuric acid and sodium nitrate. The bismuth phosphate 
wastes are neutralized before storage.

(b) Bedox Process. In order to recover uranium, and to decrease the volumes 
of waste stored, the bismuth phosphate process was superseded by the Redox 
solvent-extraction process (46). After fuel dissolution, uranium and hexavalent 
plutonium are recovered from an aluminium nitrate solution by extraction 
with methylisobutyl ketone (hexone). The Redox process is largely of historical 
interest because hexone is a less selective solvent than tributyl phosphate, 
and because the Redox process produces larger waste volumes than the 
Purex process. The Redox process flowsheet is similar to that of the Purex 
process except that the salting agent is aluminium nitrate instead of nitric 
acid.

The Redox waste is evaporated to remove dissolved solvent and part 
of the water, neutralized with caustic to p H  12 and stored. The evaporation 
is stopped while sufficient water is present to prevent solidification in the 
storage tanks. The composition of the Redox process waste is shown in 
Table 6.12.

In the original Redox process almost 3,000 gal of waste was stored per 
ton of uranium processed. B y  recycling of the wastes it is possible to decrease 
the volume o f stored waste to less than 1,000 gal per ton (47).
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TABLE 6.12 

CHARACTERISTICS* OF REDOX WASTES

Characteristic As Produced

H + — 0.3 M
A13+ 1.08 M
Na+ 0.23 M
NOr 3.06 M

Fe3+, Ni2+, Cr3+, Si <  1 g / l

Volume before evaporation 1,000 gal/ton U
Volume after evaporation 490 gal/ton U

* Exclusive o f  fission products and heavy elements.

6.6 Gaseous Wastes from Fuel Reprocessing (48)

Nuclear fuel reprocessing plants produce contaminated gaseous wastes 
which stem from such operations as fuel dissolution, sparging of vessels, 
distillation, evaporation and ventilation of vessels, cells, and laboratories. 
The wastes are predominately air containing the gaseous fission products 
krypton, .xenon, and iodine, as well as many of the other fission products 
present as entrained particulates. The composition of off-gases from chemical 
decladding and dissolution of fuels is shown in Table 6.13. The gases produced 
by decladding operations are, on an average, much less radioactive than 
those from dissolution of the fuel cores. The composition o f the gases from 
most power reactor fuel processing methods is not known precisely, but the 
Zirflex dissolution will produce predominately ammonia, the Sulfex process 
hydrogen, and the Dar'ex process NO, N 0 2, and NOCI. Air leakage into 
the dissolver dilutes the off-gases many times. In removal of aluminium 
cladding from a typical uranium slug, 7,200 cu ft of gas (under standard con
ditions) is sent to the stack per ton of fuel processed, while dissolution of 
the uranium results in an additional 36,000 cubic ft per ton. B y far the largest 
volume of contaminated off-gas results from ventilation of the cells in which 
the processing equipment is contained.

TABLE 6.13 

COMPOSITION OF DISSOLYER OFF-GASES

Process Off-gasW

Aluminium decladding 
Thorium dissolution 

Uranium-aluminium alloy 
dissolution 

Uranium dissolution

21.8% 0 „  71.8% N2, 6 % NH3, 1.4% H 20 <b)
9% NO, 7.3% N 0 2, 2.5% N20 , 13% N2> 2.5% H„«»

48% NO, 31% N 0 2, 9% N20 , 12% N 2, 0.6% H 2 
59 % NO, 39 % N 0 2, 0.02 % N20 , 1.75 % N2, 0.01 % H,

(a) Off-gases are diluted by  air leakage into the dissolver.
(b) Weight % analysis o f gas sent to stack.
(c) Volume % o f gas before downdraught condenser.
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Fission products in gaseous wastes are present both as particulate and as 
volatile matter. The radioactive particulate material in the process-cell 
air (49) at the Hanford Atomic Products Operation has been found to have 
a mean particle diameter between 0.2 and 0.7 ¡л and the dust loading of the 
gaseous effluent is between 0.2 and 0.4 grain per 1,000 cu ft. Acid mist particles, 
such as those arising from sparging or dissolving operations, have an estimated 
size of 20 /л. ;

Particulate matter is removed from gaseous waste by filtration through 
glass-fibre filters (49). When the pressure-drop across the filter becomes 
sufficiently high, it is disposed of as solid waste.

Iodine is removed from off-gases by passing the gas through silver reactors. 
W hen the reactor bed is spent, it is regenerated by washing with 0.04 cu ft 
of 5 molal silver nitrate solution per cu ft. of reactor packing. This operation 
is performed twice, baking between the steps. The 5 molal silver nitrate, 
containing radioactive iodine, is handled as a liquid waste, or the iodine-129 
may be recovered from it.

The quantities of radioactive iodine discharged to the atmosphere from the 
separations plant stacks at Hanford are shown in Table 6.14.

TABLE 6.14

ATMOSPHERIC DISPOSAL OF RADIOACTIVE IODINE 
FROM THE SEPARATIONS PLANT STACKS (50)

Year Iodine-131,
curies/day Year Iodine-131,

curies/day Year Iodine-131,
curies/day

1953 2.0 1955 3.2 1957 1.0
1954 1.5 1956 1.0 1958 1.2

The following fission products were discharged to the atmosphere in gaseous 
wastes from the Hanford chemical plants in 1957 (51):

Activity Amount,
curies/day

Iodine-131 1
Rare earths plus 

yttrium 0.02
Niobium-95 0.01
Zirconmm-95 0.004
Ruthenium-103 0.004
Ruthenium-106 0.002
Strontium-89 0.004
Strontium-90 0.0005

Beta-emitters, other than iodine-131, averaged 0.044 с per day.
A t the Idaho Chemical Processing Plant monthly discharges of radioactivity 

to the atmosphere in gaseous wastes were (52):
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Activity Amount,
curies

Iodine-131 20— 30
Iodine-132 6— 10
Particulate beta-emit-

ters exclusive
of iodine-131 40— 50

Alpha-emitters 0— 10 millicuries

Total gaseous discharges at the National Reactor Testing Station were 
considerably higher (53), but more than 75%  of the radioactivity had a half-life 
of less than 2 hours.

7.0 Non-aqueous Processes

7.1 Fused Salt— Fluoride Volatility Process

Uranium hexafluoride may be volatilized from a molten fluoride mixture 
and subsequently purified by sorption on granular sodium fluoride or by  
fractional distillation. The process (Fig. 16) consists of hydrofluorination,

HF H2 F.
RECYCLE WASTE F2 DISP

Fig. 16
Fluoride volatility process flowsheet

with H F , of the zirconium-containing fuel element in a bath of molten N aF-LiF- 
-ZrF4. The U F 4 thus formed is fluorinated at 600° С to U F 6 with elemental 
fluorine. The volatile U F 6 is sparged with excess fluorine, sorbed on granular 
NaF at 100° C, and desorbed at 400° C. A t intervals the sodium fluoride must 
be replaced. The volumes of this waste and of the potassium hydroxide solu
tion used to absorb the fluorine are not yet known.

The off-gas from the hydrofluorinator contains H F , H 2, and small amounts 
of fission gases. It  is cooled to below 20° С to condense H F, which is recycled
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to the process. The uncondensed gases are treated with NaF to remove traces 
of H F , diluted with air and dispersed from a tall stack.

More than 99%  of the fission products remain in the melt (54). The solid 
waste from a fuel assembly of approximately 21 kg of zirconium and 0.2 kg 
of uranium is 81 kg ( ~ 2 5  1).

7.2 Oxidative Slagging

Oxidative slagging methods remove up to 9 9 %  of the fission products from  
irradiated reactor fuels (55). The fission products are oxidized to a higher 
valence state and removed from the molten uranium as dross. In the most 
highly-developed procedure, irradiated fuel is melted in an oxide crucible at 
about 1,200° C. Impurities in the melt, particularly rare earths, react at the 
walls to form an oxide slag on the surface of the melt (56). The slag may be 
removed by mechanical methods. Rare earths, strontium, and caesium are the 
most thoroughly removed elements. Carbides, nitrides, and halides have been 
used, as well as oxides (57), and zirconium and niobium, which are not readily 
removed as the oxides, may be separated from the melt as the carbides. Ruthe
nium is a noble metal and is not easily oxidized ; its removal is probably due to 
inclusions in the slag. Plutonium is less easily oxidized than uranium and re
mains almost entirely in the melt. The more volatile fission products such as 
xenon, krypton, iodine, rubidium, bromine, tin, cadmium, and antimony are 
vaporized at oxidative slagging temperatures and removed as gaseous wastes, 
or are condensed on cold surfaces and removed as solids. This process yields a 
solid waste directly, but the nature of the waste will not be known until the 
process is pilot-planted in the near future.

7.3 Other N  on-aqueous Processes

Other non-aqueous processes, including liquid-metal extraction (58— 62), 
fused-salt extraction, vacuum volatilization, zone melting and electro-refining 
(63, 64), are under development. All these processes will yield solid wastes 
directly, but it is not yet possible to define the nature of the wastes to be ex
pected from these processes.

8.0 Wastes from Research and Development

Large volumes of radioactive wastes stem from research and development 
activities connected with nuclear energy programmes and from the use of 
radioisotopes in research and industry. Such wastes originate from large 
numbers of installations, usually located near population centres, and fre
quently handling less than 10,000 curies of activity per year. The dissolved- 
solids content of such wastes ranges from 0 to 500 ppm (65). The chemical 
composition of a waste resulting from the use of radioisotopes in industry 
is shown in Table 8.1, and the radioisotope composition is shown in Table 8.2. 
Such wastes are generally large in volume, nearly neutral, and have low solids 
content. Their activity level is about 400 times greater than that permitted 
for discharge.

The composition of typical wastes from chemical laboratories, biophysical 
laboratories and laundries is shown in Table 8.3 (67). These wastes result 
from the washing of laboratories and equipment, from animals under experi
ment, from cages and from laundries. The chemical composition of these four 
wastes is similar, but the wastes from animals and cages are characterized by
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TABLE 8.1
AVERAGE CHEMICAL COMPOSITION OF THE WATER (60)

Item Value

pH 7.1
Hardness 4.2 meq/1
Dry residue 428 mg/1
Dense dry residue 295 mg/1
Chlorides 20.5 mg/1
Oxidizability 10.8 mg 0 2/l
Ca 62.0 mg/1
Mg 16.5 mg/1
S04 120.1 mg/1
Si02 2.7 mg/1
Total Fe 0.7 mg/1

TABLE 8.2
AVERAGE RADIOCHEMICAL COMPOSITION OF THE WATER (6 6 )

(Total activity 1 x 10“~ curie/1)

Isotope Content,
curies/1

Cs137 1.0 x 10~7
Sr89 1.0 x lO-o
gr90 2.0 x 10“ 7
Rare earths 5.0 x 10-«
Ru103 +  Ru106 1.7 x 10- 6
Zr95 +  Nb95 2.0 x 10-6

TABLE 8.3 (67)

Contaminant
Wastes o f 
chemical 

laboratories

Wastes o f 
biophysical 
laboratories

Wastes o f  
laundries

Sodium, ppm 92 62 359
Calcium, ppm 40 80 2
Magnesium, ppm 18 18 1.2
Ferric oxide, ppm 2.8 — —

Ammonia, ppm 0.18 1.1 0.2
Potassium, ppm — 33 11.2
Manganese, ppm — — 8.2
Bicarbonate, ppm 85 67 79.2
Nitrates, ppm 99 31 —

Chlorides, ppm 46 96 241.5
Chromâtes, ppm 0.6 — —

Sulphates, ppm 14 48 91.2
Silica, ppm 106.5 106.5 106.5
Sulphonaphthenic acids,* ppm 38.2 13.9. 174
Oil and other organic substances, ppm 40 41.4 160
Total quantity of different salts, ppm 622 1,040 1,756
PH n 7.8 8 5.6
Concentration of а-emitters, curies/1 1 X 10- 7 1 x 10-9 1 x 10-7
Concentration of fi- and у-emitters, curies/l 1 x 10-7 1 x 10-7 1 x 10-7
Biochemical oxygen demand (BOD), ppm 5— 10 300— 350 250— 300

* Sulphonaphthenic acids are components o f the petroleum-oil wetting agent used for washing surfaces 
contaminated with radioactive elements. The petroleum-oil wetting agents are obtained by  treating high- 
temperature oil-refinery products with sulphuric acid.
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TABLE 8.4

YEARLY VOLUMES АКБ RADIOACTIVITY OF DISCHARGES OF LIQUID WASTES 
TO WHITE OAK CREEK AT ORNL, 1950— 1957* (6 8 )

Year
Total 

volume, 
106 gal

Gross Beta Activity, 
curies Per cent of Gross Beta Activity Identified with Specific Radionuclides

Settling
basin

Retention
pond Total TRE**

(-C e ) Ce Ru Zr Cs I Sr Nb Ba Co

1950 226.4 172 15 187

1951 297.6 169 3 172

1952 268.2 411 87 498

1953 239.4 289 140 429 53.1 2.6 0.8 2.6 8.5 0.2 27.6 1.0 0.8 —

1954 164.3 237 17 254 34.6 19.1 0.5 1.0 20.3 0.5 23.3 0.4 0.3 —

1955 210.6 213 54 267 30.3 14.7 3.1 0.6 31.6 0.2 18.7 0.6 0.2 —

1956 260.7 253 20 273 24.4 12.3 2.0 0.5 42.1 0.1 15.1 1.0 0.2 2.2

1957 272.3 com bin ed 189 25.8 4.4 1.0 10.2 36.5 0.0 18.0 0.7 0.0 1.8

* Volume o f  settling-basin effluent measured in weir box with liquid-level float recorder. For determinations o f radioactivity, continuous proportional 
samples o f the effluent are made up for daily gross beta measurements and monthly radiochemical separations and analysis.

** Trivalent rare earths exclusive o f cerium.



high biochemical oxygen demand and this must be taken into consideration in 
their disposal and treatment.

A t the Oak Ridge National Laboratory (ORNL), which carries out research 
and development using radioisotopes, radioisotope production and pilot- 
planting of separation processes for treating spent reactor fuels, three types 
of waste must be processed (68): a low-activity waste containing 200 to 500 
curies of radioactivity in 200 to 300 million gall per year (Tables 8.4 and 8.5);

TABLE 8.5
COMPOSITION OF RADIOACTIVITY IN ORNL LOW-LEVEL WASTE (6 8 )

Amount,
counts/min/ml

Gross beta 65
Strontium-89, 90 13
Total rare earths 20
Caesium 12
Cobalt 0.7
Ruthenium 3

an intermediate-activity waste of 2 to 3 million gall per year, containing 105 
to 106 gross f} counts per minute per millilitre; and a high-activity waste of 
about 3,000 to 5,000 gall per year, containing 1010 to 1012 gross [i counts per 
minute per millilitre.

In a typical year, operation of the Knolls Atomic Power Laboratory (K APL) 
resulted in about 2.7 x 106 gall of waste, 1.8 million gall containing about 25 
с of radioactivity, 900,000 gall containing about 10 me, and 200 gall 
containing 10,000 c. It also produced 400,000 cu ft of solid waste with 
slurry from evaporators contributing 38,500 cu ft containing about 1 curie of 
radioactivity, and the remainder containing about 10,000 curies. Gaseous waste 
consisted of 1011 cu ft of air containing about l 1/ ,  с (69).

A t the Argonne National Laboratory (ANL), research and development 
operations gave rise to 187,920 gall of radioactive waste in the year following 
July 1956. Solid wastes, 97%  of which were low-level, were disposed of off-site. 
Table. 8.5 summarizes solid wastes produced during the year following July 
1956 (70).

The Brookhaven National Laboratory (BNL) discharged 467,500 gall of 
liquid waste from July 1957 to July 1958. The average radioactivity discharged 
each month was 26.7 me (71).

The chemical composition o f wastes from OR NL, K A P L , A N L  and B N L  
all approximated that shown in Table 8.3 (see p. 41).

9.0 Radioisotope Production
In 1958 more than 100 different radioisotopes were being produced for use 

in research and industry. Two types of waste arise from the production and 
use of radioisotopes. The first consists of spent radioisotope sources. For the 
most part, such sources are already packaged, and their disposal is required 
only after they have decayed beyond the point of usefulness. This waste pre
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sents a minor problem since, in the United States, for example, only 100— 200 
curies of radioactivity with a half-life greater than 30 days and 400— 500 curies 
with a half-life less than 30 days are generated per year (72).

Wastes also stem from the chemical processes used for the production of 
radioisotopes. The starting material for radioisotopes production is usually an 
aqueous solution from which uranium and plutonium have been removed. The 
resulting solution, which has a composition very similar to that of neutralized 
Purex waste, is treated for recovery of specific fission products. In general, 
precipitation, solvent extraction and ion-exchange procedures are used for 
radioisotope recovery (73— 76).

The composition of the wastes resulting from radioisotopes production varies 
widely, depending on the type of process used. However, it generally resem
bles a Purex waste except that certain fission products have been removed, 
usually with a yield of 90— 9 9 % , and the composition is altered by the reagents 
added in the radioisotope processing operation.

10.0 Nuclear Accidents
Nuclear accidents may occur during criticality experiments, in the hand

ling of reactor fuel, or in the reprocessing of enriched uranium. It  is impossible 
to define absolutely the wastes to be expected from a nuclear incident ; however, 
based on studies of past accidents in the reprocessing of enriched uranium, 
the total number of fissions in an incident may be approximately 1018 
(Table 10.1). Since 1 g of U 235 is consumed by 2.5 x  1021 fissions, it is apparent 
that the fission-product disposal problem is negligible compared with that of 
waste generated in irradiated fuel reprocessing.

TABLE 10.1

RADIOACTIVITY RESULTING FROM A NUCLEAR ACCIDENT (77)

Solution volume: 1001 
Number of fissions: 1018

Activity,
dis/sec/ml Decay Time

2.1 X 1012 1 seo
6.4 x 1011 9 sec
6.3 x 1010 60 sec
1.6 x 109 46.8 min
1.2 x 108 7.56 hr
3.3 x 107 23.8 hr ■
7.3 x 106 3.12 days
2.2 x 106 9.82 days
6.8 x 105 30.9 days

In one incident at Oak Ridge, Tenn. (78), the waste was handled by 
allowing it to decay, recovering the contained U 233, and sending the fission 
products to low-level waste disposal.
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11.0 Wastes Expected îrom the Nuclear Power Economy oí the Future
Essentially, all waste treatment and disposal experience to date has been 

with aluminium-clad uranium and aluminium-clad aluminium-uranium alloy 
fuels. These fuel types are not representative of those expected from the nuclear 
power economy of the future, and problems that will arise from future wastes 
will be considerably different from the present ones. By making some reasonable 
assumptions it is possible to define qualitatively the wastes expected in the 
future (79).

In the United States it does not appear economically feasible to construct 
a chemical plant solely for the reprocessing of spent power-reactor fuels until 
there is sufficient fuel for reprocessing at a rate of 6 tons/day. It is expected 
that power-reactor fuels on an average will achieve a burn-up o f about
10.000 M W -days per ton of uranium. A  6-ton/day fuel reprocessing plant 
could then be justified when the total installed nuclear capacity is 60,000 M W  
of heat, or approximately 15,000 M W  of electrical power. On the basis of the 
McKinney Panel predictions (80), this would be expected in about 1970.

The nature of the wastes produced in the 6-ton/day chemical plant depends 
on the types of reactor fuels that are used. In order to establish this, it was 
assumed that the power reactors in the year 1970 will fall into the grouping 
shown in Table 11.1: 9 0%  of the total power is assumed to be produced by

TABLE 11.1
ASSUMED REACTOR DISTRIBUTION AND FUEL TYPES 

FOR 15,000-MW ELECTRICAL ECONOMY C. 1970

Reactor lype and Fuel
% o f 

Nuclear 
Power

Irradiation History Ther
mal 

Effici
ency, %Burn-up - Power Level

U Converter 10,000 MWd/ton 28 MW/ton 25
Zr-clad U 0 2 40
SS-clad U 0 2 25

Th Converter 25 20,000 MWd/ton 56 MW/ton 25
Zr-clad Th02-5% U 0 2

Thermal Breeder 5 26
(aqueous homogeneous)
Core: 4.5 s  XJ/1 at 33%
U233 0  t =  5 x 1021 320 MW
Blanket: 1,000 g Th02/1 6 kg U233/ton Th 144 MW

Fast Breeder 5 33
Core: SS-clad U 0 2-15%
PuOa 20% 1.5 MW/kg Pu
Blanket: SS-clad U 0 2 8,000 g Pu/ton ~ 0

converters and 10%  by  breeders. O f the 9 0 %  produced by converters, 40%  
and 2 5 %  are expected to be derived from reactors using zirconium-clad and 
stainless-steel-clad uranium fuels, respectively, and 2 5 %  from the thorium 
converters using zirconium-clad fuel. O f the 10%  produced by breeders, 
5 %  is expected to derive from aqueous homogeneous reactors and 5 %  from  
fast breeders using stainless-steel-clad fuel. Zirconium cladding will probably 
be removed by the Zirflex process and stainless-steel cladding by the Sulfex 
process, the resulting solutions being neutralized with caustic soda before 
storage in mild-steel tanks. After being declad, the fuel core wil l, be dissolved in 
nitric acid and uranium and plutonium recovered by the Purex process. The

45



Purex waste will be concentrated by evaporation, neutralized with 50%  caustic 
soda and stored. Thorium oxide-uranium oxide fuels, after being declad, will 
be dissolved in nitric acid-hydrofluoric acid and the fissionable and fertile 
material recovered by the Thorex process. The resulting waste will be neutra
lized with caustic soda and stored in mild-steel tanks.

TABLE 11.2
VOLUMES OF NEUTRALIZED WASTES PRODUCED 

BY 6-TON/DAY REPROCESSING PLANT

Reactor Type and Fuel
Fuel Pro

cessing 
Rate, tons 

U or Th/yr

Waste Volumes, gal/year

Zirflex Sulfex Purex Thorex

U Converter 
Zr-clad U 0 2 
SS-clad TJ02 

Th Converter
Zr-clad Th03-5 % U 0 2 

Thermal Breeder 
(aqueous homoge
neous)
Core: 4 .5gU /l at 
33% U233 
Blanket: 1,000 g /l  
Th02 

Fast Breeder
Core: SS-clad U 0 2-
l f jo /  P n O
Blanket: SS-cladU02

720
450
225

j  124

18
Q 9 

Total

1.53 x 10e 

4.77 x 105

2.01 x 106

4.95 x 105

1.98 x 104 
1.01 x 105 
6.16 x 105

4.32 x 10“ 
2.70 x 101

1,080 
5,520 

7.68 x 10“

1.44 x 105 

7.97 x 104 

2.24 x 105

11.1 Waste Volumes
The volumes of waste anticipated are summarized in Table 11.2 . The 

volume of decladding wastes is seen to be almost 10 times the volume of the 
high-level wastes from the Purex and Thorex processes, emphasizing the 
importance of this type of waste. In  this case a Thorex process flowsheet 
using aluminium nitrate salting is assumed. A  new process, described in an 
earlier section, promises to reduce the volume of Thorex high-activity waste 
almost 10 times by substituting nitric acid for aluminium nitrate as salting 
agent.

11.2 Radiochemical Properties
, The high fuel burn-ups expected in power reactors of the future present 
new waste handling problems because of high concentrations of hazardous 
radioisotopes. For example, if 0 .1 %  loss of the core material to the cladding 
waste is assumed, there is sufficient strontium-90, even in decladding wastes, 
to require their storage for about 600 years. Plutonium in the Sulfex and Zir
flex wastes will exceed the maximum permissible concentration by a factor 
of 105 to 106.

A  second important problem with power reactor fuel reprocessing wastes 
stems from the high heat-generation rate. Current wastes aged 120 days have 
an activity of a few thousands of с per gal and a power generation of 
15— 20 W /gal, while the Purex waste from power reactor fuel will have an
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activity level of 60,000 с/gal and a heat generation rate of 220 W /gal after 
the same aging period. These wastes, if stored at temperatures below their 
boiling point in tanks holding several hundreds of thousands of gallons, must 
be cooled for two to three centuries. The large accumulation of radioactivity in 
the waste disposal system of the power-reactor industry is shown by the fact 
that, of the caesium-137 and strontium-90 expected to accumulate by the 
year 2,000, 4 %  will be in the reactors, 7 %  in fuel decay storage, 1 %  in the 
chemical reprocessing plants, and 8 8 %  in the waste disposal system (81, 82).

In the early phases of the nuclear power economy the rare-gas fission pro
ducts present no problems. Although the hazard associated with krypton is 
slight, its continued build-up will, however, necessitate removing it from 
power-reactor fuel reprocessing off-gases. By the year 2,000, an estimated 
700 Me of krypton-8 5 will have been released to the atmosphere from 
power-reactor fuel reprocessing. This quantity, mixed with the air surrounding 
the earth to a height of 10 miles, would increase the background to 4 .2 % , 
assuming that the air background is now 0.015 milliroentgen/hour. While it 
appears that the release of rare gases to the atmosphere may be permissible 
during the early stages of the nuclear power industry, it will eventually be 
necessary to remove the rare gases from chemical plant waste and retain them 
for decay.

11.3 Chemical Properties
The wastes expected from power-reactor fuels differ from current wastes 

mainly with respect to their content of dissolved stainless steel, zirconium, 
and fluoride ion, but they will be less amenable to tank storage than are the 
simpler wastes resulting from current processing of aluminium-clad uranium 
or uranium-aluminium alloy. Present waste disposal practice usually entails 
neutralization of waste with caustic soda before storage, but solutions of 
stainless steel and zirconium form voluminous precipitates on neutralization. 
The high heat-generation rate anticipated in power-reactor wastes and the 
presence of precipitates may require special provisions to remove heat and 
prevent bumping if the wastes are stored in tanks. The fluoride and sulphate 
ions may cause corrosion problems in long-term storage of the wastes.
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M A N A G E M E N T  O F  W A S T E  P R O M  T H E  U S E  O F  R A D I O 
I S O T O P E S

Abstract
The author examines the origin and nature of radioactive waste generated 

in the use of radioisotopes in industry, medicine, agriculture and research 
and studies the relationship between types, quantities and uses of radioiso
topes and disposal of the radioactive waste generated in their use. He also 
discusses the methods used for the disposal of such waste under the licensing 
controls of the United States Atomic Energy Commission.

These methods include:
1. The controlled discharge of low concentrations of effluents into streams 

and into the atmosphere;
2. Controlled release of small quantities of soluble or readily dispersible 

waste products into sanitary sewage systems;
3. Burial, under controlled conditions, of small quantities of waste in the 

soil ;
4. Return to AEC installations of radioactive waste for storage or land 

burial ;
5. Treatment by incineration; and
6. Disposal of packaged waste at sea.
The paper reviews the criteria and regulatory requirements applicable to 

cach method of disposal to accomplish the objective of preventing the waste 
from entering the food chain of man in hazardous quantities, or of adversely 
affecting the use of the environment by man. It goes on to discuss the 
limitations on the types, quantities, and methods of disposal for which private 
concerns can be licensed due to long-term responsibility for maintenance of 
burial grounds or storage facilities.

D I V E R S  A S P E C T S  R E S U L T A N T  D E  L ’ U T I L I S A T I O N  D E S  
I S O T O P E S  R A D I O A C T I F S

Résumé
L ’auteur se propose d ’examiner l ’origine et la nature des déchets radioactifs 

résultant de l ’utflisation des radioisotopes dans l ’industrie, la médecine, l ’agri
culture et dans les laboratoires de recherche, et d ’étudier les rapports qui exis
tent entre les types, les quantités et les utilisations des radioisotopes, d ’une 
part, et les déchets de leur production, d ’autre part. Il étudie aussi les méthodes 
utilisées pour l ’élimination de ces déchets conformément aux mesures de 
contrôle appliquées par la Commission de l ’énergie atomique des Etats-Unis.

Les méthodes employées consistent:
1. A  évacuer sous contrôle les effluents en concentration réduite, dans les 

cours d’eau et dans l ’atmosphère;
2. A  éyacuer sous contrôle, dans le système d ’égouts, de petites quantités 

de déchets solubles ou susceptibles d’être entraînés rapidement;
3. A  enfouir sous contrôle dans le sol de petites quantités de déchets;
4. A  renvoyer les déchets radioactifs aux installations de la C.E.A. pour 

entreposage ou enfouissement dans la terre;
5. A  les traiter par incinération;
6. A  les évacuer dans la mer —  contenus dans des récipients.
L ’auteur étudie ensuite les critères et les normes applicables à chacune

de ces méthodes pour empêcher que les déchets ne pénètrent-dans la chaîne
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de ¡ ’alimentation de l ’homme en quantités dangereuses ou d ’une manière qui 
ait un effet défavorable sur l ’utilisation de son milieu par l ’homme. Suivant les 
types, les quantités et les méthodes d ’évacuation, l ’auteur établie les limi
tations dont il faut tenir compte en octroyant des autorisations aux entreprises 
privées, en raison des responsabilités à long terme qui résultent de la disposition 
de terrains d’enfouissement ou d ’installations d’entreposage.

У Д А Л Е Н И Е  О Т Х О Д О В ,  О Б Р А З У Ю Щ И Х С Я  
П Р И  И З П О Л Ь З О В А Н И И  Р А Д И О И З О Т О П О В

Резюме
4 Будут обсуждены вопросы происхождения и характера радиоактивных отхо
дов, образуемых при использовании радиоизотопов в промышленности, 
медицине, сельском хозяйстве и научных исследованиях. Будет рассмотрена 
связь между типами, количествами и методами использования радиоизотопов 
и отходами, которые при этом образуются.

Будут обсуждены методы, применяемые для удаления радиоактивных отхо
дов, образуемых при использовании радиоизотопов в промышленности, меди
цине, научных исследованиях и сельском хозяйстве, на которые распространя
ется контроль Комиссии по атомной энергии.

Эти методы включают:
1. Контролируемое удаление жидкостей низкой концентрации в реки и в 

атмосферу ;
2. Контролируемое удаление небольших количеств растворяемых или находя

щихся в дисперсионном состоянии продуктов отхода в канализационные 
системы ;

3. Захоронение небольших количеств отходов в землю при контролируемых 
условиях;

4. Возвращение радиоактивных отходов на установки Комиссии по атомной 
энергии для хранения или захоронения;

5. Сжигание отходов; и
6. Удаление в моря отходов в контейнерах.

Будут рассмотрены критерии и регламентационные требования, применя
емые к каждому методу удаления отходов для достижения такого положения, 
чтобы предотвратить попадание опасных количеств радиоактивности в пищу 
человека или неблагоприятное влияние на использование человеком окружа
ющей среды. Будут обсуждены ограничения типов, количеств и методов уда
ления отходов, на которые частным концернам необходимо иметь разрешение 
в связи с длительным характером ответственности по содержанию мест захоро
нения или оборудования для хранения радиоактивных отходов.

D I V E R S O S  A S P E C T O S  R E L A C I O N A D O S  C O N  L O S  
D E S E C H O S  P R O C E D E N T E S  D E L  E M P L E O  D E  R A D J O I S O -

T O P O S

Resumen
E l autor analiza el origen y la naturaleza de los desechos radiactivos que se 

forman como consecuencia del empleo de radioisótopos en la industria, la 
medicina, la agricultura y  la investigación, y  pasa revista a las relaciones 
existentes entre los tipos, cantidades y aplicaciones de los radioisótopos y los 
desechos correspondientes.
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En la memoria se examinan especialmente los métodos utilizados para eva
cuar, con arreglo a las normas de autorización de la Atomic Energy Commission 
de los Estados Unidos de América, los desechos radiactivos derivados del 
empleo de radioisótopos en las mencionadas esferas.

Estos métodos abarcan:
1. La descarga controlada de efluentes diluidos en las corrientes de agua y  

en la atmósfera;
2. La descarga regulada, en los alcantarillados, de pequeñas cantidades de 

desechos solubles o fácilmente dispersables ;
3. La inhumación en el suelo, en condiciones controladas, de pequeñas can

tidades de desechos;
4. E l envío de los desechos radiactivos a las instalaciones de la Atomic 

Energy Commission para su almacenamiento o inhumación;
5. E l tratamiento por incineración;
6. La evacuación en el mar de desechos envasados.
El autor examina los criterios y  requisitos reglamentarios aplicables a cada 

método de evacuación con el propósito de impedir que los desechos entren en 
la cadena alimentaria humana en cantidades peligrosas o afecten desfavorable
mente la utilización del medio por el hombre. Estudia asimismo las limita
ciones que se han de imponer a los tipos y métodos de evacuación aplicados 
por las empresas privadas que, por su larga experiencia en ¡el mantenimiento 
de terrenos de inhumación o instalaciones de almacenamiento, pueden recibir 
autorización oficial para efectuar esta clase de operaciones.

MANAGEMENT OF WASTE EROM THE USE 
OF RADIOISOTOPES

L e s t e r  R . R ogers 
Ch ie f , R a d ia t io n  Sa f e t y  B r a n c h  

D iv is io n  of  L ic e n s in g  a n d  R e g u l a t io n  
U n it e d  St a t e s  A to m ic  E n e r g y  Co m m issio n  

U n it e d  St a t e s  of  A m e r ic a

Introduction
The availability of reactor-produced radioisotopes in a broad spectrum 

of kind and quantity has, since August 1946, resulted in their widespread use 
in industry, medicine, research and agriculture throughout the United States. 
From August 1946 to August 1959, 78,598 radioisotope shipments were 
made from the United States Atomic Energy Commission’s Oak Ridge National 
Laboratory (ORNL), at Oak Ridge, Tennessee (the primary supplier of radio
isotopes in the United States) to about 5,200 institutions licensed by the AEC  
to use these materials. These shipments represent 537,781 с of radioactivity. 
In addition, it is estimated that during the same period the other AEC instal
lations together shipped an equivalent amount o f radioactivity, most of which 
consisted of fission products in solid irradiated fuel-elements for applied 
radiation studies. Cobalt-60 radiation sources, polonium-210 and plutonium- 
239 in sealed neutron sources, reactor irradiation of special materials and 
the distribution of small quantities of special radioisotopes (such as magne
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sium-28 and iodine-132) account for the remaining activity shipped from other 
AEC installations. The estimated total activity shipped from all AEC instal
lations to private users of radioisotopes in the United States is, therefore, 
about one million curies.

For the purpose of evaluating the amount of waste produced from the uses 
of radioisotopes in the United States, the shipment data from O R N L are used, 
since this laboratory supplies most of the radioisotopes in a form where waste 
is likely to be produced. It is noted that irradiated fuel-elements which com
prise the bulk of radioactivity shipped from other AEC installations do not 
produce waste in their use. These elements are returned to the AEC after 
decay below a desired level of activity.

Out of the 537,781 с of radioactivity shipped from OR NL, 529,868 c, or 
98 .5 % , had a half-life greater than 30 days. O f this, 430,652 с consisted of 
solid metallic cobalt-60, 27,844 с of solid metallic iridium-192, and 27,727 с 
of caesium-137. All this material is encapsulated to form sealed sources and is 
used as gamma sources in teletherapy machines, irradiators, radiography 
sources, calibrator sources, in therapeutic radiology and for other radiation 
source purposes. Such sources are designed to be highly resistant to leakage 
and do not generate waste during normal use.

Approximately 9 0%  of the 5,197 c of krypton-85, 36,848 c of tritium, 
735 с of promethium-147 and 458 с of strontium-90 are also fabricated into 
sealed sources for use as radiation sources in gauging devices, luminous devices, 
etc. These sources are all sealed in such a manner that leakage of the radio
active material is not likely to occur under the expected conditions of use, 
transportation and storage. These sources all have a useful half-life of several 
years and become waste only when their radioactivity has decayed to such 
low levels that they are no longer useful. Thus it can be seen that about 
525,139 c, or 99%  of all radioisotopes with a half-life greater than 30 days, 
are used in sealed sources and do not present a waste-disposal problem during 
normal use. After the sources have decayed through several half-lives and are 
no longer useful as radiation sources, they will be disposed of as solid waste. 
Private firms which fabricate sealed sources accumulate considerable waste 
in the form of contaminated equipemnt, cleaning solutions, metal capsules, 
metal fragments, cleaning rags and paper.

The remaining 4,875 с of radioisotopes having a half-life greater than 30 
days are used in research and development work in industrial and university 
research laboratories and involve radioisotope applications which require 
microcurie, millicurie, or low-curie amounts of material. The waste from these 
applications consists primarily of gaseous waste from tritium and krypton-85, 
residual solutions remaining after experimental work, contaminated laboratory 
equipment, paper, glassware and animal carcasses. A  considerable amount of 
bulk may accumulate from these wastes over a period of time, but the specific 
activity is low.

The remaining 1 .5%  of the total activity shipped from OR NL, or approxi
mately 7,913 c, had a half-life of less than 30 days; 7,733 с of this activity 
were due to radioisotopes of iodine-131, phosphorus-32 and gold-198, which 
are used primarily in medical diagnosis and therapy. As high as 40%  of the 
iodine-131 and phosphorus-32 may be discharged as waste in the form of excreta 
from patients. The gold-198 is administered as a colloid, or a solid, and decays 
in the patient. Other waste consists of contaminated linens, towels, paper 
and other hospital equipment.
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Regulation Controls

In the interest of protecting public health and safety, the United States 
Atomic Energy Act of 1954 requires the Atomic Energy Commission to 
exercise regulatory control over private individuals and organizations, cities, 
states and co-operative groups, as well as over US Government agencies 
other than the AEC, who own and operate nuclear installations and possess 
and use source material*, special nuclear material*, by-product material*, 
and otherwise engage in peaceful uses of atomic energy.

In discharging its regulatory responsibility, the AEC has developed and 
put into effect a comprehensive system of regulations governing the con
struction and operation of reactors and other nuclear installations, and the 
possession, use and disposal o f source, special nuclear and by-product materials 
(radioisotopes).

Briefly, the regulations state that persons within the United States shall 
not transfer, acquire, possess or use any reactor or any source, special nuclear 
or by-product material except as authorized by a license issued by the AEC. 
The regulations also prescribe such things as (1) the information which must 
be submitted by applicants for licenses, (2) the criteria for radiation protection, 
(3) the criteria for approval or disapproval of licenses, (4) rules regarding the 
transfer of licensed materials, (5) record-keeping requirements, and (6) rules 
relating to the amendment, modification, suspension or revocation of licenses.

The Commission’s basic regulation dealing with radiation protection is 
known as “ Title 10, Code of Federal Regulations, Part 20, ‘Standards for 
Protection Against Radiation’ ,” and applies to all persons who receive, possess, 
use and transfer source material, special nuclear material or by-product ma
terial under a license from the AEC. The standards are designed to conform 
with the recommendations of recognized technical authorities, such as the 
National Committee on Radiation Protection, and with the A E C ’s safety 
experience in its own operation. The regulation prescribes performance-type 
safety standards and requirements for protecting the licensee’s employees 
and the public against radiation hazards.

Occupational radiation exposure is safeguarded by the licensee by his 
control over access to his installations and by direction o f the activities of 
individuals within such installations. Non-occupational exposure is controlled 
by the quantities of radiation released by the licensee to areas not under his 
authority. For the purposes of the standards, the areas subject to the licensee’s 
immediate control are termed “ restricted areas” and those not so controlled 
by him are termed “ unrestricted areas.”

The regulations establish permissible concentrations of radioactivity in 
effluents to unrestricted areas which are limited to 10%  of permissible concen
trations for restricted areas. Persons in unrestricted areas could continually 
breathe the air and drink the water containing these concentrations without 
exceeding the permissible radiation dose during their lifetime. The licensee is 
assumed to have no control over the ultimate fate of radioactivity after it 
leaves his premises, and concentrations of radioactivity in the effluent must 
not exceed the permissible limit at the point it leaves the licensee’s control 
and enters an unrestricted area. This does not allow the licensee to take 
advantage of the additional safety factor provided by dilution available in 
streams and in air in an unrestricted area without specific approval from the

* See Appendix I for definitions.
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AEC. The AEC will approve higher limits if the applicant demonstrates that 
it is not likely that, after dilution with available environmental media, any 
individual will be exposed to concentrations in excess of the permissible limits.

Because of the varied and complex technical problems which must be con
sidered in the disposal of significant quantities of radioactive wastes, the re
gulations do not attempt to spell out detailed “ Standards” in this area. Rather, 
they provide for the disposal of only small quantities of nuisance waste by  
release into sanitary sewerage systems and by burial in soil, on a routine 
basis. These levels of activity are low enough to be considered permissible 
under conceivable conditions of disposal. Any licensee, or applicant for a 
license, may apply to the AEC for specific approval of proposed procedures 
to dispose of licensed material in a manner other than as generally authorized 
in the regulations. The applicant must include a description of the radioactive 
material, including the quantities and kinds of material, and the proposed 
manner and conditions of disposal. A  detailed analysis and evaluation of 
pertinent information as to the nature of the environment, including topo
graphical, geological, meteorological and hydrological characteristics, usage 
of ground and surface waters in the general area, the nature and location of 
other potentially affected facilities and procedures to be observed to minimize 
the risk of unexpected or hazardous exposures, must be submitted by the 
applicant. The AEC may approve such disposal procedures where the cir
cumstances of the particular case are such as to provide adequate safeguards 
to public health and safety. The regulatory programme of the AEC also 
provides for a licensing procedure to determine the adequacy of the applicant’s 
proposed health and safety measures before operation of a nuclear installation 
or possession and use of radioactive material, and an inspection programme 
to determine compliance with the applicable regulations and licensing con
ditions after receipt of such material.

Licensing Procedures

Each applicant for a license to construct and operate a nuclear installation, 
or to possess and use source, special nuclear or by-product materials, must 
provide information on equipment and facilities available, training and expe
rience o f personnel, safety procedures and a detailed hazard analysis of his 
proposed operation which will provide, to the satisfaction of the AEC, rea
sonable assurance that the licensed activity will not present undue risk to 
public health and safety, either from accidental release of radioactive materials 
or release from routine operations or from disposal of radioactive waste.

The information and technical data submitted by the applicant are given 
a thorough review by  the technical staff of the AEC, composed of persons 
competent in the field of reactor hazards, radiation protection and waste 
disposal. I f  necessary, conferences are held between the AEC staff and the 
applicant’s staff to resolve problems which may arise in the hazards review. 
Particular attention is given in the analysis to the radioactive effluents which 
will be discharged to unrestricted areas and other waste-disposal methods to 
assure that safety standards will be met. I f  the applicant desires to discharge 
effluents which exceed the concentrations specified in the Part 20 regulation 
for release of effluents into unrestricted areas, or if he desires to dispose of 
waste by methods other than those specified in the regulations, he must pro
vide sufficient information regarding relevant environmental factors to give
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reasonable assurance that persons in unrestricted areas will not be exposed to 
concentrations of radioactive material above those permissible under the 
regulations.

Methods oí Disposal
All waste from radioisotopes being used in medicine, research and industry 

has a low level of radioactivity and is quite heterogeneous in nature. I t  consists 
of low concentrations of activity in air and liquid effluents from laboratories, 
solid materials contaminated with radioisotopes, such as blotting paper, rags 
used for cleaning, broken beakers, test-tubes, bottles and other glassware used 
to contain radioactive material, animal carcasses used for biological experi
ments, contaminated laboratory equipment and spent sealed sources. For 
the foreseeable future all high-level waste resulting from chemical processing 
of spent fuel elements from private licensed reactors will be returned to the 
AE C  for processing and handling. The disposal methods and procedures used 
by private users of radioisotopes are:

1. The controlled discharge of laboratory effluents containing low concen
trations of radioactivity into streams, sanitary sewerage systems, and 
into the atmosphere.

2. Burial of small quantities of waste in soil under controlled conditions.
3. Return of radioactive waste to AEC installations for land burial.
4. Treatment by incineration.
5. Disposal of packaged waste at sea.

1. Discharge of Laboratory Effluents
Liquid waste from radioisotope laboratories, such as water from laboratory 

drains that has been used to wash contaminated glassware or to decontaminate 
after spills in the laboratory, and excreta collected from patients treated 
with radioisotopes, is often discharged into the sanitary sewage system under 
controlled conditions. Each institution monitors the concentrations, as well 
as the total quantity of radioactivity discharged, to ensure compliance with 
the regulations. The regulations permit discharge, in concentrations not ex
ceeding permissible drinking-water concentrations for restricted areas, at the 
point of discharge of the institution sewer into the main sewer, and provided 
the gross quantity discharged does not exceed 1 с per year for each institution. 
Control is normally accomplished by collecting and sampling all waste from 
the laboratory drains and subsequent release into the sewage system in a 
controlled manner. This method of disposal is used primarily for short-half- 
life materials such as iodine-131 and phosphorus-32. Only small quantities 
of waste in permissible concentrations are disposed of directly into streams.

Laboratory hoods used for handling and processing radioisotopes are nor
mally equipped with filters to remove particulate activity and, in some cases, 
gaseous activity, if this is required. Residual activity in air discharged into the 
atmosphere is maintained below permissible concentrations for continous 
exposure in unrestricted areas, measured at the point o f discharge or at the 
point where the effluent leaves the restricted area.

2. Burial in Soil
Solid waste, such as animal carcasses, paper, glassware and other solids 

contaminated with microcurie to low-millicurie quantities of activity are 
buried in soil at a depth of 4 ft in holes 6 ft apart. Each licensee is limited to
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12 such burials per year. The quantity limitations and conditions of disposal 
are such that the burial area does not require monitoring or maintenance to 
assure safety. This provides only for the disposal of small quantities of nuisance 
waste. To date the AEC has not issued licences to private concerns authorizing 
the operation of a burial ground for collecting and disposing of waste on a 
commercial basis. Difficult administrative problems exist pertaining to the 
regulatory control of such an operation. For example, consideration must be 
given to the long-term responsibility of maintaining and monitoring a burial 
ground for radioactive materials. Because of the type, level of activity and 
half-life of the radioactive waste, it may be necessary to maintain land burial 
areas for an extended period of time— perhaps hundreds of years— and, for 
this reason, the AEC has initiated studies to determine the feasibility and 
desirability of establishing regional burial grounds under the control of the 
United States Government or of the governments of individual states to dispose 
of waste generated by private, concerns, thereby ensuring long-term control.

3. Treatment by, Incineration

Incineration is used in some instances to reduce the bulk of solid waste. The 
remaining ashes are, in turn, disposed of in an appropriate manner by burial 
in soil or disposal at sea. Such treatment is particularly applicable to medical 
programmes'in order to deal with animal carcasses, bulky paper, and other 
combustibles that are contaminated with low levels of activity. Precautions 
must be taken to filter particulate materials from the incinerator exhaust and 
limit activity discharged to the air to permissible concentrations.

4. Return to A E C  Installations

Since the beginning of the A E C ’s isotope distribution programme in 1946, 
the Oak Ridge National Laboratory has provided a waste disposal service for 
AEC radioisotope licensees on a fixed-fee basis. The waste must be packaged 
in accordance with Interstate Commerce Commission transportation regulations 
and requirements of the Oak Ridge National Laboratory. The packaged waste 
is shipped by rail or road to the Oak Ridge National Laboratory for ground 
burial. This provides a means of disposing of some solid waste material for 
licensees within economical shipping distance.

5. Disposal of Packaged Waste at Sea

Sea disposal is the most common method used to dispose of low-level, 
packaged or solid radioactive waste. The waste is usually packaged, before 
disposal, within concrete in 55-gallon steel drums, or in pre-formed, reinforced 
concrete boxes. Each license issued for sea disposal contains provisions to 
ensure that:

1. Disposal will be in a minimum of 1,000 fathoms of water;
2. The waste material will be packaged in such a manner that it contains 

sufficient shielding for protection, and under the conditions of handling, 
storage and shipment the packages cannot be easily damaged or broken ;

3. The containers will be of sufficient density to reach the ocean bottom  
without appreciable loss of contents;

4. The package will be appropriately labelled for identification purposes ; and
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5. Containers will conform to applicable shipping regulations of the Inter
state Commerce Commission and the Coast Guard, and to the conditions 
of the AEC license. .

A t present there are nine commercial firms licensed by the AEC to collect, 
package, store and dispose at sea, in at least 1,000 fathoms, solid or packaged 
low-level radioactive waste produced from installations licensed by the AEC, 
and by contractors using radioisotopes in medicine, industry, agriculture, 
research and training. Six such firms are licensed to dispose of waste in the 
Pacific Ocean and their records show that, to date, approximately x/2 с of 
by-product material and 15 lbs of source material have been disposed of in 
the Pacific Ocean. Four firms are licensed to dispose of radioactive waste in 
the Atlantic Ocean, and their records indicate a total disposal of approximately 
2,500 с of by-product and source material to date.

In addition, eight organizations are licensed by the AEC to dispose of 
the waste generated in their own laboratories, and six of them have disposed 
of a total quantity of approximately 31 с of activity into the Atlantic Ocean. 
Two licensees in this category have disposed of approximately 101 с of activity 
in the Pacific Ocean.

Apart from these licensed waste disposal operations, a few licensed users 
of by-product materials disposed of waste at sea before 1958, but have since 
discontinued the practice. In. this group of organizations, six disposed of a total 
of approximately 4 с into the Atlantic, two a total of less than 1 с into the 
Pacific and two a total of approximately 10 с into the Gulf of Mexico.

Thus, to date, licensed users of radioisotopes have disposed of approxi
mately 2,600 с of radioactive material into the Atlantic Ocean, approximately 
102 с into the Pacific Ocean, and approximately 10 с into the Gulf of Mexico*.

Because of the widespread interest in ocean disposal of radioactive materials 
and to keep interested persons fully informed, the AEC publishes in the United 
States Federal Register public notices of receipt of applications for, proposed 
issuances, and issuances of, licenses authorizing radioactive waste disposal 
services resulting in sea disposal. When an application for a license is received, 
a notice of receipt of application is published in the Federal Register, and when 
the AEC completes its evaluation of the application and determines that the 
proposed activities meet the requirements for a license, a notice of the proposed 
issuance of the license, the proposed license and a statement of safety consi
derations are published in the Federal Register. Fifteen days are allowed for 
interested parties to intervene and request a hearing. I f  there are no such 
requests, the license is issued as proposed. I f  an interested party, or the appli
cant, intervenes as provided in the “ Rules of Practice” of the AEC or if suffi
cient public interest is demonstrated, the matter is set down for a public hear
ing. The A E C ’s hearing examiner presides at such hearings and determines 
from the evidence adduced if, and under what conditions, the proposed license 
should be issued. The hearing examiner’s decision is subject to review by the 
AEC Commissioners on their own motion, or if exceptions to his decision are 
filed by any of the parties to the hearing.

Copies of license applications, Federal Register notices and licenses involving 
sea disposal are on file for inspection in the Public Document Room of the 
AEC. Copies of the above-mentioned notices and licenses are sent to the Gover
nor and other interested authorities in each state in which the applicant will 
operate.

* See Appendix II for waste disposal locations.

59



Inspection
АП licensees are subject to periodic inspection by the AEC to ensure that 

the regulations and the terms and conditions of licences are being complied 
with.

Each licensee is required to maintain complete records of receipt, use, trans
fer and disposal of all radioactive materials. I f  such materials are disposed 
of through effluents into the air or water, records of average concentrations 
discharged to the sewer and by burial in soil in accordance with the Part 
20 regulation must be recorded. The types and quantities of activity transferred 
to a commercial waste disposal concern must also be recorded. Concerns licensed 
to dispose of wastes commercially must maintain records of types and quanti
ties of radioactivity received and the location and date of disposal. These 
records, together with the licensee’s operating procedures, are carefully re
viewed by the inspector to assure compliance with regulations and the terms 
and conditions of the license.

I f  inspection discloses evidence of non-compliance, appropriate action is 
promptly taken by the AEC to ensure that the licensee corrects the deficien
cies. I f  necessary, the AEC may issue an order under its “ Rules of Practice”  
requiring the licensee to take appropriate corrective action. Unter the Atomic 
Energy Act of 1954, the AEC has authority to take procedural action to 
revoke, suspend or modify an y1 license where such action is necessary to 
assure protection of health and safety to the public.

Conclusions
The total amount of radioactive waste generated through the use of radio

isotopes is small and does not present a serious waste disposal problem. Only 
a small fraction of the radioisotopes distributed are used in applications where 
waste is produced during normal use. The quantity of waste may increase 
significantly in the future as cobalt-60 sealed sources decay beyond their 
useful life and are replaced. The amount o f waste will depend upon whether 
useful purposes are developed for the spent cobalt-60 and teletherapy irradiator 
sources.

АД waste disposal activities by private users of by-product, source and 
special nuclear materials in the United States are carried out under the regu
latory controls of the United States Atomic Energy Commission.

TABLE I
BREAKDOWN OF OAK RIDGE NATIONAL LABORATORY SHIPMENTS 

TO PRIVATE USERS OF RADIOISOTOPES
August 1946—August 1959

Curies

TOTAL ACTIVITY OF ISOTOPES SHIPPED ...................................................  537,781
Half-life greater than 30 days ...................................................................  529,868
Half-life less than 30 days ........................................................................ 7,913

ISOTOPES WITH HALF-LIFE GREATER THAN 30 DAYS USED PRIN
CIPALLY FOR SEALED-SOURCE MANUFACTURE— 99 % .................  525,139

1 C o b a lt-6 0 .......................................................................................................... ; . 430,652"
Iridium-192 .........................................................................................................  27,844
Caesium-137 .........................................................................................................  27,727
Krypton-85 .........................................................................................................  4,677
T ritiu m .................................................................................................................  33,164
Strontium-90 ....................................................... .............................................. 413
Promethium-147 .................................................................................................  662
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ISOTOPES W ITH HALF-LIFE GREATER THAN 30 DAYS USED FOR 
RESEARCH, DEVELOPMENT AND INDUSTRIAL USES NOT IN
SEALED-SOURCE FORM— 1% ........................................................................  4,729

Krypton-86 .........................................................................................................  520
T ritiu m .................................................................................................................. 3,684
Strontium-90 .....................................................................................................  45
Promethium-1 4 7 ................................................................................................. 73

ALL OTHERS .............................................................................................................  407
ISOTOPES WITH HALF-LIFE LESS THAN 30 DAYS USED FOR MEDI

CAL AND BIOLOGICAL PURPOSES— 88 % . ..................................................... 7,000
Iodine-131 ..................................................................................  5,000
Phosphorus-32 .....................................................................................................  1,350
Gold-198 .............................................................................................................  579
Others .................................................................................................................  71

ISOTOPES WITH HALF-LIFE LESS THAN 30 DAYS USED FOR OTHER
THAN BIOLOGICAL AND MEDICAL PURPOSES— 12% .....................  913

TABLE II 
TYPE OP WASTE
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Research X X X X X X X X
Isotope
Processing X X X X X X X

U n i v e r s i t y X X X X X X X X X X

* ¡лc — Microcuries 
me— Millicuries 

с— Curies

A P P E N D I X  I
Definitions

Source material : Any material except special nuclear material which contains 
by weight one-twentieth of one per cent (0 .05% ) or more of (1) uranium, 
(2) thorium, or (3) any combination thereof. -

Special nuclear material means (1) plutonium, uranium-233, uranium en
riched in the isotope 233 or in the isotope 235, and any other material which 
the USAEC, pursuant to the provisions of Section 51 of the Act, determines 
to be. special nuclear material, but excluding source material; or (2) any 
material artificially enriched by any of the foregoing, but excluding source 
material.

By-product material means any radioactive material (except special nuclear 
material) yielded in or made radioactive by exposure to the radiation incidental 
to the process of producing or utilizing special nuclear material.
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A P P E N D IX  II

Location oí Sea Disposal Areas Authorized for AEC Licensees 

Pacific Ocean
1. 51° 31' north latitude and 139° west longitude. • One disposal of 540 millicuries by

product material; 15 lb source material.
2. 32° 00' north latitude and 121° 30' west longitude. No disposals made to date.
3. 37° 41' north latitude and 123° 25' west longitude. Licensees have disposed of about

100 с by-product material to date.
4. 30° 43' north latitude and 139° 06' west longitude. About 1 с of by-product material 

has been disposed of in this location.
5. 37° 40' north latitude and 124° 50' west longitude. No disposal to date.
6. 32° north latitude and 121° 30' west longitude. No disposals to date.

Atlantic Ocean
1. 42° 25.5' north latitude and 70° 35' west longitude: 2,440 с of by-product and source 

material, 2,000 of which was tritium disposed of since 1952. Area no longer used as 
of 15, August 1959.

2. Area bounded by north latitudes 39° 00' and 38° 50' and west longitudes 72° 00'
and 72° 16'. No disposals by licensees to date.

3. 38° 30' north latitude and 72° 00' west longitude. No disposals by licensees to date.
4. Area bounded by 41° 38' and 41° 28' north latitude and 65° 28' and 65° 45' west

longitude. No disposals by licensees to date.
5. 36° 56' north latitude, 74° 23' west longitude. 30 с of by-product material disposed of 

by licensees to date.
6. 32° 30' north latitude and 75° 45' west longitude. 650 me of by-product material 

disposed of by licensees to date.
7. 34° 32' north latitude and 76° 40' west longitude: 500 me of by-product material 

disposed of to date.



O R I G I N ,  N A T U R E ,  D I S P O S A L  A N D  C O N T R O L  O F  R A D I O 
A C T I V E  W A S T E S  A R I S I N G  F R O M  T H E  U S E  O F  R A D I O 

I S O T O P E S

Abstract

The paper describes the different types of radioactive waste arising from 
industrial, medical and scientific uses of radioisotopes. An outline is given of 
methods used for waste disposal, depending on the content of radioactivity.

I

O R I G I N E ,  N A T U R E ,  E L I M I N A T I O N  E T  C O N T R O L E  D E S  
D E C H E T S  R A D I O A C T I F S  D E C O U L A N T  D E  L ’ E M P L O I  D E S

R A D I O I S O T O P E S

Résumé

L ’auteur décrit les différents types de déchets radioactifs découlant de l ’uti
lisation de radioisotopes dans l ’industrie, en médecine et dans la science. Il 
donne un aperçu des méthodes employées pour l ’élimination des déchets selon 
leur teneur en éléments radioactifs.

ПРОИСХОЖДЕНИЕ, ХАРАКТЕР, УДАЛЕНИЕ И КОНТРОЛЬ ЗА 
РАДИОАКТИВНЫ МИ ОТХОДАМ И , ВОЗНИКАЮ Щ ИМИ  
В РЕЗУЛЬТАТЕ ИСПОЛЬЗОВАНИЯ РАДИОИЗОТОПОВ

Резюме

В докладе дается описание различных типов радиоактивных отходов, возни
кающих в результате промышленного, медицинского и научного использования 
радиоизотопов. Особо разбираются методы, используемые для удаления 
радиоактивных отходов в зависимости от их радиоактивности.

O R I G E N ,  N A T U R A L E Z A ,  E V A C U A C I O N  У  C O N T R O L  D E  
L O S  D E S E C H O S  R A D I A C T I V O S  P R O D U C I D O S  E N  L A  U T I L I 

Z A C I O N  D E  R A D I O I S O T O P O S

Resumen

En la memoria se describen los diferentes tipos de desechos radiactivos 
producidos por la utilización industrial, médica y  científica de los radioisótopos 
y se hace una exposición de los métodos empleados para la evacuación de 
desechos según su contenido radiactivo.
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ORIGIN, NATURE, DISPOSAL AND 
CONTROL OF RADIOACTIVE WASTES ARISING  

FROM THE USE OF RADIOISOTOPES

A. W . K e n n y

R a d io c h e m ic a l  I n sp e c t o r , M in is t r y  of H o u s in g  a n d  L ocal  G o v e r n m e n t
U n it e d  K in g d o m

The International Commission on Radiological Protection and the various 
national bodies responsible for setting the maximum permissible levels of 
irradiation to which workers and the general public may be normally subjected 
confine themselves to general recommendations which are not usually directly 
applicable to the problems of waste disposal. Their application requires addi
tional estimations, often specific to the particular problem. Although there is ' 
widespread agreement on the general recommendations, there is no such gene
ral agreement on their application.

The fundamental recommendations, of which those of the ICRP have the 
most universal application, refer to permissible external radiation and to 
permissible inhalation and ingestion, in each case both by occupational wor
kers and by the general public. The object of satisfactory. control of radio
active waste disposal is to specify limits for the waste and method of disposal 
so that these standards, or such lower standards as may be regarded as desir
able, are achieved. In order to do1 this, it is necessary to show by calculation 
or experiment that the natural processes of dispersion and reconcentration do 
not, given the normal or reasonably abnormal behaviour of the humans or 
animals at risk, achieve levels higher than the standards specified.

Normally, it is not possible either by calculation or by experiment to eva
luate with great accuracy the relationship between the limits set for the 
waste and the appropriate standards ; but this is not of much importance since 
it is usual to incorporate factors of safety to allow for the approximate nature 
of the estimations.

It is also necessary, in fixing allowable levels of irradiation by waste disposal, 
to have in mind the irradiation of the public in other ways, so that the total 
irradiation of the public can be limited to whatever low level may be regarded 
as permissible by the nation concerned. It  is easily seen that where the method 
of disposal involves the dispersion of the activity beyond the frontiers of the 
country, international considerations arise, and some form of international 
agreement may be necessary.

Many workers in the field of radiation protection would subscribe to the 
general principle that irradiation of the public should be kept as low as prac
ticable, but there is inevitably a fairly wide difference of opinion in inter
preting the word “practicable” , and perhaps most workers would prefer to 
modify it to “ reasonably practicable” . It  is of some importance, then, to 
recognize a limitation of the principle on public health grounds.

For example, it would always be possible to collect excreta from hospital 
patients and to store tin decay rendered the activity negligible. It  is at least 
arguable, however, that the hospital personnel would receive a greater total 
irradiation than the general public would from direct discharge to the sewers ; 
and consequently that the irradiation of the public, of which they are part, 
would be greater.
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I

A  second general limitation in applying this principle arises from the financial 
implications. A  nation can afford to divert to public health control only so 
much of its resources, and what is spent on one aspect o f public health is 
unavailable for other aspects. It  must always be of concern that the too rigid 
application of the principle of avoiding public irradiation at all costs may 
direct attention and resources from other areas of public health control where 
there might have been a more rewarding return; and that in consequence 
the public health may not be improved or maintained as well as it might have 
been.

It is possible, having made these reservations, to define a satisfactory 
method of disposal as one which ensures that the irradiation of the public 
conforms to the standards recommended from time to time by the ICRP and 
which adds as little as is reasonably practicable to the dose received naturally 
and by other means.

B y far the greatest use of radioisotopes is as closed or sealed sources. It  is 
not easy from published material to estimate the relative proportion of sealed 
and unsealed sources, since the data are usually presented for other purposes. 
In New York it would seem that at least 80%  of the activity is used as sealed 
sources (I) ;  in the United Kingdom, I  should estimate the figure at more 
than 90% .

The principal uses of sealed sources are :
1. For therapy, i.e. radium needles and the kilocurie sources of radio

caesium and radiocobalt;
2. For radiography, for which sources o f iridium-192, cobalt-60 and other 

isotopes of up to several curies strength are used;
3. For thickness gauges, e.g., in such industries as textile and paper manu

facture, for which sources of tens of millicuries of such isotopes as stron
tium-90, thallium-204, ruthenium-106 are used;

4. For static eliminators, for which sources of about the same strength and 
nature are used; and

5. For a variety of similar purposes, often on experimental or pilot plants, 
e.g., when a thickness gauge may be used to detect the change of com
position of a gas stream issuing from a catalyst chamber or a chromato
graphic bed.

Although these sources vary in strength from the millicurie to the kilocurie 
level, they have several common characteristics which enable them to be trea
ted together for our present purpose.

I f  they are properly made, no waste arises in normal use. In the early days 
of manufacture of these instruments there were a few cases of bad designs which 
during use developed faults, allowing radioactive materials to leak out or to 
become detached. It is important that due care should be paid to these points' 
in the design, and also for the same reason that the instruments should be 
corrosion-resistant.

I f  instruments are badly designed and, for some reason, radioactive material 
becomes detached and spreads over the working area, an awkward job of 
decontamination may be necessary and unnecessary radioactive wastes, 
comprising, for example, contaminated fittings or solutions used for deconta
mination. may be produced.

Usually, these devices contain long-lived isotopes. Their useful life may be 
one or two half-lives, perhaps longer. Then, the activity is too low for con
venient further use and the whole is discarded. The activity is still high judged
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by health standards and indeed, in the case of teletherapy units, by any stan
dard.

Some, for example those incorporating iridium-192, cobalt-60 or thallium- 
204, can be reactivated by re-irradiation in a reactor. In this case, the source 
can be used indefinitely and becomes a waste only when the project is aban
doned, in this respect resembling hospital radium sources.

Others, those based on chemically-separated isotopes, such as the fission 
products, of which strontium-90 and caesium-137 are important examples, 
cannot be reactivated and constitute a waste when by decay their activity is 
inconveniently low. W ith the present low price of isotopes there is rarely, 
except perhaps with the kilocurie sources, an incentive to eke out their exis
tence and they will be readily discarded when the activity is inconveniently 
low.

There is also the possibility of involuntary disposal of these sealed sources 
by loss or theft. The difficulty of finding them may be gathered from the des
cription given of the recovery of a radium source lost to the sewers from a 
hospital (2).

The wastes which arise with sealed sources of this type may, therefore, be 
summarized as

1. The source itself, by accidental loss or in any event at the end of its 
life, which may be determined when separated isotopes are used by the 
half-life of the isotope and in other cases by other factors;

2. Occasionally, when the source is broken or the isotope is released for 
some cause, the source itself and decontamination water or incidentally- 
contaminated materials.

Somewhat similar wastes arise also with neutron sources which now are 
almost a standard piece of equipment in the physics and chemistry labora
tories of universities and technical colleges and are also used industrially, for 
example, for well-logging.

The sources are normally composed of beryllium and an isotope whose 
radiations generate neutrons from this element. The most commonly used 
isotopes for this purpose are radium, radium-D, polonium and antimony-124, 
and the sources are usually about 100 me, although sources of curie strength 
are not uncommon.

Only antimony-124 can be reactivated. Radium is so long-lived that decay 
does not determine the life of the source. Radium-D has a fairly long life, 
but polonium is relatively short-lived; sources manufactured from the latter, 
therefore, soon become waste.

The use of isotopes as open or unsealed sources, by contrast with that of 
sealed sources which we have been considering, gives rise to wastes contin
ually produced. The most important single use is that in hospitals, where at 
least in the United Kingdom over half of the activity used as open sources is 
employed.

The “ big two” in hospitals are gold-197 and iodine-131. The former is in
jected into body cavities as a colloidal solution, usually in amounts of about 
100 me. Since the isotope remains in the body and is not excreted, the 
wastes produced in its use are:

1. Slightly contaminated washings, apparatus and equipment;
2. Small amounts of solutions left over after the dose has been measured 

out ;
3. Swabs or, for example, bed-clothes contaminated by spills or accident.
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Since the half-life is only 2.7 days, it is relatively easy to store the wastes 
and allow them to decay to innocuous levels.

Iodine-131 is given orally in solution and ultimately is excreted by the 
patient. The doses range from the 100 microcuries level for diagnostic purposes, 
through the tens of millicuries for treatment of thyroid disorders or heart 
trouble, to 100 or more millicuries for treatment of thyroid carcinoma. The 
sort of wastes already discussed for gold-197 arise also with this isotope, 
but in addition there is radioactive urine from the patient, since excretion 
is almost wholly in the urine.

Other isotopes are used as open sources in hospitals, e.g., phosphorus-32, 
sodium-24, chromium-51, potassium-42, bromine-82. The doses are normally 
tens of millicuries or less and the total activity involved usually does not 
amount to more than 2 0 %  of that of the big two. The wastes are similar in 
character to those just discussed.

Apart from the well-known use of radium and the use of kilocurie sources 
which has been discussed previously, there is some use of sealed sources in 
hospitals for irradiation of local surface lesions, e.g., strontium-90 applicators 
for eyes and phosphorus-32 applicators, often phosphorus embedded in plastic, 
for skin. Phosphorus can be re-irradiated but in any case is sufficiently short
lived to be stored, so that the waste need not be very active. The strontium 
applicators are similar to the closed sources previously discussed and similar 
remarks apply.

A  special case of a waste arising from hospital use of isotopes occurs when 
the patient dies soon after administration of the isotope. I f  the body is em
balmed, the blood and fluids drained from the body may be active and will 
constitute a radioactive waste. I f  the body is cremated, either, as with radio
iodine, the activity will pass out as a gaseous waste or, as with the other iso
topes, it will be concentrated in the ashes.

It may bé said in broad summary that, except for closed sources and cada
vers, hospital radioactive wastes are chiefly liquid waste (urine) and it is easy 
to store solid waste from the use of open sources till decay reduces it to an inné-' 
cuqus level.

However, there is often connected with hospitals, particularly the teaching 
hospitals, a research laboratory from which wastes of a somewhat different 
character may arise.

These wastes are similar to those arising in biochemical, biological and agri
cultural research establishments. As with other research establishments, it 
is difficult to make general remarks, since the work is not of a routine nature 
and is continually changing. Broadly, it may be said that in work with animals, 
it is rare to use doses of more than 100 me, even with large animals. In  
addition to wastes similar to those in hospitals, there are the animal carcases. 
The wastes differ also from hospital wastes in that longer-lived isotopes such 
as carbon-14, tritium, sulphur-35 and the strontium and calcium isotopes are 
used in addition to the short-lived isotopes used in therapy.

Other research establishments normally use isotopes in smaller amounts 
than those doing research on animals, except when the research is on pilot- 
plant scale or, more rarely, when the research is done on the full-scale process 
with which the research is connected. Por example, research on the behaviour 
of petroleum fractions during processing would normally, at least initially, 
be conducted in the laboratory. I f  isotopes were used, say in labelled organic 
compounds or in the catalysts, only microcurie amounts would probably suffice
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for the work. Later, to verify the results of the laboratory work, check runs on 
pilot-plant scale would probably be made and these might require millicurie 
amounts o f activity.

On the other hand, some experimental work can only be done on pilot-plant 
scale or in the field, in which cases millicurie or curie amounts may be required. 
Examples are the tracing of river flows or the behaviour of effluents in rivers 
or the sea. It  will be appreciated that the objects and character of research 
connected with our modem complex and highly technical civilisation are so 
diverse that a complete description or assessment in general terms is at any 
rate difficult, and perhaps impossible.

W e shall content ourselves with the foregoing indication of the amounts of 
activity involved and an overall assessment of the total activity. W e find in 
the United Kingdom that there are nearly a thousand users of isotopes; most 
users do not employ open sources, but there are nearly 200 hospitals which do, 
and a somewhat greater number of universities and research establishments. 
The total activity used by the hospitals, about 300 с yearly, is about the same, 
or rather greater, than that used for all other purposes as open sources. As we 
have remarked previously, the total is quite dwarfed by the activity used as 
closed sources.

Radioactive wastes are also produced during the operation of reactors 
and high-energy particle accelerators.

Broadly, reactors are of two types, gas-cooled and water-cooled. W e are 
here concerned only with reactors in which the coolant circulates in a closed 
circuit (the primary circuit), giving up its heat to a secondary stream. Reactors 
with a coolant discharging direct to the environment are only employed in 
the atomic energy programmes, and are dealt with in other papers.

During circulation of the primary fluid in the neutron field of the reactor, 
radioisotopes are created by action of the neutrons on the elements of the 
coolant or impurities in it. The impurities may have been present initially 
or may have been picked lip, e.g. as corrosion products detached from the 
pipe walls or particles of graphite or other moderator. A  specially important 
impurity in this connexion may be uranium, which is usually present in traces 
on the surface of the fuel elements ; it fissions, and the fission products may pass 
to the coolant. Uranium and the fission products generated in it may also pass 
to the coolant if the fuel-element sheath ruptures.

A  normal feature of reactors of this type is a filter in the primary circuit. 
The concentration of a given radioisotope in the primary circuit is determined 
by the concentration of the isotope from which it is created, the neutron flux 
and the half-life. Ultimately a steady concentration is reached. It is usual, 
however, to maintain the activity at a lower level by filtering off suspended 
matter and, with water coolant, by removal of dissolved matter by ion-exchange 
treatment.

Thus, the normal arisings of radioactive waste from reactors are
1. Coolant losses, particularly with gas coolant at leaks;
2. Filters and ion-exchange material;
3. Wash-waters from laundering of protective clothing and from deconta

mination operations, e.g. during routine maintenance operations;
4. Radioactive faulty parts of the reactor removed for replacement by 

sound material.
In  addition, the primary coolant will have to be replaced periodically and 

then constitutes a waste, while ultimately the whole reactor will be a waste.
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Estimates of the useful life of reactors have only occasionally been made: 
20 years has been guessed for the big power reactors of the graphite-carbon- 
dioxide type, but really accurate figures are not available. A  principal factor 
in determining the life of these reactors is radiation damage of the structural 
materials. Since this depends on the flux of ionizing radiation, it may be 
expected that reactors of lower power, such as those used in universities for 
instruction and teaching, will have much longer lives.

As we have remarked, the levels of activity attained in these reactors are 
partly dependent on the neutron flux, so that the wastes produced in the low- 
power or “ toy” reactors of universities (say 20 kW ) are of much lower activity 
than those arising in the big power reactors (say 200 M W ) or even in the so- 
called “ package” power reactors (say 20 M W ).

Connected with the development of power for civil purposes, chiefly for 
generation of electricity or for marine propulsion, there is a growing uranium 
industry engaged in the refining and fashioning of uranium for fuel elements. 
Uranium is not in itself a very radioactive element and only mildly active 
wastes arise. These comprise:

1. Uranium dust in discharges to the atmosphere and filters;
2. Uranium dust and swarf, often admixed with oil, from cutting, milling 

and machining operations;
3. Floor washings;
4. Laundry wastes; ,
5. Uranium-contaminated tools and equipment;
6. Pickling liquids.
Much of the uranium may be recovered; there is a particular incentive 

when enriched uranium is used, but for ordinary uranium the financial incen
tive is not great.

Other uses of uranium for what may be regarded as normal purposes are 
minor. Uraniferous waste liquors arise in the preparation of uranium salts 
used as chemical reagents. Some solid waste arises from the use of uranium 
for enamels and glazes. These wastes are not important.

O f the other naturally-radioactive materials whose use we are often in 
danger of forgetting since artificial isotopes have taken the limelight, radium 
is the most important. It has been used in the manufacture of luminous paint 
for more than forty years.

Luminizing powder is made by mixing radium sulphate with filler materials 
or by evaporating a mixture of radium bromide and, say, potassium sulphate 
solution and mixing with a phosphor. Luminous paint is made as required by 
mixing the luminizing powder with a varnish or lacquer.

The amount of radium which is wasted in these processes depends markedly 
on the care and thought given to the problem. The paint dries out when left 
overnight, but can be reconstituted. I f  the same equipment is kept in use and 
carefully washed each night, if dried-out paint is reconstituted, if care is 
taken to prevent luminizing powder and flakes of dried powder from blowing 
about, and if a high standard of care and supervision is maintained, the radio
active waste can be reduced to a minimum.

The waste comprises:
1. Swabs and cleaning tissues;
2. Mixing sticks or rods and applicators;
3. Bottles and mixing jars;
4. Rejected luminized parts;
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5. Scraped-off old luminous paint;
6. Solvent used for cleaning tools and bottles.
The amount of activity in the wastes is not easy to estimate : there appears 

to be no published work. In a good luminizing works, the radium wasted is 
perhaps no more than 1 %  of that used ; in a works where supervision is poor, 
it may easily be much higher.

In the United Kingdom, several curies a year are used for luminizing. Apart 
from a few manufacturers of watches and instruments, the luminizer is usually 
a small operator and indeed much luminizing is done by jewellers and private 
individuals under frankly makeshift arrangements.

Ultimately, of course, the luminized parts become waste. The phosphor 
gradually loses its ability to luminesce under the influence of the radium 
radiations. W ith many, perhaps most, instruments (watches, clocks) the owner 
will not bother to have it reluminized and is probably not worried whether it is 
luminescent. The life of these instruments is determined by other considera
tions; but whatever the reason, the instrument ultimately becomes scrap.

W ith  small instruments, and especially those used by the private individual, 
disposal is by ordinary methods. W hen the instruments are part of large va
luable objects such as aeroplanes, they accumulate in the scrap yards as largely 
unwanted waste. Although each instrument may contain only a few micro
curies, the total in the heaps of scrap may be appreciable.

Some attempts have been made to replace radium by other isotopes. Stron- 
tium-90 has been used and I  believe is being used in luminous paints. Tritium, 
also, has been mentioned as a replacement. Luminous signs, e.g. to mark exits 
in cinemas, have been based on radiokrypton, a gas which would disperse if 
the sign were broken up for scrap.

Mention may also be made of the use of small sources, often cobalt-60 
or strontium-90 of about a microcurie activity, as built-in standards in ra
diation detection instruments. These also become waste ultimately.

Another naturally radioactive material which has some important uses is 
thorium. The chemical extraction from monazite is straightforward; most 
of the daughter activities precipitate in the so-called meso-mud, but the waste 
liquors from the chemical processes also contain small amounts.

There are two principal uses of thorium, in gas mantles and a series of alloys 
which has some importance in the aircraft industry. In manufacture of mantles 
small amounts of waste of low activity are produced, e.g. drippings from the 
dipped hose, washings of equipment, odd lengths of hose, broken mantles; 
and, of course, as with radium, ultimately all the thorium appears as waste. 
The principal waste from alloy manufacture is an oxide dross.

The foregoing account of the nature and origin of radioactive wastes has 
been purely factual with no attempt to assess the best method of disposal in 
each case and without assessment of the hazard. It is clear that the wastes 
cover a wide range from the hundreds of curies of the spent teletherapy unit 
to the broken gas mantle and from the tens of millicuries of urine of the cancer 
patient to the microcuries in thorium effluents.

In order to get the problem of disposal into some perspective, we should 
note that, for example, in the United Kingdom the total use of isotopes for 
all purposes is small compared with the fission-product activity produced in a 
power or plutonium-producing reactor. The big problem of disposal is not 
the amount of activity but the difficulty of controlling a large number of rela
tively small amounts of activity.
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W ith practically all liquid radioactive wastes arising in the use of isotopes, 
disposal to sewers or water-courses is practicable (3). Occasionally, some 
storage is necessary, for example, it is normal to store unused gold-197 at 
hospitals and many prefer to store the first urinations of patients treated with 
large doses of iodine-131 ; but normally the amount of activity in liquid wastes 
is either so small, as in most research laboratories, or so diluted, as in field 
studies of water-flow, that no storage is necessary.

I f  discharges of large amounts of activity are made persistently, it is necessary 
to examine the reconcentration of activity by natural processes; although 
the initial dilution may have been adequate to prevent immediate hazard, 
it would be necessary to demonstrate that remoter hazards do not occur 
by build-up of activity at specific points. Whereas this is a well-recognised 
procedure at such atomic energy establishments as Hanford, Windscale 
and Mar coule, it has not been found necessary at any establishment using 
isotopes, because sufficiently active open sources are not used over long 
periods.

It is, of course, conceivable that in total all the minor persistent discharges 
to a sewerage system or a river might together constitute a sufficiently large 
amount of activity to pose problems of hazards by reconcentration. The short 
answer is that they do not. W e have made a few measurements at sewage 
works receiving rather more activity than the average but have found nothing 
near hazardous levels. Nowadays, when all water-courses and sewages contain 
fall-out activity, it would be difficult without refined radiochemical analyses 
to detect the presence of small amounts of waste activity. A t least it can be 
said that there is no difference in total activity above and below known 
outfalls from uses of radioisotopes.

Although radioactive waste waters from isotope uses are normally discharged 
ultimately to water-courses, it would be a mistake to suppose that it all reaches 
the seas. Considerable retention of most isotopes probably occurs by adsorption 
on sewer walls, river silts and sewage works and by absorption in natural 
products. By continual operation of such cycles as adsorption and desorption, 
absorption and excretion, and isotope exchange the activity finally becomes 
so widely dispersed as to be negligible. Any delay imposed by these processes 
on the passage to the sea allows reduction of activity by decay. However, we 
are still very ignorant of them.

The discharge of activity to the atmosphere, either in gaseous form or in parti
culate form, is unimportant with the normal use of isotopes, and makes no 
significant contribution to the activity already present from, natural sources 
and from fall-out.

The solid radioactive waste from isotope use may be in different forms 
requiring different methods of disposal. W ith some uses, e.g. tracer research 
or many hospitals, only paper of low activity arises. Often it amounts to no 
more than a few microcuries a week and may be disposed of by normal methods, 
e.g. via the normal dust-bin to the refuse tip or incinerator (4).

Low-activity waste containing such isotopes as carbon-14 and tritium' may 
be conveniently burnt at the establishment. But it is a mistake to burn waste 
containing non-volatile isotopes, for a more concentrated and less easily- 
handled material is produced. In the case of luminizing wastes, for which a 
normal practice has been to mix the inflammable solvent and swabs and 
burn, it may even be that the insoluble radium sulphate is converted to ma
terial more soluble in ground waters.
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Since the normal methods of disposal of solid waste effect no dispersion or 
dilution of the material, at least until decomposition has proceeded some way, 
it is not normally possible to dispose of more than a hundred microcuries 
by burial at any one spot, although several such burials may be made in the 
same area (5).

For wastes containing larger amounts of activity, either storage or sea- 
dumping has been used. Provided reasonable methods of control are exercised 
to exclude teletherapy units and radiographic units, it seems in the highest 
degree unlikely that the activity of solid wastes from isotope use would exceed 
any reasonable standards specified for sea disposal (6).

It  is perhaps worth remarking, in conclusion, that the disposal of radioactive 
waste should be considered as a whole and as part of the wider problem of 
maintaining the irradiation of the population at a minimum.

For example, there is little point in insisting on the filtration of an innocuous 
effluent, gaseous or liquid, if thereby a solid waste (the filter) is produced whose 
handling may actually lead to greater irradiation than the original effluent 
would have involved. Or again, the setting of too rigid a standard for, say, sea 
or ground disposal may impose storage for wastes obviously unsuited for it, 
e.g., animal carcases, and which ultimately, perhaps when their very existence 
has been forgotten, may by natural change degenerate to an awkward problem 
of disposal leading to greater irradiation of the population.

The author would, in fact, urge that the setting of limits for any particular 
method of disposal should be approached with the greatest care. Inevitably, 
in setting limits the worst conditions have to be envisaged and usually safety 
factors are introduced, factors of ignorance to take account of what, it is 
suspected, might have been envisaged, but has not been. The result may be 
a limit far more restrictive than it need be; and finally more irradiation of the 
public than need be.
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P R O B L E M S  T O  B E  E X P E C T E D  I N  D I S P O S I N G  O F  F I S S I O N  
P R O D U C T S  F R O M  A  P O S S I B L E  N U C L E A R  P O W E R  P R O 

G R A M M E

Abstract
A  typical British nuclear power programme covering the next few decades 

is examined. The types of reactor to be erected and the types of fuel to be 
initially used in them are well appreciated but of course the author’s conclusions 
will necessarily become less certain with the passage of time. The chemical 
processes which must be applied to irradiated fuels will depend on the type of 
fuel, its burn-up etc., and so will change during the period under review. Con
sideration is therefore given to the quantities of fission products and heavy 
isotopes which may be produced, the forms in which they may leave the chemi
cal processing streams and the methods available for handling them safely, 
either by storage or by disposal.

P R O B L E M E S  E V E N T U E L S  D ’ E L I M I N A T I O N  D E S  
P R O D U I T S  D E  F I S S I O N  D A N S  L E S  F U T U R E S  C E N T R A L E S

N U C L E A I R E S

Résumé
L ’auteur examine un programme d ’énergie nucléaire caractéristique pour la 

Grande-Bretagne et s’étendant sur les prochaines décennies. Il donne une 
évaluation fort judicieuse des types dp réacteurs dont la construction est en
visagée et des genres de combustibles qu’il est question d’y  utiliser pendant la 
période initiale; toutefois, ses conclusions auront avec le temps de moins en 
moins de valeur. En effet, le traitement chimique auquel on devra soumettre 
le combustible irradié dépend du genre de ce dernier, de son taux de combustion, 
etc. ; il subira inévitablement des modifications au cours de la période considérée. 
L ’auteur tient donc compte des quantités de produits fissiles et d ’isotopes 
lourds qu’il sera possible de produire, des formes sous lesquelles ils pourront se 
présenter à la fin du traitement chimique et des méthodes existantes permet
tant d ’assurer leur manipulation sans danger en vue de leur stockage ou de 
leur élimination.

В Е Р О Я Т Н Ы Е  П Р О Б Л Е М Ы  У Д А Л Е Н И Я  Р А С Щ Е П Л Я Ю Щ И Х С Я  
М А Т Е Р И А Л О В  К А К  О Т Х О Д О В  Я Д Е Р Н О - Э Н Е Р Г Е Т И Ч Е С К О Й

П Р О М Ы Ш Л Е Н Н О С Т И

Резюме
В документе рассматривается типичная программа по атомной энергетике 

Великобритании на последующие несколько десятилетий. В нем дается доста
точно хорошая оценка подлежащих строительству типов атомных реакторов 
и типов горючего, которое будет первоначально использоваться в них, хотя 
этот вопрос и является менее определенным для последующего времени. Хими
ческая обработка, которой необходимо подвергнуть облученное горючее, будет 
зависеть от вида горючего, его выгорания и т.д. и подвергнется изменению во 
время рассматриваемого периода времени. Поэтому в документе уделяется 
внимание вопросу о количестве делящихся материалов и тяжелых изотопов, 
которые могут быть произведены, о формах, в которых они оказываются после 
химической обработки, а также вопросу о доступных методах безопасного 
обращения с ними как посредством хранения в цистернах, так и посредством уда
ления.
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P R O B L E M A S  Q U E  P U E D E  P L A N T E A R  L A  E V A C U A C I O N  
D E  P R O D U C T O S  D E  F I S I O N  R E S U L T A N T E S  D E  L A  E J E C U 
C I O N  D E  U N  P R O G R A M A  D E  P R O D U C C I O N  D E  E N E R G I A

D E  O R I G E N  N U C L E A R

Resumen

Esta memoria estudia un programa británico característico de producción 
de energía nuclear que cubre las próximas décadas. Se sabe con bastante cer
teza qué tipos de reactores se construirán y  el tipo de combustible que se em
pleará en ellos en un principio, pero estos conocimientos son menos precisos 
cuando se trata de un futuro más lejano. Los procesos químicos que será 
necesario emplear para los combustibles irradiados dependerán del tipo de 
combustible, de su grado de combustión, etc., por lo que se supone que cam
biarán durante el período en cuestión. Por lo tanto, se estudian las cantidades 
de productos de fisión e isótopos pesados que puedan producirse, las formas en 
que puedan salir de los diversos procesos de elaboración, y los métodos de que 
se dispone para manejarlos con garantías de seguridad, bien almacenándolos
o evacuándolos.

PROBLEMS TO BE EXPECTED IN DIS
POSING OP FISSION PRODUCTS FROM A 

POSSIBLE NUCLEAR POWER PROGRAMME

G. K . D ic k so n  
Ce n r a l  T e c h n ic a l  S e r v ic e s ,

E n g in e e r in g  & D e v e l o p m e n t  Gr o u p ,
T h e  U n it e d  K in g d o m  A t o m ic  E n e r g y  A u t h o r it y ,

R is l e y  
U n it e d  K in g d o m

Introduction
In order to meet economically the major implications of fission-product 

storage or disposal which may arise from a nuclear power programme operated 
during the next few decades it is necessary to analyse the project and hence 
define the problems as clearly as possible. The results of this work will then 
provide many disciplines, including health physicists, oceanographers, geo
logists and so on, with common data on which to discuss their specific interests 
and enable research and development programmes to be initiated in time 
for adequate solutions to be obtained.

Certain papers have appeared in the past which draw attention in general 
terms to the problems that may arise (1) but do not examine the various 
arisings from a particular possible power programme.

The present paper discusses the possible extent of the problems which might 
arise from installations in the United Kingdom over the next 40 years, with 
particular reference to ultimate disposal of fission products to sea. Clearly,
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this depends on the manner in which nuclear power develops and on the 
size of the programme. A t present, the official programme in the United 
Kingdom is for an installation of between 5,000 and 6,000 M W (e) of nuclear 
power by the end of 1966, but there are no proposals beyond this date. This 
does not matter greatly, however, since the problems now under consideration 
can be assessed adequately, provided that the assumed programme of instal
lation is accurate to within an order of magnitude.-

Programme

In postulating a nuclear power programme account must be taken of the 
total electricity demands and the economics of nuclear versus conventional 
power generation. Each of these is subject to wide ranges of estimate when 
looking more than a few years ahead and it is not the purpose of this paper 
to do more than consider one of many possible programmes. It is assumed 

v that the growth rate of total electrical installation will be 7 %  per annum 
up to 1970, 6 %  per annum for the following 10 years and 5 %  per annum 
thereafter, and that nuclear installation will represent half the total by 
about 1980 and 100%  of new installations thereafter, no conventional power 
stations being scrapped between the years 1980 and 2000. (see Fig. 1).

Electrical Installation Programme

Having postulated a power programme, the next step is to examine the 
types of reactor and fuels which may be involved in operating such a pro
gramme.

Reactor Types

Defining the types of reactors which will be used in the future involves 
an element of speculation. Nevertheless initial installations will be of the 
Calder Hall -type,.and reactor design improvements should lead to an advanced
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type of gas-cooled reactor (A.G.R.) being available in the later 1960’s. Both  
these would produce plutonium, and it can be anticipated that by the early 
1970’s plutonium technology will be sufficiently advanced for plutonium- 
fuelled fast-breeder reactors with depleted uranium blankets, or their equi
valents, to be introduced. Now, assuming a particular irradiation to which 
each type of reactor fuel might be subjected, it is possible to estimate the 
quantity of irradiated fuel which will arise each year for processing. This 
estimate is shown in Table I.

TABLE I

FUEL DISCHARGE PROGRAMME 
(METRIC TONS/YR.)

Fuel Type 1965 1970 1975 1980 1985 1990 1995 2000

Magnox 3,000 MWD/te 
A.G.R. 6,000 MWD/te 
F.F.R. (Core) 10% burn-up 

(Blanket) 4 Kg. Pu/te

900 1,200
1,000

1,200
2,000

400
400

1,200
2,900
1,000

900

7
5,000
1,750
1,900

•>
6,300
2,700
3,600

4
8,200
4,200
5,300

j
9,Í00
6,300
8,000

Fuel Types

The Calder Hall type reactors contain metallic uranium canned in “ Magnox” , 
the A .G .R .s will probably be slightly enriched-uranium-oxide canned in 
beryllium and the fast reactor core could be refractory (say oxide) fuel con
sisting of U / 1 0 %  Pu contained in stainless steel. From the possible fuel irradi
ation histories, their fission-product and heavy-isotope contents can be cal
culated. The accumulation of activity from the three types of fuel is listed 
in Table II  and illustrated in Fig. 2.

TABLE И

TOTAL HEAT RELEASE FROM ACCUMULATED FISSION PRODUCTS 
(CURIE MEY x 107)

Fuel Type 1965 1970 1975 1980 1985 1990 1995 2000

Magnox 9 29 37 43 (24) (18) (15) (12)
A.G.R. — 96 230 371 633 872 1,163 1,388
F.F.R. — — 206 561 1,020 1,610 2,514 3,801

Total 9 125 473 975 1,677 2,500 3,692 5,201
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Fig. 2
Heat Release from Accumulated Fission Products

Thus a fairly complete specification for the irradiated fuel is obtainable.

Chemical Processes
For the purpose of this study, aqueous processes have been adopted through

out. W ith  the types of fuel specified above it is believed that mechanical 
decanning (or at worst acid leaching) would be satisfactory for separating 
the can from the fuel. Thus the canning materials will not enter the aqueous 
feeds to the processes and ultimately arrive in the liquid effluents associated 
with fission products.

From various processes which have been described elsewhere, suitable 
selections have been made, and these have then been modified where appro
priate in the light of experience or availability of further data. Details of 
the processes adopted are not appropriate to this paper but basic information 
may be gathered by reference to the original publications (2, 3, 4).

Fission Product Distribution
Except for the small quantities of activity associated with the removed 

canning materials and the gaseous fission products which are liberated on 
dissolving the fuels, all fission products leave their respective processes in 
aqueous streams. The compositions of these streams have been calculated 
in detail and designated by type by a number (i.e. 1, 2, 3 etc.) for each type 
of fuel. They fall naturally into two classes; the. first is the raffinate from 
the first extractor which contains the bulk of the fission products whilst 
the second includes all other aqueous arisings, which possess a very much 
lower specific activity and, generally, a larger volume. Each stream may
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ГО COASTAL WATERS

( a f t e r  d e l a y  a n d / or  f u r t h e r  t r e a t m e n t )

Fig. 3 
Scheme for Effluents



also contain a certain quantity of inactive soluble salts derived from corrosion, 
plus added processing reagents.

In order to handle the first type conveniently it is suggested that they 
be concentrated immediately by evaporation to the greatest extent possible, 
but still leaving the salts present in solution form (5). The actual evaporation 
factor is, o f course, greatly reduced if non-active salts are present in the 
form (a) of additions made to the fuel, e.g. alloy additions for irradiation 
stability, (b) of processing reagents or (c) of low-solubility fission products, 
etc. Evaporation will result in a further arising of low-specific-activity effluent, 
i.e. the condensate from the evaporation (Fig. 3).

The principle suggested for handling the second type of effluent is simple; 
where possible it should be evaporated to give a small volume of high specific 
activity liquors which can be added to the concentrated type 1 effluent and 
a large volume of liquors of very low specific activity. In addition, where appreci
able quantities of plutonium are contained in very low concentration in 
large-volume effluent streams, these should be recovered with moderate 
efficiency, (say 9 8 % ,  by means of an ion exchange unit) and recycled to the 
main process. This principle is shown diagramatically in Fig. 3. The effluent 
liquors of very low specific activity from this scheme are designated by letters 
A, B, etc. In Table I I I  the activity of these streams has been calculated for 
each type of reactor fuel processed.

TABLE III

COMPOSITIONS OF LOW-SPECIFIC-ACTIVITY EFFLUENT LIQUORS 
FROM REPROCESSING OF 1,000 METRIC TONS FUEL (CURIES)

COMPONENT
Alpha R u106 Total /3

Stream Reactor Volume, m 3

A Magnox 1.4 x 104 _ 0.86 1.6
A.G.R. 1.5 x 10“ — 1.7 3.7
F.F.R. Core. 1.2 x 104 — 7.3 x 102 9.1 x 102
F.F.R. Blanket 1.5 x 104 — .0.03 1.6

В Magnox 3.0 x 102 5.0 4.2 x 102' 2.6 x 103
A.G.R. 3.5 x 102 6.5 8.3 x 102 6.3 x 103
F.F.R. Blanket 3.5 x 102 7.0 1.3 x 102 2.5 x 103

С Magnox 6 x 102 1.2 3.0 x 103 1.6 x 104
A.G.R. 6 x 102 1.6 5.9 x 103 4.2 x 104
F.F.R. Core 6 x 102 75.0 7.9 x 105 6.7 x 106
F.F.R. Blanket 6 x 102 1.8 9.0 x 102 1.9 x 104

D Magnox 5 5.6 30.0 x 101 5.8 x 102
A.G.R. 8 8.4 60.0 x 101 1.1 x 103
F.F.R. Blanket 10 9.0 10.0 X 101 3.7 x 102

A t this stage a fairly clear picture has emerged of the volumes of various 
effluents which might arise, their composition and the nature and level of 
their contained activities and now consideration can be given to the actual 
treatment which each warrants.
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TABLE IY

HEAT RELEASE FROM FISSION PRODUCTS DURING DECAY 
(CURIE-MEV 1,000 METRIC TONS FUEL)

(i) Magnox Fuel 
Cool i ng per i od

(years)  0 . 1  5 20 50 100 200 500 1000

Fission  p rod u cts  
t 1/ 2 <  1 w eek 1.10 x  1010 . 0 0 0 0 0 0 0 ' 0

F ission  p rod u cts  
1 w eek  <  t 1/̂  <  3 years 1.05 X 109 9.05 x  107 4.3 x  106 1.4 x  104 10 0 0 0 0

F ission  p rod u cts  
t 1/ 2 >  3 years 1.55 x  107 1.50 x  107 1.35 x  107 9.6 x  106 4.77 x  106 1.52 x  l b 6 1.57 x  105 576 153

T ota l 1.21 x  1010 1.06 x  10s 1.78 x  107 9.6 x  106 4.77 x  106 1.52 x  106 1.57 x  105 576 153

'ii) A .G .R . Fuel 
C ooling  period  

(years) 0 1 5 20 50 100 200 500 1000

F ission  p rod u cts  
t x/ 2 <  1 w eek 2.66 X 1010 0 0 0 0 0 0 0 0

F ission  p rod u cts  
1 w eek <  t y 2 <  3 years 3.07 x  109 2.33 x  108 1.6 x  107 6.0 x  101 50 0 0 0 0

Fission  p rod u cts  
t 1/ 2 >  3 years 2.77 x  107 2.70 x  107 2.50 x  107 1.73 x  107 8.8 x  106 2.8 x  10e 2.96 x  105 980 260

T ota l 2.97 x  1010 2.60 x  10s X t—t о 1.73 x  107 8.8 x  106 2.8 x  106 2.96 x  105 980 260



Highly-Active Fission Products and Heavy Isotopes

- The total fission product activity in the irradiated fuels and the rate at 
which it decays, all expressed in terms of both curies and curie-MeV., has 
been calculated and the results are presented in Figs. 4— -6 and Table IV . 
For practical purposes these data may be taken as representing the highly - 
active effluent activities.

From Figs. 4— 6 it can be deduced that applying the figures quoted by 
D t j n s t e r  (6 )  (Table V  of this document) for discharges to coastal waters,

T A B L E  V

M A X IM U M  PER M ISSIBLE DISCH ARG E R A T E S  TO SEA (6 ) 
C U R IE S /28-D A Y  PE R IO D

T ota l alpha 320
-Total beta 21,000
R u th en iu m -106 8,000
Strontium -90 2,800

Fig . 4 F ig . 5
A ct iv ity  o f  W aste  from  M agn ox Fuel A c t iv ity  o f  W aste  from  A .G .R . Fuel

1
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the total activity which might arise from processing 1,000 metric tons of 
any of the specified fuels could not be disposed of by these means for over 
a thousand years. Thus, planned disposal as a solution of decayed activity 
is not possible, and indefinite storage is the only reasonable solution. The 
form in which to store still needs consideration.

It is of considerable interest to note that the storage time is so long on 
account of the alpha activity arising from A m 241. I f  this could be eliminated 
by chemical processing, control would then be exercised either by the general 
fission-product beta-activity or the Sr90 activity. The Sr90 and total beta 
activities which would have accumulated by 1980 would still require six to 
seven years to discharge if the discharge was to be deferred for two hundred 
years, and the liquors were given a floe treatment which removed 9 5 %  of 
the beta activity. I f  the same procedure were to be adopted after 300 years 
of storage, the solutions could be discharged to coastal waters in one year. 
Thus, even with removal of A m 241, up to 300 years storage would still 
be necessary.

The cumulative volumes of concentrated fission product solution involved 
are plotted, assuming a concentration factor of 200, in Fig. 7 (lower curve) 
but these, as shown previously, could be enhanced by as much as an order 
or so in certain circumstances. Such a position could arise in the case of highly- 
irradiated fuels in which the concentration factor is reduced from 200 to 
ca. 15, on account of molybdenum derived from fission (Fig. 7— upper curve). 
Still lower concentration factors can be visualised but these would arise in 
obtaining higher burn-ups and the resulting smaller quantities of fuels pro
cessed would, to some extent, offset their effect on the volumes to be stored.

Storage of such volumes of highly-active fission-product solution incurs 
its own problems. The solutions may be stored in the acid state, in which 
case stainless steel equipment must be used, or in the neutralised state when 
mild steel plant can be employed. Further evaporation can be undertaken 
in either of these cases, but this will result in solid deposition. In any case, 
heavy biological shielding is necesarry and provision must be made for the 
removal of large quantities of heat, at least during the early stages of decay. 
Also, if deposited solids are present, potential hazards exist on account of 
“ bumping” which will result from local accumulation of heat. Thus, if storage 
in solution form is selected it appears reasonable, after carrying out the initial 
concentration by an appropriate factor, to store until the fission product 
activity has decayed considerably, (Table IV  shows that this occurs by a 
factor of about 103 in 5 years) and then to effect a further evaporation at 
the stage when the rate of heat release will be less embarrassing.

There are, however, other aspects of storing highly-active fission products 
in solution. Referring again to Figs. 4— 6 it can be seen that the storage 
tanks would have to possess a guaranteed life of over a thousand years, or 
alternatively would have to be under constant supervision for a similar period, 
with standby storage and transfer facilities always available to prevent 
soluble fission products being spread over the neighbourhood in the event 
of leaks .developing. Whilst such a procedure could be contemplated on technical 
grounds the cumulative cost over the centuries of storing a unit volume of 
solution could be considerable and is thus unattractive.

Some other form of storage must therefore be sought. Suggestions have 
been made elsewhere that after an initial period of cooling, say 10 to 20 years, 
the fission-product solutions could be disposed of, provided that processes

82



have been devised to remove the residual long-lived fission products (e.g. 
Sr90, Cs137, etc.) which could then be stored in a relatively compact form 
or even used industrially. Figs. 4— 6 show that this is not possible, on 
account of the alpha-activity present, unless this can be removed also. A  
great deal of work still appears to be necessary before such a scheme becomes 
realistic.

Other storage schemes depend upon converting the fission-product solution 
to a solid form. All solid forms possess one great advantage over liquid forms—

Fig . 6 F ig . 7
A ct iv ity  o f  W aste  from  F .F .R . F uel V olu m e o f  H . A . L iq u or in  Store

they are less mobile and therefore easier to contain. The production of highly- 
active solids in large quantities does, however, require expensive remotely- 
operated plant and the initial costs might be high. Nevertheless, continuing 
storage costs could be expected to be lower than for solutions.

The simplest form of solid would be that obtained merely by reducing 
the solution to dryness. Suggestions for such a procedure vary from spray- 
drying to drying in the presence of a flux. These ideas would possibly result 
in the minimum volume for storage but the activity would still be in a highly - 
soluble form. Thus, should the containers be shattered, soluble activity 
would be dissipated and could be washed into the environment, or if water
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gained access to the containers fission products could be leached out. Thus 
a considerable degree of supervision of a storage area would probably be 
required, although: it would be less than for liquors.

For these reasons a great amount of effort has been, and is being, devoted 
to developing processes for “ fixing” fission products in solid form (7, 8). 
Early on, fission-product solutions were mixed with cement to form concrete 
blocks. This procedure goes some way towards meeting requirements but 
the net volume to be stored is greater than that of the original concentrated 
solution and the leaching rate of the fission products from the concrete is 
appreciable.

Natural clays absorb most of the fission products, and after the clays 
are fired the leaching rate is greatly reduced. However, the net volume to be 
stored is now very much greater than the original volume of concentrated 
solutions.

The most attractive method under development at present is that which 
converts the fission products into glasses. Although the net volume to be stored 
is larger than that of the original solutions, it is not greatly so, whilst the 
leaching rate, on the evidence currently available, is very low. Developments 
in this field may well afford a permanent solution to the problem of storing 
highly-active fission products.

In all forms of solid storage, common problems arise; large quantities 
of heat are being released if the fission products are fresh (e.g. 1.5 M W  or 
1.3 x  106 Kcal/hr/1000 metric tons A G R  fuel cooled for 1 year) and these 
have to be removed either by some natural or by some built-in device. Also, 
fresh fission products may cause radiation damage to the solid, resulting 
in a change in its physical form. For these reasons it may well prove desirable 
to allow the activity to decay in solution form for a number of years before 
converting it into a solid for ultimate storage.

Low-Activity Arisings for Discharge into the Sea

Low-activity arisings can now be examined against the general background 
of disposal in coastal waters, according to the limits set by Dunster (Table V). 
In the interest of operational flexibility it is assumed that normal discharges 
would be at about half the le.vel which he spècified.

The general activities of the actual effluents which would leave the pre
liminary treatment scheme shown in Fig. 3 have been calculated for each 
of the fuels which would need processing. These are presented in the first 
column of Table V I. In other columns the residual general activities are shown 
following a simple alumina floe treatment and after delay storage. The table 
clearly illustrates that the major problems would arise from fission products 
in the “ C” stream and would be associated particularly with that “ 0 ” stream 
derived from fast-reactor-core processing. (Note: The effect of Am 241 which 
grows into the separated-plutonium processing stream has been ignored 
in these calculations, the assumption being made that means must be devised 
to return it to the highly-active low-volume storage).

The above data have been re-arranged in Table V II  in such a way as to 
show the total quantities arising for discharge after prescribed treatments 
at certain times and compare them directly with Dunster’s figures. It empha
sizes the effect of fast-reactor processing on the general picture. (In neither 
Table V I  or V II  is any consideration given to fuel-storage-pond effluents or

84



TABLE V I
COMPOSITIONS OP LO W -SP E C IFIC -A C T IV ITY  E FFLU EN T LIQ U O RS FRO M  

REPROCESSING OF 1,000 M ETRIC TONS FU E L AND EFFECTS OF 
V A R IO U S TRE ATM EN TS (C U R IE S)

Treatment

Component

Stream Reactor

No treatment

R u106 Total /3

Simple alumina floe* 
No delay

Ru106 Total fi

Simple alumina floe* 
three years’ delay

R u106 Total (8

В

D

Magnox
A.G.R.
F.F.R. Core 
F.F.R. - 

Blanket

Magnox
A.G.R.
F.F.R.

Blanket

Magnox 
A.G.R. 
F.F.R. Core 
F.F.R. 

Blanket

Magnox
A.G.R.
F.F.R.
Blanket

0.9 
1.7
7.3 x 102

7
2 x 102

1.6

5
6.5

1.2
1.6

75

1.8

5.6
8.4

9.0

4.2 X 102 2.6 X 103
8.3 X 102 6.3 X 103

1.3 X 102 2.5 X 103

3.0 X 103 1.6 X 104
5.9 X 103 4.1 X 104
7.9 X 10b 6.7 X 10e

9.0 X 102 1.9 X 104

3.0 X 1015.8 X 102
6.0 X 101 1.1 X 103

1.0 X 1013.7 X 102

0.1
0.1

0.1

1.5

2.1 x 101
4.2 x 101

6.5

1.5 x 102
3.0 x 102
4.0 x 104

4.5 x 101

1.2 x 102
3.0 x 102

1.2 x 102

8.1 x 102
2.1 x 103
3.3 x 10b

9.5 x 102

1.5 5.0 x 1035.1 x 103

* Decontaminations assumed for simple alumina floe treatment (4)
95 % removal o f  beta emitters 
98 % removal o f alpha emitters
Note: Italic type indicates that figures exceed Maximum Permissible Discharge

to non-process streams, i.e. plant-washing, laundry effluents etc. These are 
extremely difficult to define and, because they are liable to contain a much 
wider range of isotopes, various detergents and decontamination reagents, 
they may require special treatment. Nevertheless, they should not be over
looked in considering the overall problem.

The arisings from Magnox fuels and fast-reactor blankets could be discharged 
shortly after they arise, during the period under review. The arisings from  
the A G R  fuels could be discharged after a simple floe treatment, but the 
“ C” stream from the fast-reactor fuels would need to be delayed for about 
three years and subjected to a floe treatment before discharge.

Other effluent treatment processes which have received attention are 
phosphate treatment, sulphide treatment etc. (9), and somewhat enhanced 
decontamination factors have been obtained. Also vermiculite treatment (9) 
has been suggested for certain applications: all these would have the effect 
of reducing the delay storage necessary. Such treatments, however, produce 
large volumes of active sludges which themselves have to be stored, either 
as they arise or in a de-watered state, and storage of such solids can be an 
expensive procedure. The processes ultimately selected will depend therefore
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00
C i TABLE V II

A C T IV IT Y  A R ISIN G  IN L O W -A C T IV E  E FFLU EN T REPRO CESSIN G  P R O G R A M M E  GIVEN IN  T A B L E  I
CURIES 28 D A Y  P E R IO D

Year 1970 1980 1990 2000
Maximum Permiss

ible Discharges 
(Ref. 6}

TREATM EN T REACTOR a R u106 Total 0 a R u106 Total p a R u1»6 Total ft a R u1»» Total f> a R u1»» Total fl

Case (i) : Magnox 1 3 x 102 1.8 x lO 3 1 3 x 102 1.8 x10s ? 1 ? ч ? Î
All streams discharged immedi A.G.R. 1 5 x lO 2 3.8 x 103 4 2 x 103 1.1 x 104 8 3 x lO 3 2.4 x lO 1 12 5 x lO 3 3.4 x lO 1
ately without treatment • F.F .R . Core —• — — 6 6 .1 x1 0 4 5.1 x lO 5 16 1.6 x lO s 1 .4 x 1 0 » 36 3.8 x1 0 s 3 .2 x 1 0 »

F.F.R.
Blanket — — — 1 7 x 101 1.5 x lO 3 5 3 XlO2 6 x lO 3 11 6 x lO 2 1.3 x lO 1

TOTAL TOTAL 2 8 x lO 2 5.6 x 103 12 6 .3 x1 04 5.2 x lO 5 29 1.6 x 1 0 s 1 .4 x 1 0 6 59 3.9 x1 0 s 3 .2 x 1 0 « 320 8 x lO 3 2.1 x lO 4

Caso ( i i ) : Magnox 1 3 x lO 2 2 x 103 1 3 x 102 2 x lO 3 î ? ? 1 ■1 1
All streams from Magnox and A.G.R. 1 3 x 101 3 x 102 2 9 x lO 1 8 xlO* 4 2 x lO 2 2 x lO 3 6 3 x lO 2 2.4 x 103
F .F .R . blanket and streams A F.F.R. Core — — — — 3 xlO 3 2 .5 x 1 0 4 — 8 .3 x 1 0 3 4 .7 x 1 0 4 1 2.0 x 10l 1.6 x1 0 s
and D  from  A .G .R . and F .F .R . F .F.R.
core discharged immediately Blanket — — 1 7 xlO 1 2 x lO 3 5 3 x lO 2 6 x lO 3 11 6 x lO 2 1.3 x lO 4
without treatment. Streams В
and С from A .G .R . and F .F .R . TOTAL 2 3 x lO 2 2 x 103 4 3 x lO 3 2 .9 x1 0 4 9 8.8 x 103 5.5 x lO 1 18 2.1 xlO 1.7 x 1 0 s 320 8 x 103 2.1 x 104
core given simple alumina floe
treatment.

Case (iii) : Magnox 1 3 x 102 1.8 x.103 ? ч ? ? 1 4
All streams from  Magnox and A.G.R. 2 9 x lO 1 8 x 102 4 2 X102 1.7 x lO 3 6 3 x lO 2 2.4 x 103
F .F .R . blanket and streams A F.F.R. Core — 4 xlO 2 5 x 102 — 1.2 x lO 3 1.2 x lO 3 1 2.8 x lO 3 2.9 x 103
and D  from  A .G .R . and F .F .R . F.F.R.
core discharged immediately Blanket 1 7 x lO 1 1.5 x 103 5 3 x lO 2 6.0 x lO 3 11 6 x lO 2 1.3 x lO 4
without treatment. Streams
В and С from  A .G .R . given TOTAL 4 9 x lO 2 4.6 x 103 9 1.7 x lO 3 8.9 x lO 3 18. 3.7 x lO 3 1.8 x lO 4 320 8 x 103 2.1 x lO 4
simple alumina floe treatment.
Stream С from  F .F .R . core
given simple alumina floe
treatment and three years’ ,
delay;

Note:  Italic type indicates that figures exceed Maximum Permissible Discharge



upon a detailed comparison of the economics of applying a particular process, 
with its attendant capital and operating costs, against the costs of storage 
in an untreated form.

Inland Discharge

So far, the discharge of large volumes of low-specific activity liquors has 
been considered with regard to coastal waters only, since this is appropriate 
to a British programme. It has been shown that, within the discharge limit
ations as they are at present, it is unlikely that technical considerations 
would set any serious problems.

However, it is possible that in non-maritime countries a similar power 
programme might be envisaged, and if chemical processing were undertaken 
within their frontiers, liquid effluents might ultimately have to be discharged 
to inland waters. Suggestions for disposal into the earth in sparsely or non
inhabited areas have been made but the success of these is dependent upon 
a sound knowledge of .local, particularly geological, conditions. It  is likely, 
therefore, that some more positive procedure would be sought. This would 
necessitate treatment additional to that specified above, the actual further 
decontamination which would be required being a function of the degree 
of dilution available at the point of discharge. The treatments which would 
be necessary would probably be of the types specified by B ukjsts (9), but 
these would give rise to further sludge storage problems of considerable 
magnitude.

Discussion

As a major power programmé builds up, the disposal of fission products 
in a manner not injurious to health will need to receive considerable atten
tion, if it is not to result in a significant financial burden. W ith  aqueous chemi
cal processing of fuels of the types considered, the active arisings can be sep
arated fairly readily into two streams, those of low volume and high specific 
activity and those of large volume and low specific activity.

The latter could be discharged to coastal waters safely, although in some 
instances previous treatment would be necessary. The actual treatments 
which can be specified currently might be capable of improvement or it is 
conceivable that detailed study of the main chemical process could result 
in a greater proportion of the fission products ultimately joining the low- 
volume, high-specific-activity stream; either procedure could materially 
reduce the overall cost of handling the low-activity wates.

The highly-active wastes present a different picture. They must be stored 
for many centuries, largely on account of a few specific isotopes. This makes 
contemplation of ultimate discharge after a period of decay impracticable 
unless the few species can be isolated quantitatively and stored separately, 
and this is not possible in our present state of knowledge. The advantages 
which should accrue from storage in solid form therefore appear to be great 
and to justify considerable effort in their perfection, especially as the develop
ment of an insoluble fission-product matrix might allow serious consideration 
to be given to ultimate disposal in ocean depths, polar ice-caps, etc., without 
continuous supervision.
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F O R E C A S T I N G  T H E  Q U A N T I T Y  A N D  A C T I V I T Y  O F  
F I S S I O N  P R O D U C T S  I N  F R A N C E  I N  F U T U R E  
Y E A R S  I N  T H E  L I G H T  O F  A T O M IC  E N E R G Y  

D E V E L O P M E N T  

Abstract
W ith the aid of Wigner and W a y ’s formula it is possible to predict theor

etically the activity of the complex mixture of fission products originating 
in a reactor. Account is taken in the study of prospective nuclear power 
production in France up to 1975. It  is assumed that the uranium stays 
in the reactor for periods of three and of six months. It  is also possible 
to determine the activity of a given fission product and to calculate its 
decay time. The substance selected was strontium for an activation period 
of three months. Each group of curves shows total activity at any moment 
and the activity of particular fission products over a given period.

Q U A N T I T E  E T  A C T I V I T E  D E S  P R O D U I T S  D E  
F I S S I O N  O B T E N U S  E N  F R A N C E  D A N S  L E S  A N N E E S  A  
V E N I R  C O M P T E  T E N U  D U  D E V E L O P P E M E N T  D E  L ’ E N E R 

G I E  A T O M I Q U E  

Résumé
En utilisant la formule de Wigner et W ay, il est possible de prévoir théorique

ment l ’activité du mélange complexe de produits de fission provenant d ’une 
pile. L ’étude a été faite en tenant compte de prévisions en ce qui concerne 
en France la production d ’électricité d ’origine atomique jusqu’en 1975. On 
a supposé des temps de séjour en pile de l ’uranium de trois mois et de six mois. 
Il est possible également de trouver l ’activité d ’un produit de fission parti
culier, et de donner sa décroissance. Le corps choisi est le strontium pour un 
temps d ’activation de trois mois. Chaque ensemble de courbes donne à tout 
instant l ’activité totale, et l ’activité propre des produits de fission correspon
dant à une période donnée.

К О Л И Ч Е С Т В О  И А К Т И В Н О С Т Ь  П Р О Д У К Т О В  Р А С П А Д А  В 
Б У Д У Щ И Е  Г О Д Ы  С У Ч Е Т О М  Р А З В И Т И Я  А Т О М Н О Й  

Э Н Е Р Г И И  ВО Ф Р А Н Ц И И  

Резюме
При помощи формулы Вигнера-Уоя теоретически возможно предусмотреть 

активность сложной смеси продуктов распада любого реактора. Исследования 
проводились с учетом возможного развития атомной энергетики во Франции 
до 1975 года. Предполагалось, что уран в реакторе будет находиться три или 
шесть месяцев. Также возможно установить активность определенного продукта 
распада и определить его радиоактивный распад. При исследованиях для трех
месячной активации был выбран стронций. Каждый комплекс графиков дает 
общую активность для любого периода, а также, собственную активность про
дуктов распада, соответствующую определенному периоду.
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C A N T I D A D  Y  A C T I V I D A D  D E  L O S  P R O D U C T O S  D E  
F I S I O N  Q U E  S E  O B T E N D R A N  E N  F R A N C I A  E N  L O S  A Ñ O S  

V E N I D E R O S ,  H A B I D A  C U E N T A  D E L  D E S A R R O L L O  D E  L A
E N E R G I A  A T O M I C A  

Resumen
Empleando la fórmula de Wigner y W ay  se puede calcular teóricamente 

la actividad de la mezcla compleja de productos de fisión procedentes de una 
pila. Para esta memoria se han tenido en cuenta las previsiones de producción 
de electricidad nucleoeléctrica en Francia hasta 1975. Los autores suponen 
que el uranio permanece tres o seis meses en la pila y  han conseguido deter
minar la actividad de un producto de fisión determinado, así como su período 
dé desintegración. Han escogido el estroncio, con un tiempo de activación 
de 3 meses. Cada conjunto de curvas da la actividad total en un momento 
dado, así como la actividad de los productos de fisión para un período deter
minado.

QUANTITE ET ACTIVITE DES PRODUITS DE 
FISSION OBTENUS EN FRANCE DANS LES 

ANNEES A VENIR COMPTE TENU DU D E V E 
LOPPEMENT DE L ’ ENERGIE ATOMIQUE

J. G u ir l e t  e t  J. M.. L a  vie  
Co m m issa r ia t  a  l ’E n e r g ie  A t o m iq u e , Sa c l a y ,

F r a n c e

Introduction

Un des problèmes les plus importants liés au développement de la production 
d ’électricité d’origine nucléaire est celui de l ’élimination ou éventuelle utili
sation des déchets radioactifs. C’est un problème nouveau dont les incidences 
sur le plan économique et sur celui de la sécurité sont grandes. Il est donc d’un 
réel intérêt de tenter une évaluation, même approximative, des activités 
auxquelles on doit s’attendre dans les années à venir afin de définir les limites 
dans lesquelles une solution à l ’élimination des déchets radioactifs doit être 
recherchée.

Plan d’Equipement

Le programme français de production d ’électricité d’origine nucléaire est 
axé principalement sur les piles à neutrons thermiques utilisant l ’uranium 
naturel comme combustible et le graphite comme modérateur. Cette technique 
ayant été mise au point par le Commissariat à l ’Energie Atomique, l ’Electri
cité de France a engagé un programme de réalisation de centrales de ce type, 
sans préjuger de ce que pourraient donner ultérieurement les autres techniques 
étudiées par le Commissariat.

La figure 1 présente deux évaluations de la cadence de développement de 
l ’ëquipement en centrales atomiques. Ces deux prévisions (1) (2) donnent des 
valeurs sensiblement concordantes et qui ont été confirmées lors de la récente 
conférence de Stresa au printemps dernier.
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On peut retenir une croissance exponentielle avec un temps de doublement 
de trois ans qui devait conduire à une puissance installée d ’environ 800 M W  
électriques en 1965 et 8000 M W  électriques en 1975.

Hypothèses de Calcul

La connaissance de la puissance électrique installée permet de déterminer 
la puissance thermique totale correspondante de l ’ensemble des réacteurs, ces 
deux valeurs étant liées- directement par le facteur de rendement qui sera 
pris arbitrairement égal à 2 5 %.

La complexité du problème posé et l ’absence de données précises nécessitent 
d ’autres hypothèses simplificatrices. Ainsi, il sera admis que la totalité de la 
puissance installée est due essentiellement à la fission thermique de l ’Uranium- 
235, sans autre hypothèse sur l ’enrichissement réel du combustible.

D ’autre part, en raison de la divergence des données en ce qui concerne le 
taux de combustion de l ’Uranium (burn-up), l ’étude a été faite pour deux va
leurs arbitraires de la durée de séjour en pile du combustible, trois mois et 
six mois.

. Dans un but de simplification on admettra que la totalité de l ’énergie élec
trique est engendrée par un seul réacteur, de puissance équivalente à la puis
sance totale prévue et dont la valeur croît de trois mois en trois mois (ou de

I
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six mois en six mois) suivant la référence (1). L ’origine des temps sera prise 
en 1960.

Enfin cette étude sera limitée au cas des seuls produits de fission, le pluto
nium produit étant supposé extrait du combustible après traitement. La 
quantité de plutonium qui demeure dans les déchets est variable suivant les 
techniques utilisées (de l ’ordre du pour cent) et de toute manière de plusieurs 
ordres de grandeur plus faible que celle de Sr90 ou Cs 137.

Méthodes de Calcul

A  partir des données précédentes en matière de prévision d ’équipement et 
à l ’aide du modèle d’étude adopté, il est alors possible d’étudier l ’évolution de 
l ’activité :

—  soit d ’un produit de fission particulier
— • soit de l ’ensemble des produits de fission.
Dans chacun des cas on s’intéressera aussi bien à l ’évolution de l ’activité 

de produits de fission d’âge donné (c’est-à-dire provenant du traitement de 
combustibles sortis de pile à une même date) qu’à l ’évolution de l ’activité 
totale accumulée depuis 1960.

Cas d’un seul produit de fission:

L ’évolution du nombre n d’atomes d’un produit de fission quelconque dans 
un réacteur est régie par l ’équation classique (3).

- ^  =  е Г £ У  Ф —  n cra Ф — An

avec
Ф = f lu x  neutronique thermique moyen, supposé constant dans le temps.
V =  volume du cœur fissile.
Et =  section efficace macroscopique moyenne du milieu fissile.
(Ta =  section efficace microscopique d’absorption moyenne du produit de 

fission.
q =  rendement de fission.
X — constante radioactive de décroissance.

Posant Я * = А  +  сга Ф, il vient

L ’expression Et V Ф qui représente le nombre de fissions par unité de temps 
dans le volume du réacteur, est proportionnelle à la puissance thermique du 
réacteur. (3,1 1010 fissions par seconde représentant une puissance de 1 watt).

L ’activité A  d ’un produit de fission particulier après une durée t de séjour 
du combustible dans un réacteur à puissance constante P est alors donnée, à 
l ’arrêt de Pile,, par:

' A  =  0 , 8 3 8 x e x ^ r ( l  — e - A*t)P

P, exprimée en mégawatt, donnera A  en mégacurie.
Par suite, l ’activité résiduelle au bout d’un temps в après l ’arrêt de la pile 

(temps dit “ de refroidissement” ) sera, compte tenu de la décroissance radio
active :
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A  =  0,838 XQ x - ¿ - P ( l — e -* * t) e - * e

Cependant la très faible valeur relative de la section efficace de capture 
rend celle-ci négligeable, et par là même rend les résultats indépendants du 
type de réacteur et des conditions opérationnelles. En d ’autres termes Я* est 
alors égal à X.

Cas de l'ensemble des produits de fission:
Bien qu’il soit théoriquement possible de prévoir l ’évolution de l ’activité 

totale du mélange complexe de produits de fission, en faisant la somme des 
activités spécifiques de chacun des produits de fission, la complexité des ex
pressions auxquelles on est conduit, rend l ’étude pratiquement impossible.

K . W a y  et F. P. W ig n e r  (4) ont montré que l ’évolution de l ’activité 
totale des produits de fission pouvait s’exprimer à l ’aide d’une expression semi- 
empirique simple de type suivant :

A  ( t ) =  1,4 P [(t —  T 0) - ° -2 —  t -» .2]

T 0—  temps d’irradiation
t —  temps d ’irradiation+ temps de “ refroidissement”
P  —  puissance du réacteur.

' Si P est exprimée en mégawatt et les durées en jours, on obtient A  en méga
curies*.

. Cette formule est valable pour des temps de refroidissement supérieurs à 
quelques dizaines de secondes.

Résultats et Présentation
Disposant de la courbe d’accroissement de la puissance installée et dans 

l ’hypothèse d’un seul réacteur déchargé systématiquement tous les trois mois 
(ou six mois), on a calculé l ’évolution de l ’activité de l ’ensemble des produits 
de fission et de quelques produits de fission particuliers sortis de pile à une 
date donnée, à partir de la date de déchargement de la pile**, ainsi que l ’évo
lution de l ’activité accumulée totale en produits de fission dont on aura à 
disposer à partir de 1960. Les résultats obtenus sont représentés sous forme 
de graphiques commentés brièvement ci-dessous.
Etude de l’activité relative de l’ensemble des produits de fission en fonction du 
temps de séjour en pile (Fig. 2)

L ’influence de la durée d’irradiation sur l ’activité totale en produits de fission 
à la sortie de pile est mise en évidence dans le graphique 2 afin de permettre 
une interpolation ou extrapolation à partir des données de cette étude valable 
seulement pour des durées d’irradiation de trois mois et six mois.

L ’ac tivité à saturation (durée d’irradiation infinie) étant prise comme réfé- 
renc e, le graphique 2 représente la variation de l ’activité relative de l ’ensemble 
des produits de fission, un jour après l ’arrêt de la pile, en fonction de la durée 
d ’ irradiation T 0. C’est une représentation de la fonction

f ( T 0) = l  —  (T0 +  l ) - M  

déduite de la formule W ay-W igner en prenant t = T 0 +  l .
* Il s’agit ici d’une extension, généralement acceptée, de la définition du curie au 

cas de l’activité d’un mélange quelconque d’éléments radioactifs. Le terme “curie-équi
valent” a été proposé.

** Le déchargement est supposé avoir lieu un jour après l’arrêt de la pile.
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A C T IV IT E  R E L A T IV E  D E S  P R O D U IT S  
D E  F IS S IO N  E N  F O N C T IO N  

: D U  T E M P S  D 'IR R A D IA T IO N  TO, U N ' JO U R  

A P R È S  L A R R Ê T  D E  LA  P IL E .

L'ACTIVITE A SATURATION ETANT PRISE. COMME
RÉFERENCE

(Fig. 2)

Il en résulte que l ’activité de l ’ensemble des produits de fission, correspon
dant à un temps d’irradiation T 0, un jour après l ’arrêt de la pile de puissance 
P, est donnée simplement par:

A  (T „ )=  1,4 P f  (T0).
Exemple :
T 0=  100 jours
P =  1 M W
A  =  1,4. 1. 0 , 6 0 =  0,84 Mcurie.

Cette activité correspond sensiblement à l ’unité que certains auteurs con- 
/ viennent d’appeler “ Mégawatt-Equivalent”  et qui représente l ’activité de 

l ’ensemble des produits de fission 24 heures après l ’arrêt de la pile, associée à 
la production d’un Mégawatt de puissance pendant 100 jours*.

Activité de l'ensemble des produits de fission

Sur la figure 3 est représentée l ’activité de l ’ensemble des produits de fission, 
un jour après l ’arrêt de la pile ainsi que la décroissance de celle-ci pour les 
quantités produites de trois, mois en trois mois. On peut lire également l ’acti- 

" vité totale accumulée des produits de fission issus des usines de traitement du 
combustible (le traitement étant supposé avoir lieu trois mois après la sortie 
de pile) et dont on aura à disposer à partir de 1960.

Ainsi on peut voir qu’en janvier 1975, 3.1010 c de produits de fission sor
tiront de pile tandis qu’environ 1010 c de produits de fission de plus de trois 
mois d’âge auront été accumulés dans les cuves de stockage.

La loi d ’accroissement de la puissance nucléaire est également reproduite 
sur le même graphique.

* En première approximation, la production d’un mégawatt-jour d’énergie thermique 
est associé :

—  à la consommation d’un gramme de 235U
—  à la production

—  d’un gramme de 339Pu
—  d’un gramme de produits de fission
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■Durée de Virradiation: 3 mois (Fig. 3)
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Durée d’irradiation: 6 mois (Fig. 4)



La même étude est faite en supposant une durée d ’irradiation de six mois. 
L ’influence des corps à vie courte devient moins importante ce qui amène une 
décroissance moins rapide de l ’ensemble des produits de fission. I l est à noter 
que l ’activité accumulée est sensiblement équivalente à1 celle qui a été 
obtenue pour une durée d ’irradiation de trois mois.

Remarques :

Les courbes de décroissance des figures 3 et 4 sont les courbes représenta
tives de fonctions de la forme F  (t) =  A  (t —  T o)~0>2 — 1_0>2. A  étant une con
stante.

Il résulte de la forme même de la formule de W ay  et Wigner que toutes ces 
courbes se déduisent les unes des autres par simple translation verticale dans 
le système semi-logarithmique de représentation adopté. Pour faciUter la 
lecture, elles ont cependant toutes été représentées.

Activité d’un produit de fission particulier

Il peut être intéressant de disposer de données sur la production d’un pro
duit de fission particulier, tel que le 90Sr par exemple. L ’étude a été faite pour 
un certain nombre de radioéléments choisis en fonction de l ’intérêt qu’ils 
représentent en raison, soit de leur longue période radioactive, soit de leur 
rendement de fission élevé, soit encore de leurs propriétés physiques, chimiques 
ou biologiques. Les caractéristiques de ces corps sont données dans le tableau 
suivant :

Elément Période P °/o
Nature et Energie des rayonnements

410 ï

144Ce 285 j. 6 0,3 72 • 0,134 . 10
+ 0,17 22 0,081 5

0,22 3 0,094 0,7
1 4 4 P r desc. 2,98 97 0,695 10

2,28 1 2,18 . 5
0,8 12 1,48 2

9 5 Z r 65 j. 6,2 0,36 54 0,75 54
+ 0,40 43 0,72 43

0,88 2
95N b desc. 0,162 0,764
9°Sr 28 ans 5,9 0,61

+
90y ' desc. 2,24

106Ru 1 an 0,38 0,04
+

106Rh desc. 3,5 68 0,51 10
0,62 5 ■

137Cs 30 ans 6,15 0,52 92
1,19 8

137Ba 92% desc. 0,66
14,Pm 2,65 ans 2,7 0,22
91Y 58 j. 5,4 1,55 99,8 1,19 0,2

0,36 0,2
89Sr 51 j. 4,79 1,46

Extraits de W . H. SULLIVAN, Trilinear Chart o f Nuclides (janvier 1957)
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La figure 5 donne les activités en 90Sr à la sortie de pile pour des durées 
d ’irradiation de trois mois ainsi que la décroissance de ces activités. L ’évolution 
de l ’activité totale accumulée en 90Sr à partir de 1960 est également repré
sentée.

Sur la figure 6 on peut voir l ’évolution de l ’activité totale accumulée en 
144Ce, 95Zr, 91Y , 89Sr, 147Pm, 90Sr, 137Cs, 106Ru, dans les mêmes hypothèses 
que précédemment (temps d ’irradiation: 3 mois, seuls sont envisagés les pro
duits de fission ayant plus de trois mois d ’âge.)'Ainsi en 1975 environ 1,6.108 c 
de 90Sr et 137Cs auront été accumulés.

Danger biologique ‘potentiel des produits de fission accumulés dans 
les années 1960— 1975.

Afin d ’avoir une vue plus réaliste du problème, il faut recourir à la notion 
de danger biologique potentiel.

Le danger biologique potentiel présenté par un radioélément est directe
ment proportionnel à la quantité de radioélément accumulée et inversement 
proportionnel à sa tolérance biologique mesurée par sa concentration maxi
male admissible dans l ’air ou dans l ’eau. Seul le danger potentiel relatif à une 
éventuelle dilution dans l ’eau a été retenu.

(Fig. 7)

La figure 7 représente l ’évolution, à partir de 1975, du danger biologique 
potentiel présenté par l ’accumulation entre les années 1960— 1975 des pro
duits de fission précédemment envisagés.
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Les activités étant exprimées en curies et les C.M .A. en curies/m3*, la valeur 
du danger potentiel représente donc le volume d’eau.en mètres-cubes nécessaire 
pour diluer à la concentration maximale admissible la quantité totale accu
mulée de chaque isotope.

Les éléments les plus dangereux à long terme sont le 90Sr et le 137Cs, d ’où 
l’intérêt de leur extraction avant rejet. Le plutonium peut alors devenir 
le facteur limitatif en raison de sa très longue période radioactive et de sa haute 
toxicité. On peut espérer cependant que des efforts seront faits pour réduire 
sa présence dans les déchets.

D I S C U S S I O N

Les résultats fournis par les graphiques ci-joints ne doivent être considérés 
que comme une première approximation. La formule de W a y  et Wigner, uti
lisée pour des durées de refroidissement assez longues, demeure valable. Il 
semble toutefois qu’elle, fournit des valeurs par excès (5).

Certaines incertitudes persistent qui proviennent:
—  de la possibilité de modifications profondes des bases de cette étude, les 

valeurs utilisées ne constituant qu’un ordre de grandeur pour la politique 
énergétique actuelle de la France.

—  du manque de données sur le taux de combustion de l ’Uranium, ce qui 
ne permet pas d’avoir des renseignements précis sur la durée du séjour en pile 
et le poids de combustible utilisé, et son conditionnement.

Ces renseignements permettraient la prévision théorique des différentes 
catégories d ’effluents d ’où peuvent résulter des recommandations internatio
nales différentes pour chaque type, et des sacrifices plus ou moins grands dans 
les sommes investies pour chaque type de traitement.
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FORECASTING THE QUANTITY AND  
ACTIVITY OF FISSION PRODUCTS IN FRANCE 

IN FUTURE YEARS IN THE LIGHT OF ATOMIC 
ENERGY DEVELOPMENT

J. G u ir l e t  and J. M. L a v ie  
A to m ic  E n e r g y  Co m m issio n , Sa c l a y  

F r a n c e

(Translation of the foregoing paper)

Introduction
One of the most important problems connected with the development of 

electrical production of nuclear origin is the disposal or utilization of 
radioactive waste. It  is a new problem, with far-reaching economic and 
safety implications. There is thus real value in an attempt to evaluate, even 
approximately, the activities which may be expected in coming years, having 
regard to present plans for nuclear power installations in order to define 
the limits of research needed for a solution to the disposal of radioactive 
wastes.

Installation Plans
The French programme of nuclear power production is based principally 

on thermal-neutron reactors, using natural uranium as fuel and graphite as 
moderator. This method having been developed by the Atomic Energy Com
mission, the French Electricity Board has embarked on a programme of power 
stations of this type, without prejudice to any subsequent results of further 
studies by the Commission.

Fig. 1 * represents two evaluations of the trend of development of installed 
equipment in nuclear power stations. These two forecasts, Curve 1 and Curve 2, 
give values which are generally in accord, and which were confirmed at the 
recent conference in Stresa last Spring.

It may be possible to assume an exponential increase with a doubling time 
of three years, which should lead to an installed power of about 800 M W  
(electrical) in 1965 and 8,000 M W  (electrical) in 1975.

Assumptions
From a knowledge of the installed electrical power the total thermal power 

for all reactors can be determined, the two values being directly linked by a 
yield factor which will be arbitrarily taken as equal to 2 5 % .

The complexity of the problem and the absence of precise data call for 
other simplifying hypotheses. Thus it will be assumed that the total installed 
power is due essentially to the thermal fission of U 235, and no further 
hypothesis will be made concerning the real degree of enrichment of the 
fuel.

Again, in view of the divergence of data about uranium burn-up, the study 
was made for two arbitrary values of the time during which the fuel remains 
in the reactor, namely three months and six months.

To simplify matters, it will be assumed that the total electrical energy 
is generated by a single reactor equivalent in power to the total estimated

* For Figures, please see original paper.
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power, and will increase from one three-month period to the next (or one 
six-month period to the next) in accordance with the B a is s a s  estimate (1). 
The starting point is taken as 1960.

The study will be limited to fission products only, the plutonium being 
considered as extracted from the fuel after treatment. The amount of plu
tonium remaining in the wastes varies according to the methods used (in 
order of percentage) and in any case by many orders of magnitude less than 
those of Sr90 and Cs137.

I

Methods of Calculation

From the above data on installation estimates, and with the help of the 
model survey adopted, the growth of activity can be studied either for a 
specific fission product or for all the fission products together. In both cases 
account will be taken both of the growth of activity of fission products of 
a given age (i.e. obtained from the treatment of fuel taken from the reactor 
on the same date) and of the growth of the total activity accumulated from 
1960 onwards.

Single fission product

The development of a number n o f atoms of any fission product in the 
reactor is governed by the standard equation (3)

~  =  дЕ1\Ф — палФ — Хп
where

ф =  the average thermal-neutron flux, assumed to be constant in time,
V =  the volume of the fission core,

Et =  the average macroscopic cross-section of the fission core,
(Ta=  average microscopic absorption cross-section o f the fission product, 

q =  fission yield, and 
Я =  radioactive decay constant.

Assuming X * = ) .-\-ОцФ, it is found that

c r X f V ®  n = ----- --------(1 —  е_д *).

The expression Et V Ф, which represents the number of fissions per unit 
of time in the volume of the reactor, is proportional to the reactor’s thermal 
power (3.1 x 1010 fissions per second representing an energy of 1 W ).

The activity A  of a specific fission product after the fuel has remained 
time t in a reactor of constant energy P is then given, when the reactor stops, 
b y :

A  =  0.838 x q x (1 —  е - Дп) P •

P, expressed in megawatts, will give A  in megacuries.
Then the residual activity at the end of time в after the reactor stops 

(i.e. the cooling time), with allowance for radioactive decay, will be

A = 0 . 8 3 8 x £ x  ~ P ( 1 — e_  П) е -Яе»

101



However, the very small relative value of the effective cross-section for 
capture renders this negligible, and consequently the results are indepen
dent of the type of reactor and operational conditions used. In other words 
A* is thus equal to A.

All fission products together

Although it is theoretically possible to estimate the growth of the total 
activity of the complex mixture of fission products by adding together the 
specific activities of t'he different fission products, the complexity of the 
resulting expressions makes that method impracticable.

K . W a y  and E. P. W ig n er  (4) have shown that the growth of the total 
activity of the fission products can be expressed by a simple, semi-empirical 
expression of the following type:

A  (t) =  1.4 P (t —  T 0) - ° -2 — 1-°-2

where
T 0 =  irradiation time,
t =  irradiation time plus cooling time, and
P =  power of reactor.
I f  P is expressed in megawatts and the duration in days, A . is obtained 

in megacuries*.
This formula is valid for cooling times greater than some tens of seconds.

Results and Presentation

Given a graph of the growth of installed power, and on the hypothesis 
that there is a single reactor which is systematically unloaded every three 
months (or six months), the growth of the activity of all the fission products 
together and of certain specific fission products taken from the pile on a 
given date was calculated, starting with the date on which the reactor is 
unloaded**, and the growth of the total accumulated activity in fission 
products which will have to be disposed of from 1960 onwards. The results 
are shown in graphs which are briefly annotated below.

Study of the relative activity of all the fission products in relation to the retention 
time in the reactor (Pig. 2)

The influence of the irradiation time on the total activity in fission pro
ducts leaving the reactor is brought out in graph 2 so that an interpolation 
or extrapolation, valid only for irradiation times of three months and six 
months, can be made from the data of the study.

The saturated activity (infinite irradiation time) being taken as a reference, 
graph 2 represents the variation of the relative activity of all the fission 
products one day after the reactor stops as a function of irradiation time T 0. 
It represents the function:

f  (T0) =  l — (T0+ l ) - ° - 2 

deduced from the W ay-W igner formula by taking t = T 0 +  1.

* This is a generally-accepted extension of the curie definition to the activity of 
any mixture of radioactive elements. The term “curie equivalent” has been proposed.

** Unloading is assumed to take place one day after the reactor stops.
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It follows that the activity of all the fission products for irradiation time T 0, 
one day after the reactor of power P stops, is given simply by:

A  (T0) =  1.4 P f  (T0). .
Example :

T 0=  100 days 
P =  1 M W
A  =  1.4 x 1 x 0.60 =  0.84 Me.
This activity corresponds more or less to the unit which some writers 

agree to call the “ megawatt equivalent”  and which represents that activity 
of all the fission products 24 hours after the reactor stops which would produce 
one megawatt of energy in a period of 100 days*.

Activity of all fission products

Irradiation time: three months (Pig. 3)

On this graph are shown the activities of all of the fission products one 
day after the reactor stops, and the decay in the reactor for the quantities 
produced from one three-month period to the next. It is also possible to 
read from the graph the total accumulated activity of the fission products 
from the fuel treatment plant (treatment being assumed to take place three 
months after unloading from the reactor) which will have to be disposed of 
from 1960 onwards. Thus it is evident that in January 1975, 3.1010 с o f fission 
products will come out of the reactor, whilst about 1010 с of fission products 
older than 3 months will have been accumulated in the storage tanks.

The law of increase of nuclear energy is also represented on the same graph.

Irradiation tim e: six months (Fig. 4)

The same study is made for an irradiation time of six months. The influence 
of short-half-life nuclides becomes less important, leading to a less rapid decay 
of the fission products as a whole. It should be noted that the accumulated 
activity is approximately equivalent to that obtained for an irradiation 
time of three months.

Notes
The decay curves in Figs. 3 and 4 are curves representing functions of the 

type F  (t) =  A  (t-— T 0) _0-2— t~ 0-2, A  being a constant.
As in the W igner-W ay formula, the result is that, by the semilogarithmic 

presentation system we have adopted, all these curves can thus be deduced 
from one another by simple vertical translation. To help the reader, however, 
they are all plotted.

Activity of a specific fission product

It might be interesting to have data on the production of a specific fission 
product such as Sr90. A  study was made for some radioisotopes selected as

* As a first approximation, the production of a megawatt-day of thermal energy 
is associated with—

the consumption of 1 g of U 235;
the production of:

1 g of Pu239 
1 g of fission product.
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being especially interesting because of their long half-life, their high fission 
yield, or their physical, chemical or biological properties. Their characteristics 
are given in the following table:

Element Half-life P%
A

Type an 
o f rad

%

i  energy 
ations

У %

Ce144 285 d 6 0.3 72 0.134 10
+ 0.17 22 0.081 5

0.22 3 0.094 0.7
p r 144 decay product 2.98 97 0.695 10

2.28 1 2.18 5
0.8 12 1.48 2

Zr96 65 d 6.2 0.36 54 0.75 54
+ 0.40 43 0.72. 43

0.88 2
Nb95 decay product 0.162 0.764
Sr80 28 y 5.9 0.61

4-
Yso decay prod u ct 2.24

Ru106 0.38 0.04
 ̂~\-

Rh106 decay product 3.5 68 0.51 10
0.62 5

Ce137 30 у 6.15 0.52 92
1.19 8

Ba137 92% decay product 0.66
Pm147 2.65 у 2.7 0.22
Y 91 ! 58 d 5.4 1.55 99.8 1.19 0.2

0.36 0.2
Sr89 51 d • 4.79 1.46

After W .H. Sullivan : Trilinear Chart o f Nuclides (January 1957)

Fig. 5 gives the Sr90 activities at the reactor door for irradiation periods 
of three months, and their decay. The growth of the total accumulated Sr90 
activity from 1960 onwards is also shown.

Fig. 6 shows the growth of the total accumulated activity of Ce144, Z n 95, 
Y 91, Sr89, Pm 147, Sr90, Cs137 and Ru106 on the same assumptions as above 
(irradiation time three months ; only fission products older than three months 
are taken into account). Thus in 1975 about 1.6 x l O 8 с of Sr90 and Cs137 will 
have been accumulated.

Potential biological danger of fission product accumulated during the 
years 1960— 1975

In order to obtain a more realistic view of the problem, it it necessary to 
refer back to the potential biological hazard.

The potential biological danger represented by a radioisotope is directly 
proportional to the quantity of the radioisotope accumulated, and inversely 
proportional to its biological tolerance as measured by its maximum per
missible concentration in the atmosphere or in water. Only its potential danger 
if diluted in water is referred to here.
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Fig. 7 shows the development from 1975 onwards of the potential biological 
danger represented ,by the accumulation during the years 1960 to 1975 of 
the fission products referred to above.

I f  the activities are expressed in curies and the maximum permissible 
concentrations in c /m3*, the potential danger value thus represents the 
volume of water in m 3 required to dilute to the maximum permissible con
centration the total accumulated quantity of each isotope. The most dangerous 
long-lived elements are Sr90 and Cs137, hence the interest in their extraction 
before rejection. Thus, plutonium can become the limiting factor because 
of its long period of radioactivity and its high toxicity. One hopes, however, 
that attempts will be made to reduce the amounts of it present in the wastes.

Discussion

The results given in the attached graphs should be considered as a first 
approximation only. The W igner-W ay formula is still valid for rather long 
cooling periods, but the values it gives seem too high (5).

Some remaining uncertainties derive from the possibility that there may 
be considerable changes in the basic data, since the values used correspond 
only within an order of magnitude to the present power policy in France 
from the lack of data on uranium burn-up, so that no precise information is 
available about retention time in the reactor and the weight of the fuel used 
and its state. On the basis of these data, several different classes of effluent 
could theoretically be envisaged, with the possible result that there would 
be different international recommendations for each type and that the losses 
on the amounts invested for each type of treatment would be greater or 
smaller.

(The references used for this paper are to be found at the end of the fore
going original paper.)

* Professional standards of the International Commission on Radiological Protection.
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D I S C U S S I O N

Mr. B. F. Kolychev (USSR) (translated from Russian) : W ould Mr. Bruce 
give us his views on the removal of cladding by mechanical methods ?

Mr. F. R. Bruce (United States of America) : Mechanical decladding is. a very 
attractive possibility for reducing the volume of the intermediate-level waste 
resulting from fuel reprocessing. From some economic studies which we have 
made, it appears that disposal of this type of waste accounts for 80 % of the cost 
of waste disposal. W e are, therefore, very much interested in mechanical de
cladding.

The mechanical decladding of simple fuels, such as aluminium-clad uranium 
slugs, is, as has been well demonstrated, a quite feasible operation. However, 
most of the power reactor fuels which are planned are quite complicated 
in design and it would seem very difficult to declad these fuels mechanically. 
Another disadvantage is the fact that in preliminary work we have had con
siderable difficulty with decontamination of the air during decladding and 
with the loss of fissionable material in the mechanical decladding residues.

Mr. V. I. Spitsyn (USSR) (translated from Russian) : Which does Mr. Bruce 
regard as the more rational way of storing wastes— in concentrated liquid 
form, or after conversion into solids ?

Mr. F. R . Bruce: This question is one which is answered differently by  
each person. I  will give you my own answer. High-level wastes are, I  think, 
unquestionably best handled by conversion to solid. W ith  intermediate- 
level waste, such conversion is, I  believe, a very attractive possibility, too. 
For example, a sulphur gas decladding waste from a stainless-steel fuel may 
be converted to a solid by addition of calcium hydroxide to form a gypsum. 
A  similar technique may be used with zirconium decladding wastes. Since 
the intermediate-level wastes contain much less radioactivity than high-level 
wastes, the question whether or not to convert them to solid should, in my  
opinion, be decided on purely economic grounds.

Mr. V. I. Ivanov (USSR) (translated from Russian) :  Mr. Bruce referred 
to “ nuclear incidents”  from which waste with activity equivalent to 2 с 
after 30 days’ decay time would be forthcoming. Could he say what sort 
of nuclear incidents he has in mind 1

Mr. F. R . Bruce: The nuclear incident which I  consider to be the most 
feasible is one involving an aqueous solution of fissionable material. In such 
a case, experience and calculation show that the solution reaches a non- 
critical state after about 1018 fissions have occurred. This represents a very 
small quantity of fission products and only 2 с of activity are present after 
30 days’ decay.

Mr. P. Cohen (France) : I f  I  understood him aright, Mr. Dickson suggested 
in his paper that long-lived products such as Sr90 and americium could be 
removed by simple flocculation. W hat does he understand by a simple process 
of flocculation'?

Mr. С. K . Dickson (Unitéd Kingdom) : I  think the questioner is confusing two 
issues here. I  was talking particularly about low-activity arisings, and in their 
case, applying the general limitations postulated by Dunster, if you delay dis
charge for three years and then subject the substances to simple aluminium floe 
treatment (which generally removes 95— 98%  of the residual activity) Dunster’s 
formula would be satisfied, even in the most extreme instances. I  hope that 
answers your question.
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Mr. H. J. Dunster (United Kingdom) : I think that some of the confusion 
that appears to have arisen between the importance of strontium and caesium, 
on the one hand, and that of some of the other radioactive materials, on 
the other, is perhaps due to the fact that some calculations have been made 
on the basis only of the relative permissible concentration in drinking water. 
In fact, if one is considering discharging into the environment there are many 
factors which intervene between this maximum permissible concentration 
and the permitted discharge to the environment. In particular, when strontium  
is discharged into the sea, which already contains.a substantial amount of 
strontium, the importance of such discharges is reduced because the con
centration factors are not so large in their case as they are for zirconium, 
for instance.

Mr. A . K . Ganguly (India): W ould Mr. Dickson please tell us roughly 
what proportion of total fission-products activity would be permanently 
stored, and what proportion he thinks may have to be discharged into the 
sea as liquid effluent. W e know that the latter will be very small, but would 
appreciate it if he could indicate an order of magnitude.

Mr. E. Glueckauf (United Kingdom) : I think I can answer this question on 
behalf of Mr. Dickson. The percentage of radioactivity retained for storage is 
99.99, so that only 10~4 parts are being discharged to the sea. This fraction can 
be further decreased by at least two powers of ten by chemical treatment and 
by delay before discharge.

Mr. V. I. Spitsyn (USSR) ( translated from Russian) : I  should like to com
ment briefly on Mr. Kenny’s paper. I  think that one cannot talk without 
reservation of the possibility of disposing of radioactivity in rivers by dilution, 
since concentration processes can, and do in fact, occur in solids and organisms. 
Allusion is made in the abstract of Mr. Kenny’s paper to the possibility of 
extending waste disposal into the atmosphere as well. Though - the paper 
itself did not refer to this method, I  should like to stress that the problem 
of contamination of the atmosphere should not be added to the sea conta
mination problem we already have.

Mr. G. Wormser (France) : Mr. Rogers referred just now to the requirement 
that packaging used for ocean disposal of radioactive waste must stand up to 
the stresses involved in immersion. Does he envisage any method of checking 
the strength of the containers employed ? Have any studies or tests been made 
in order to evolve a sound type of container ?

Mr. L. R . Rogers (United States of America) : Some tests have been carried out 
on containers used for ocean disposal. The possibility of rupture, with the quant
ities of material or levels of activity we are dumping in the ocean, depends of 
course on whether there are any voids in the containers. W e feel that the main 
objective is to carry all solid materials to the bottom and not let them float to 
the top ; in other words, this method of disposal relies for its safety on the intense 
dilution that takes place at the bottom of the ocean.

Mrs. Z . У . Iiershova (USSR) (translated from Russian) : W ould Mr. Rogers 
please give us some more details on the method used to capture C14 and 
K r 85?

Mr. L. R. Rogers : W ell, the quantities of K r disposed of by radioisotope 
users are small; they are discharged directly to the atmosphere and are dilu
ted. I  do not believe I  can answer your question as to the capture of C14 and 
K r in terms of recovery.
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D I S P O S A L  O F  W A S T E  I N T O  T H E  A T M O S P H E R E

Abstract
The atmosphere can be compared to the hydrosphere and the lithosphere as 

a recipient of wastes, but the presence of airborne wastes is of more imme
diate concern to human life. There are two very distinct problems presented 
by atmospheric pollution, (1) that in the immediate vicinity of a plant and 
(2) the world-wide problem from long-term, widespread air pollution. Short- 
range problems have existed for many years as a result of non-radioactive wastes 
such as coal-smoke, sulphur dioxide and hydrogen fluoride. However, only in 
recent years has this problem received intense scientific study. Meteorological 
conditions play an important role in this problem. In some cases emission 
rates have been controlled in keeping with meteorological predictions. However, 
the basic solution is still that of reducing emission rates to the lowest possible 
values.

E L I M I N A T I O N  D E S  D E C H E T S  R A D I O A C T I F S  D A N S  L ’ A T M O 
S P H E R E

Résumé
L ’atmosphère peut être comparée à l ’hydrosphère et à la lithosphère en 

tant que réceptacle éventuel de déchets, mais la présence de déchets en sus
pension dans l ’air est plus préoccupante pour la vie humaine. La pollution 
atmosphérique pose deux problèmes nettement distincts: 1) un problème 
de portée limitée concernant le voisinage immédiat d’une usine, et 2) un pro
blème de portée mondiale, savoir la pollution largement répandue, à long 
terme, de l ’atmosphère. Des problèmes de portée limitée se sont posés depuis 
de nombreuses années ; ils sont liés à la présence dans l ’atmosphère de déchets 
non radioactifs, tels que les fumées produites par le charbon, l ’anhydride 
sulfurique et l ’anhydride fluorhydrique. Cependant, ce n ’est que récemment 
que ce problème a été soumis à une étude scientifique poussée. Les conditions 
météorologiques jouent là un rôle important. Dans certains cas, les intensités 
d’émission ont été contrôlées en tablant sur les prévisions météorologiques. 
Toutefois, la solution fondamentale est encore de réduire l ’intensité d’émission 
à la plus faible valeur possible.

У Д А Л Е Н И Е  Р А Д И О А К Т И В Н Ы Х  О Т Х О Д О В  В А Т М О С Ф Е Р У

Резюме
С точки зрения удаления отходов атмосферу можно сравнить с гидросферой 

и литосферой, но наличие отходов в атмосфере имеет более непосредственное 
отношение к жизни человека. Существуют две очень ясные проблемы, связан
ные с загрязнением атмосферы: 1) загрязнение атмосферы в непосредственной 
близости от установки и 2) всемирная проблема избежания долговременного 
и широкого загрязнения воздуха. Проблема загрязнения воздуха в незначитель
ных масштабах существует многие годы, как результат удаления нерадио
активных отходов таких как угольный дым, двуокись серы и фтористые соеди
нения водорода. Однако эта проблема стала изучаться только в последние 
годы. Метеорологические условия играют важную роль в этой проблеме. В 
некоторых случаях степень эмиссии контролировалась в соответствии с метео
рологическими прогнозами. Однако основное решение заключается все еще в 
снижении степени эмиссии до максимально низких величин.
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E V A C U A C I O N  D E  D E S E C H O S  R A D I A C T I V O S  E N  L A
A T M O S F E R A

Resumen
Si bien en algunos aspectos la atmósfera puede compararse a la hidrosfera 

y a la litosfera como posible recipiente de desechos, la presencia de desechos 
radiactivos en suspensión en el aire puede afectar de manera más inmediata a 
la seguridad de la vida humana. La contaminación de la atmósfera plantea 
dos problemas completamente distintos: 1) uno, de alcance limitado, que 
se circunscribe a la proximidad inmediata de una planta nuclear, y  2) otro 
más universal y  a largo plazo, debido a la extensión de la contaminación 
atmosférica. Los problemas de contaminación de alcance limitado se vienen 
planteando desde hace muchos 'años como consecuencia de la evacuación 
de desechos no radiactivos tales como anhídrido sulfuroso, ácido fluorhídrico 
y humos procedentes de la combustión del carbón. Sin embargo, los aspectos 
científicos de este problema sólo se empezaron a estudiar detenidamente 
en el curso de los últimos años. Las condiciones meteorológicas desempeñan 
un papel importante en esta cuestión. En ciertos casos, las velocidades de 
descarga se han podido regular en función de las predicciones meteorológicas. 
No obstante, la solución fundamental consiste aún en mantener las velo
cidades de descarga en los valores mínimos posibles.

DISPOSAL OF WASTE INTO THE 
ATMOSPHERE*

H . F. Sch u lt e
H e a l t h  D iv is io n , L os A lam os  Sc ie n t if ic  L a b o r a t o r y , U n iv e r s it y  of  

Ca l if o r n ia , L os A l a m o s , N . M e x .
U n it e d  St a t e s  of  A m e r ic a

Disposal of radioactive waste into the atmosphere bears some similarity 
to disposal into the hydrosphere or the oceans. In considering wastes from 
peaceful uses of atomic energy, it should be recognized that such wastes are 
released from relatively low altitudes and dispersal does not take place 
throughout the entire atmosphere. Few stacks are higher than 150 m (500 ft), 
and except under extremely turbulent conditions practically all mixing will 
take place in that portion of the atmosphere below 3,000 m (10,000 ft). Under 
the more turbulent conditions that might be found in the vicinity of a thund
erstorm, material may be carried to the tropopause, which averages about
12.000 m (40,000 ft) in height. The total volume of the atmosphere below
3.000 m is 1.55 x  1018 m 3. This is remarkably close to the volume of the 
ocean, which is 1.37 x  1018 m 3. Thus, superficially the atmosphere and the 
hydrosphere have the same ultimate diluting capacity.

An examination of the maximum permissible concentrations in water 
and in air reveals that the permissible concentrations for water are about 
104 times those for air with remarkable consistency except for a few heavy 
alpha-emitters. Thus, for the same rate of-waste discharge the atmosphere 
becomes contaminated to a serious level 104 times faster than the oceans.

* Work done under the auspices of the United States Atomic Energy Commission.
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However, standards for water are based on ingestion of water and only fresh 
(non-saline) water can be ingested. Should the much more limited fresh water 
supply become contaminated, pérmissible concentrations can b e . reached 
rapidly. Food from the oceans reflects the concentration level in the ocean 
and may be higher or lower in contamination level, depending on the species.

The earth’s hydrosphere does possess an effective self-cleansing system  
in the cycle of evaporation from the ocean and precipitation of fresh water 
on land, so that ultimately wastes are deposited in the ocean and completely 
decontaminated water is' returned to land. The only comparable cleansing 
system for the atmosphere is the gradual precipitation of particulate matter 
by gravity or by rainout. Such a process is slow, especially for material of 
very small particle size. Completely clean air is not produced to return to 

, the biosphere. An equilibrium concentration is established, based on the 
relative rates of effluent emission and deposition, and it is this equilibrium 
concentration which is breathed continuously. It should be recognized, how
ever, that all atmospheric contamination ultimately reaches the ocean either 
by direct fallout or indirectly through surface runoff.

It has been estimated that a 1,000 Mw reactor produces 1.9 X 106 curies 
per day of I 131. I f  this amount were allowed to mix with the entire atmosphere 
below 3,000 m, the concentration would be 10~12 /.tc/cc, which may be com
pared with the present maximum permissible concentration for off-site per
sonnel of 3 x 1 0 ' 10 /./,c/cc. Thus, 300 such reactors could produce serious con
centrations in a single day even if mixing were uniform. No responsible reactor 
designer would permit the continuous release of such quantities of material. 
By aircleaning devices, the quantity released can be reduced by a factor 
of 100 to 1,000. However, this is only a single isotope and a single day, and 
the calculated approach to hazardous concentrations is sufficiently close 
to demonstrate clearly that there are distinct limitations to the amount 
o f waste which can be mixed even with the total atmosphere.

Biology oí radioactive air pollution

The path by which airborne waste reaches the biosphere and man is complex 
and reflects the interaction of météorologie, hydrologie and geologic factors. 
A  simplified diagram of these interactions is shown in Fig. 1. Airborne wastes 
can affect man by direct radiation and also internally by the ingestion of 
contaminated food and water and by"direct inhalation. As a result of fallout 
and rainout, airborne wastes may contaminate ground water and land with 
exchanges taking place between these two. A t times of high wind velocity, 
dust from contaminated land may be resuspended in the atmosphere. The 
actual path of the waste from the atmosphere to man may involve complex 
and repeated exchanges between land, water, and air. In this passage the 
various chemical species follow different paths, depending upon solubility, 
chemical affinities, and physical form. Thus, the composition of the material 
which is finally inhaled or ingested is entirely different from that of the original 
waste emitted from the plant.

A  slowly growing body o f knowledge is being accumulated regarding the 
quantitative relationships between concentrations of various nuclides during 
changes from one environment to another. These quantitative relationships 
are known as discrimination factors. For example, the ratio of Sr90 to calcium 
in certain plants is only 0.7 of the ratio of Sr90 to calcium in soil. The dis

113



ATOMIC ENERGY PLANT

I-
LIQUID WASTE-"--------------------WASTE------------ ►SOLID WASTE

I
ATMOSPHERE

Fig. 1

crimination factor from soil to plant then is 0.7. A  discrimination factor of 
0.3 for the Sr90-to-calcium ratio has been reported in going from plants to 
milk (1). As more knowledge of this type is accumulated, it will be possible 
to make better estimates of the actual internal hazard to man from radioactive 
contamination of the atmosphere. Due to the fact that the nuclear properties 
of the elements are completely unaffected by physical and chemical changes, 
however., there is no loss in the actual toxicity of- the waste material, but 
merely a change in its concentration.

A  difficult problem in the control of airborne wastes is that of establishing 
the levels of atmospheric pollution at which a real hazard is created. Since 
this material reaches man by several routes, a simple standard setting the 
permissible air concentration is not sufficient unless the levels in food and 
water are also known. Even then much remains to be learned of the effects 
of small amounts of radioactivity on large populations. Present ICRP  
standards, in general, set inhalation concentrations for such populations at 
1/30 of the permissible concentration for occupationally exposed individuals 
during an eight-hour day. These figures are generally accepted for exposures 
of populations in areas adjacent to atomic energy plants.

As indicated in Fig. 1, there are three principal methods by which polluted 
air exerts its effects on man. The first is by direct radiation from a cloud 
of such air. Except within an area of about one mile of a plant, it is unlikely 
that any harmful radiation can be received from this source. The second 
route is by inhalation. This is particularly serious since the body has few 
natural defences against material entering by inhalation. Such material 
is deposited in the lungs, where it either remains or it is transported to other 
parts of the body from which it may be excreted at various rates. Hence, 
inhalation of contaminated air is a matter of serious concern. The third route 
is by deposition of material from the air on to the ground or into water and 
thence to man by food and drink. While physiological protective mechanisms
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are active here, it has been demonstrated that in areas affected by bomb 
fallout the amount of hazardous radioactive material taken into the body 
by this route is far greater than that received by direct inhalation. This 
route of entry then is also a serious one.

The relative importance of these routes of entry will vary considerably 
with the age of the wastes. Fission-product wastes which are freshly formed 
usually contain a high percentage of intense emitters o f gamma radiation and 
are capable of producing considerable direct radiation in the immediate vi
cinity of the emission point. On the other hand, such wastes impose relatively 
little hazard from direct inhalation, since they are largely gases which are 
inert chemically and physiologically, and most such gaseous wastes do not 
deposit out on the ground. Wastes which have been stored either within a 
reactor or in a storage area increase in the concentration o f long-lived ma
terials and in the amount of solid materials they contain. W hen such wastes 
are emitted, the direct radiation is relatively small but the inhalation and 
deposition problem may be much more severe.

One of the most serious factors in the biology of air pollution is the fact 
that the air supply cannot be restricted even temporarily, nor can the flow 
of air from a polluted area be held back by any forces within our present 
means of control. The atmosphere must be used at all times and must be used, 
in most cases, directly as it is received. In very limited places, as in the 
interior of buildings, the air can be filtered and purified, but the attempt 
to purify all such air needed for breathing would impose intolerable restrictions 
on normal living.

Long-range widespread air pollution

In considering the problem of radioactive air pollution, the phase which 
receives first attention is that of world-wide contamination of the atmosphere 
with its dramatic effects on life and health. W ith the peaceful uses of atomic 
energy, this is definitely a problem for the future, perhaps the very distant 
future, but the potential for serious contamination will continue to grow. A  
500 M W  reactor operating on a fuel reprocessing cycle of 180 days will contain
4.1 X  108 curies of fission products of which 5 x  107 с are iodine iso
topes, 3.4 x  107 с are noble gases, 1.7 X  107 с are Sr89 and 3 X  105 с are 
Sr90 (2). It has been estimated that by the year 2000 nuclear reactors will 
supply 2.5 X  106 M W  of power throughout the world (3). Using the above 
figures, this would correspond to a reactor inventory of 2.5 X  1011 с of 
iodine, 1.7 x  1011 с of noble gases, 8.5 X  1010 с of Sr89, and 1.5 x  Ю9 с 
of Sr90. I f  this amount of material is dispersed into the atmosphere 
below 3,000 m, the concentrations produced are about 200 times those 
presently accepted as maximum permissible levels for off-site personnel. 
This then represents the estimated hazard potential of the world’s power 
reactors.

A  normally operating reactor, however, emits very little of its stored fission 
products and hence represents no real world-wide hazard. The real problem 
arises from the fuel processing plants associated with such reactors. The 
fission products previously listed are released in some fashion in reprocessing 
plants, and it is in such plants that extreme care must be exercised to prevent 
the escape of such materials into the air. It  is here that the specialist in air 
cleaning has his real problem. I f  nuclear power is to supply the need which
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is anticipated, the fraction of fission products processed which can be allowed 
to escape into the air must be extremely small.

It  seems likely that iodine will present the biggest problem from the 
standpoint of airborne hazards. An estimate of a somewhat more limited 
problem has been made by P a c k  and H o s l e r  (4). They postulate the existence 
of eight 1000-MW  reactors in the north-eastern part of the United States, 
stretching from Washington, D . C. to Hartford, Conn. B y assuming that only 
0 .1 %  of the iodine formed escapes from the plant, and plotting trajectories 
based on actual meteorological data over a 48-hour period, they found that 
concentrations of iodine will frequently exceed permissible concentrations 
due to overlapping trajectories from the various sources. This also points 
to the need of even higher efficiencies for the removal o f iodine.

Before leaving the subject of world-wide atmospheric pollution, it should 
be mentioned that this problem is not entirely restricted to radioactive 
wastes. It  has long been suspected that the continued addition of carbon 
dioxide to the atmosphere from combustion processes is affecting its heat 
transmission properties and causing a slow rise in temperature of the lower 
atmosphere. This too can cause serious changes in man’s environment and 
require drastic adjustments.

Short-range effects

By far the most serious problem in atmospheric waste disposal at present 
is the short-range problem, that of pollution of the air within distances of
1 to 100 miles of an atomic energy plant. This also may be divided into two 
types of problems. The first is concerned with accidental releases of radio
active material as a result of a serious fire or an explosion in a. reactor or 
similar plant. The figures previously given on the amount of stored radio
active material in a reactor certainly point to the seriousness of such incidents. 
Extensive theoretical studies have been made of this type of accident, and 
much data is available on the radiation levels anticipated on the ground 
within these distances(5— 9). Incidentally, there have already been a few 
opportunities to make field studies of such incidents, and further studies 
are under way on planned releases simulating reactor accidents. Any evalua
tion of this problem requires a detailed knowledge of the individual reactor 
as well as that of the meteorology and geography of the area in which the 
reactor is located. This type of problem will not be considered further here, 
since this conference is principally concerned with waste disposal from 
normally operating plants.

The continuous emission of radioactive wastes creates a situation which 
has many parallels with problems created by non-radioactive wastes that 
have been studied over a. period of many years. The Meuse Valley disaster 
in Belgium in 1930 was first attributed to the release of fluorides in a heavily 
industrialized area. More recent studies have tended to discredit the fluoride 
theory, but there is no doubt that the widespread deaths and illness were 
due to atmospheric pollution. A  similar disaster in Donora, Pennsylvania, 
in 1948, again dramatized the possibilities of serious pollution in an industrial 
community with unfavourable meteorological conditions. This was again 
repeated at Poza Rica in Mexico in 1950, in the London fog of 1952, and 
has been encountered almost continuously with the smog problem in the 
Los Angeles area. On a more limited scale, pollution from many individual
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industrial plants, such as the Trail Smelter in British Columbia and others, 
have stimulated interest in this problem. It has been this succession of wide
spread pollution incidents plus, the interest in nuclear reactors which has 
so greatly stimulated interest and research in meteorology and air pollution.

One of the major efforts in the study of atmospheric waste disposal has 
been o n , the development of quantitative relationship between the amount 
of polluting material emitted from a source and the concentration of that 
material at various distances down wind. This is a direct application of the 
study of diffusion mechanisms. Equations relating stack height, wind velo
city, emission rate, and air concentration have been published by S u t t o n  (10), 
by B o s a n q u e t  and P e a r s o n  (11) and by R o b e r t s  (12). Sutton’s equation 
has been most widely used in this connection and is usually given as follows 
for a continuous elevated point source:

where :
1  (x , y ) =  Concentration at ground level at point (x, y)
Q =  Emission rate
u =  W ind speed
x =  Distance downwind
у =  Cross-wind distance from plume axis
h =  Effective stack height
Cy, Cz =  Virtual diffusion coefficients in у  and z directions
n =  Wind-profile parameter.
An examination of the general form of this equation reveals that the con

centration at a given point on the ground downwind (y =  o) is directly pro-

—  1
-v-2—u +

h2
Cz2

Fig. 2
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portional to the emission rate and inversely proportional to the wind speed. 
A t large distances, the exponential term approaches 1 and the concen
tration is independent of the stack height and inversely proportional to 
the (2-n) power of the distance. Fig. 2 shows a plot of this equation for specified 
values of the parameters. Note that beyond 1000 m the equation plots 
as a straight line with a slope of (2-n).

The most important derivations from this equation are the relationships 
for calculating the maximum concentration at ground level downwind and 
the location of this point of maximum ground-level concentration. These 
are as follows:

V 2Q _Çz_
^max e л u ha * с y

2
_ / fo \ 2 —n

A m a x  -

Ideally, the meteorological constants used should be measured at the 
location. However, in most applications of this equation, representative 
constants related to general meteorological conditions have been used. These 
have been the subject of much experimentation and typical figures given 
by S m i t h 'and S i n g e r  (2) are given in the following table:

T A B L E  I

TYPICAL VALUES OP SUTTON’S DIFFUSION PARAMETERS

Meteorological Condition n cz

Lapse .25 .40 .40
Inversion .55 .40 .05

These figures represent generalizations and, hence, are of limited useful
ness. They vary with stack height, terrain characteristics and other factors. 
Conditions are usually neither typically lapse nor inversion, and values for 
intermediate classifications have been published by others. Much work is 
now being done in an attempt to relate exactly meteorological measurements 
and the above or similar constants. This includes continuing studies at Brook- 
haven and at Hanford on reactor stacks (13), the recent “ Project Prairie 
Grass” experiments of the Massachusetts Institute of Technology (14), and a 
large meteorological project at Hanford known as “ Operation Greenglow” , 
which is probably the most thoroughly instrumented study of this type 
that has ever been attempted. This is directed particularly at studies of 
downwind concentrations under stable atmospheric conditions.

A  number of groups are also continuing studies on operating reactors and 
industrial stacks in an attempt to compare such figures with predictions of 
Sutton. The work of S t e w a r d , G a l e  and Cr o o k s  (15) on the diffusion of 
A 41 from the BEPO reactor at Harwell, which was done several years ago, is 
an example of this type. The Health and Safety Laboratory of the New York  
Operations Office, Atomic Energy Commission, has made numerous studies, 
particularly in the vicinity of industrial plants processing beryllium (16).
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W e have made a limited stu dy ‘at Los Alamos on stacks discharging small 
amounts of plutonium (17). In our work, we have found actual concentrations 
considerably lower than those predicted from Sutton’s data. This may well be 
due to the roughness of the terrain at Los Alamos which increases the degree 
of turbulence and the rate of diffusion. A  similar conclusion had been reached 
by H o l l a n d  for the Oak Ridge area (18). More recently, we have studied the 
air concentrations at ground levels produced during tests on a nuclear propulsion 
device which discharged fission products. In this case the cloud rose to a total 
height of approximately 2,000 m. No detectable maximum in the air concen
tration path could be found out to a distance of 16 km. Actually, the highest 
concentrations were found within 600 m  of the reactor. This is not unexpected, 
since Sutton’s equation was not meant to be applied to such a high cloud rise 
where diffusion occurs simultaneously at various heights.

Many studies and calculations have been made to extend Sutton’s equation 
and to introduce other parameters to permit calculations on reactor hazards 
and waste discharge. The diffusion equations are derived for gases and gravi
tational settling is not included in the equation. I f  there is no particulate 
matter larger than 5u, the rate of settling is so low that the material can be 
considered essentially gaseous and the equation applied directly; however, 
if larger material is included, settling out according to Stokes’ law can also 
be introduced into the equation, as has been done by C h a m b e r l a in  (19). In 
this case, the total amount of waste material per unit of plume length decreases 
continuously as a function of time. The use o f the revised model permits both 
the calculation of ground-level air concentrations and of the deposition grates 
on the ground in curies per square metre per minute. The factor for settling 
is based on a knowledge of the particle size of material in the cloud, which may 
not be available. Data on removal by impaction, adsorption and diffusion 
on to surfaces are more difficult to obtain, but some have been collected in the 
book Meteorology and Atomic Energy (20) and in Chamberlain’s report (19). 
Our measurements of deposition velocities in Nevada have yielded highly 
variable results.

A  serious deviation from predicted values can result from rainout or washout 
due to precipitation along the path of a cloud as a result of a rainstorm. The 
efficiency of washout by rain is a function of the particle size of the raindrops 
and of the suspended particles, and of the rate and duration o f rainfall. W ith  
a knowledge of these factors, the proportion of the cloud removed per unit 
time can be determined. This factor has also been introduced into Sutton’s 
equation by Chamberlain. Even where the particle size is not known, the maxi
mum rates of deposition by settling or by washout can be calculated at any 
given distance downwind. This involves application of the optimum settling 
velocity or scavenging rate at the point in question. The resulting equations 
are relatively simple in form and easily applied, but they may seriously over
estimate the deposition. Also, rainout can produce high surface contamination 
levels at a location not otherwise anticipated. In a full assessment of atmos
pheric waste disposal at a given location, a knowledge of the anticipated rain
fall must be taken into account. This must include information on the rate 
and magnitude of the rainfall and at least some knowledge o f the size of the 
raindrops, if full quantitative information is to be obtained.

One of the variables in the diffusion equation is the effective stack height 
and some confusion exists regarding the meaning of the word “ effective.” 
Airborne wastes and gases emerging from a stack at a high velocity or an ele
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vated temperature continue to rise, and the effective height is that of the plume 
after it reaches its equilibrium height. The effect of the emerging velocity is 
relatively small for high stacks and may usually be ignored, but the plume 
rise due to an elevated temperature may be very significant. Tests made on 
the BEPO reactor at Harwell showed plume rises of more than 120 m under 
adiabatic conditions with the rise continuing out at a distance of one kilo
metre (15). The extent of rise of the plume decreases with increasing wind 
velocity because of the more rapid lowering of the temperature. A  rule of 
thumb frequently used to estimate effective stack height has been given as 
2]/ 2 ft of extra stack height for every degree Fahrenheit of the discharge 
above the ambient air temperature. This does not include a correction for 
wind speed but has proved useful for low wind-speeds. More complex equations 
for calculating stack height are available (21, 22). One factor which has an 
opposite effect on the plume is that known as aerodynamic downwash. This 
occurs at high wind-speeds and has the effect of turning the plume sharply 
downward in the lee of the stack and also on the downwind side of nearby 
buildings (23, 24). This occurs on a stack when the ratio of the wind-speed to 
stack velocity exceeds 2.0.

W ith  radioactive effluents such as fission products, there is another factor 
which causes a changing composition of the plume as it leaves the plant’s stack, 
this is radioactive decay. For freshly formed fission products such as might be 
discharged from an unclad reactor, this is a significant factor, but one that can 
be taken care of mathematically without great difficulty. Here, it is necessary 
to know with some exactness the isotopic composition of the emitted waste. 
On the other hand, a plant reprocessing fuels that have been allowed to decay 
for an extended period emits only materials of relatively long half-life, and no 
correction for decay need be made in calculating air concentrations downwind. 
However, this factor may have to be taken into consideration in calculating 
the activity of the accumulated precipitation on the ground.

Sutton’s equation has not been as successful in predicting concentrations 
under stable atmospheric conditions as under lapse conditions. In some cases, 
this is due to the use of the isotropic form 'of the equation, since actually 
diffusion is not isotropic under stable conditions. Under such conditions, 
lateral or cross-wind diffusion is not impeded and may actually be increased, 
but vertical diffusion is greatly suppressed and the shape of the plume becomes 
wide but thin. H il s t  (25) has published work on the dispersal of stack gases in 
stable atmospheres and concludes that the diffusive capacity of such atmosphe
res is quite variable from one time to another, and no single set of parameters 
can be assigned to stable atmospheres per se. He also finds that Sutton’s model 
appears to be adequate for specification of the horizontal diffusion rate but 
fails in specification of the vertical rate. As a result, the model underestimates 
the concentration at moderate and large distances. Discharge into a stable 
atmosphere under conditions where the inversion layer is well above the stack 
permits the release of large amounts of material without contamination in the 
immediate vicinity of the stack; however, there are two dangers inherent in 
such discharge under stable conditions.

In the first place, concentrations at large distances may be higher than 
anticipated, as pointed out by Hilst. Also, inversions occur with regularity 
under night-time conditions and break up rapidly shortly after sunrise with 
the warming of the lower atmosphere. Under such conditions, the high discharge 
concentrations carried under the inversion layer are rapidly brought to the
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ground, producing a condition known as fumigation. Ground-level concen
trations then may become quite high.

Another factor in Sutton’s equation not always, appreciated is that of 
sampling time. His work is based on the collection of three-minute samples, 
whereas many later measurements have been made using much longer sampling 
periods. This is particularly the case where discharge rates are low and long 
sampling periods are necessary to obtain sufficient sample for analysis. 
As a result, the slow meandering o f the downwind plume produces a lower 
average ground-level concentration at a given point than was anticipated in 
the original model. For a continuous source, the lateral diffusion coefficient 
increases as the period of sampling increases owing to slow shifts in wind 
direction. The vertical diffusion coefficient apparently does not vary greatly 
with the sampling period provided the latter is greater than three minutes (26). 
Again, the distribution of concentration measured with long sampling periods 
is not isotropic and the isotropic form of Sutton’s equation frequently used is 
not applicable. S tew ard  et al (15) found that the measured axial concentration 
in the plume is inversely proportional to the fifth root of the time of sampling, 
and these results were confirmed recently by the work of Cram er (27).

Material deposited on the ground in the vicinity of an effluent discharge 
may be resuspended as a result of pickup by wind and so increase the antici
pated concentration downwind. Very limited information is available on this 
but some work has been done. A  formulated theory which gives orders of 
magnitude of anticipated air concentrations has been given by H e a ly  and 
Fuqua y  (28). This theory would indicate that the concentration downwind 
due to wind pickup is proportional to the square of the wind velocity. Actual 
measurements on material deposited as a result of weapon testing indicates 
that it is difficult to resuspend settled material on the type of terrain found in 
Nevada. The ratio between air concentration in с per cu m on resuspension and 
surface contamination in с per sq m is of the order of 1 0 -7 to 10-5  for 
freshly deposited material. Such air concentrations were produced by carrying 
out normal tasks in the contaminated area, which produced substantial 
amounts of dust. Similar figures have been reported by D u n ste r  (29) 
based on the work of C ham berlaine (30). Wind-speeds were not 
taken into account .in these measurements. The effect of wind pickup is to 
translocate the deposit and also to cause it to disappear gradually from the 
top surface of the ground.

It is unlikely that any model or any complete set of equations will be 
available to permit highly accurate predictions of air concentrations and depo
sition rates. Wide variations in terrain characteristics are difficult to classify 
quantitatively. The diffusion constants vary appreciably from one point to 
another and are difficult to measure. As a result of the work of Cram er and 
others (14,27, 31) in “ Project Prairie Grass” , a new equation has been developed, 
similar to Sutton’s, in which the statistical variations in the azimuth and 
elevation angles o f the wind direction are used instead of the diffusion coeffi
cients. These can be measured more directly, although a thorough meteoro
logical study o f the area is still required. A  somewhat similar equation has 
been proposed by L eon ard  (32).

Meteorological conditions change rather rapidly and predicted concen
trations are affected by the difficulty of predicting such changes. The effluent 
from a stack is also subject to change as processes within the plant vary from 
time to time. Despite these disadvantages, the present diffusion theories enable
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useful predictions to be made of the order of magnitude of anticipated atmos
pheric pollution from normal plant operations and even from serious accidents. 
The recent report on “ Safety Hazard Considerations” on the Eurochemic 
reprocessing plant in Belgium is a good example of the use of these methods (8). 
Another example is in the regulation of emission rates according to meteorologi
cal conditions. Certain processes at Hanford, for example, are regulated in this 
manner and may be stopped completely under unfavourable weather conditions
(33). A  more complex and larger problem which is being attacked in a similar 
manner is the Los Angeles smog problem. Here, when the meteorological factors 
are unfavourable, stringent regulations are placed upon both industry and the 
public to limit emission of waste materials to the atmosphere.

This type of control has many limitations. It  is usually expensive, the fore
cast of dispersion rates may be in error, as previously discussed, and the physical 
environment around the control area may change, requiring more severe and 
uneconomic restrictions. Some plant processes are not flexible enough to pro
vide for instantaneous or prolonged shutdown periods. Reactor plant design 
is also affected by our improved knowledge of dispersal conditions in the 
atmosphere. When a meteorological study indicates that there will be frequent 
unfavourable conditions, great attention must be paid to air cleaning and to 
tight containment in case of a reactor release. An excellent summary of the 
application of these principles has been given by Fuquay (34).

Control oí waste at the source
The primary measures for the prevention of atmospheric pollution are limit

ing the generation of such airborne wastes and effective air cleaning. The first 
of these is a matter of careful plant design and operation, and detailed studies 
in advance of construction can do much to eliminate unnecessary generation 
of wastes. Enclosure of operations permitting the use of minimum quantities 
of ventilation air, wet handling methods, and continuous rather than batch- 
operations all contribute to the reduction of airborne wastes. Where it is possible, 
periods of decay before processing will further reduce the waste to be handled.

Air cleaning is a very large subject which cannot be covered in detail in this 
paper. The work of Silverm an at the Harvard Air-Cleaning Laboratory has 
been outstanding in this field and he has published brief reviews on this 
subject (35, 36). The annual progress reports of the Air-Cleaning Laboratory 
contain much more detailed information. Only a very brief outline of air- 
cleaning methods will be given here. Gases are usually extremely difficult 
to clean from an airstream, and this is particularly true for the non-active or 
noble gases. For very small airstreams, such gases can be removed by low- 
temperature adsorption on charcoal; however, no more than a few cubic 
metres of gas can be handled in this manner. Since the radioactive forms of 
these gases have relatively short half-lives, they may be compressed and stored 
until they decay, but here also only very small quantities can be handled 
economically. In most cases, the most satisfactory control is by dispersion 
through high stacks. Iodine may be removed by scrubbing with alkali, by ad
sorption on charcoal and by absorption on silvered surfaces. Scrubbing 
methods have also been used on such gases as C14 dioxide and S75 dioxide, 
which may be produced during incineration of wastes containing these isotopes.

For particulate removal, there are a wide variety of methods available of 
which filtration is most widely used, particularly for the final cleanup. Very- 
high-efficiency papers have been developed which will remove 99 .96%  of
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0.3 particles, but such papers are expensive and should be preceded by lower- 
cost, less-efficient collectors as prefilters. High-efficiency filtration may also 
be accomplished by means of glass fibres in extended-layer, deep-bed filters. 
Graded layers of sand and gravel have been used in a similar manner, although 
the glass fibres are more compact for similar effectiveness. Cloth bag filters 
have long been used in industry and are still of value where heavy dust loadings 
are anticipated and where extremely high-efficiency is not required. More 
recently, the development of the reverse-jet self-cleaning filter permits the use 
of higher filtration velocities and, hence, a reduction in the number of bags. 
For large-particle-size material, or for precleaners before high-efficiency devices, 
inertial cohectors such as cyclones are still used. W et scrubbers, spray washers, 
wet filters and cyclone scrubbers are also available for cleaning air containing 
corrosive acid mists and large-size particulate matter. Venturi scrubbers are 
more efficient for medium-size particulate matter and will also remove corrosive 
mists with high efficiency.

In summary, the engineer has available a large variety of cleaning techniques 
that can be applied to specific types of aerosols. High-efficiency cleaning is 
possible but it is quite expensive and will remain so. The present state of the 
art of air cleaning is adequate for immediate problems but must continue to 
develop as the peaceful uses of atomic energy increase in number and variety. 
Fortunately, the engineer dealing with the necessity of cleaning airborne wastes 
has no problem comparable to that presented by the huge quantities of liquid 
waste now held in storage. The very nature of his material requires that the 
problem be faced as soon as it arises.

There are close relations between airborne and liquid and solid waste 
disposal operations, particularly in reference to ultimate disposal of the waste. 
Practically any method for cleaning waste from gas streams merely converts 
it into a solid or a liquid waste which then must be eliminated in some manner. 
However, for most industrial plants, the volumes o f liquid and solid wastes 
created by air-cleaning processes are relatively small and add little to the al
ready existing liquid and solid waste disposal problem. For dry systems, parti
cularly, these volumes are small but the waste material is highly concentrated 
in the filter or other cleaning devices and may require special handling tech
niques to prevent a health hazard during the filter-changing operation. The 
aim of airborne waste control in nuclear plants has not been to put the waste 
in some ultimate harmless form, but to convert it into some concentrated form 
as a solid or as a liquid. This aim is being met, but the cost is high compared 
with air-cleaning costs in other industries.

On the other hand, certain newer liquid-waste disposal methods may create 
airborne waste problems, as for example the fluidized-bed technique. In this, 
liquid waste is dried by adding it to a fluidized bed through which high-tem- 
perature air is forced. The effluent air then must be cleaned and released to the 
atmosphere. Similar problems are created by the incineration of combustible 
solid wastes. There is also some interest now in high-temperature gas-cooled 
reactors with unclad fuel elements. Such reactors have the advantage of 
removing the fission products from the fuel elements continuously as a vapour, 
permitting long life of the fuel elements without reprocessing. Thus, the liquid 
waste problem from dissolving operations in reprocessing is converted to a 
gas-borne waste problem.

From this discussion, it may be seen that safe disposal of radioactive wastes 
into the atmosphere is limited by complex factors, many of which are not within
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the control of the plant designer. Recognition, evaluation and control of poten
tial hazards must be the constant duty of qualified personnel with an under
standing of meteorology, biology, physics, and engineering. This involves not 
only consideration of present hazards but complications produced by the in
creasing use of atomic energy by many plants in the same industrial area. It  
may be anticipated that many new designs in the reactor field will create new 
pollution problems and that simultaneous and rapid advances will be required 
for the control of airborne as well as of liquid and solid wastes.
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O N  T H E  W A S T E  D I S P O S A L  P O T E N T I A L I T Y  O F  
T H E  A T M O S P H E R E

Abstract
The whole scale of atmospheric mixing, transport and removal processes 

is reviewed. Certain measurements indicate replacement of stratospheric air 
within about two years, making high-altitude disposal of radioactive waste 
materials even less attractive than earlier assumed. Deposition of radioactive 
materials is to some extent systematically non-uniform, and permissible levels 
of atmospheric radioactivity should be based upon the probable hazards in the 
most exposed regions, e.g. regions of considerable orographic precipitation.

In connexion with the measurement of atmospheric radioactivity, it is 
pointed out that sampling techniques should cover the probable effects of 
gradual changes in particle sizes, and removal of particles by settling, impinge
ment and absorption on vegetation and buildings etc.

Meteorological problems in connexion with radiation monitoring and warning 
systems are discussed in relation to reactor operations. Technical details of 
relatively simple warning systems are given.

P O S S I B I L I T E S  D ’ E L I M I N A T I O N  D E S  D E C H E T S  R A D I O 
A C T I F S  D A N S  L ’ A T M O S P H E R E

Résumé
Les auteurs examinent l ’ensemble des processus suivant lesquels les déchets 

radioactifs sont brassés, transportés et dispersés dans les couches atm o
sphériques. Certaines mesures indiquent que le renouvellement des masses 
d ’air stratosphériques se fait' en moins de deux ans environ; la possibilité 
d ’éliminer les déchets radioactifs dans les couches supérieures de l ’atmo
sphère semble donc encore moins séduisante qu’elle ne le paraissait tout 
d ’abord. On peut dire que, dans une certaine mesure, le dépôt des substances 
radioactives s’effectue systématiquement de façon non uniforme; pour déter
miner le taux de radioactivité atmosphérique admissible, il faut donc se baser 
sur les risques probables encourus dans les régions les plus exposées, par 
exemple dans les régions à fortes précipitations orographiques.

En ce qui concerne la mesure de la radioactivité atmosphérique, les 
techniques d’échantillonnage devraient tenir compte des conséquences pro
bables de la diminution progressive des dimensions des particules et du fait 
qu’un certain nombre de facteurs contribuent à l'élimination des particules: 
sédimentation, collision et absorption par la végétation et les bâtiments, etc.

Les auteurs étudient, sous l ’angle du fonctionnement des réacteurs, les 
problèmes météorologiques qui ont une influence sur les systèmes de contrôle 
et d ’avertissement. Ils donnent des indications techniques détaillées sur 
plusieurs systèmes d’avertissement relativement simples.

К ВОПРОСУ О ВОЗМОЖНОСТИ У ДА ЛЕ НИЯ  о т х о д о в  в
А Т М О С Ф Е Р У

Резюме
Рассматривается общая схема атмосферных процессов смешения, переме

щения и рассеивания. Определенные измерения указывают на смену воздуха 
стратосферы за период примерно в два года, что более определенно указывает
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на нежелательность удаления радиоактивных отходов на больших высотах, 
чем это считалось ранее. Осаждение радиоактивных материалов в какой-то 
степени является систематически неоднородным и допустимые уровни атмо
сферной радиоактивности должны основываться на возможной угрозе в наи
более загрязненных радиоактивностью районах, например, в районах со зна
чительными орографическими осадками.

В связи с измерениями атмосферной радиоактивности отмечается, что методы 
взятия проб должны учитывать вероятное воздействие постепенных изменений 
в практических величинах и удаление частиц в результате оседания, сталки
вания и поглощения при попадании на растения и строения и т.д.

Метеорологические проблемы в связи с контролем над радиацией и преду
предительными системами рассматриваются в связи с работой реакторов. 
Даются технические детали сравнительно простых предупредительных систем.

S O B R E  L A  P O S I B I L I D A D  D E  E V A C U A R  D E S E C H O S  
E N  L A  A T M O S F E R A

Resumen
El autor de la memoria examina toda la gama de los procesos de mezcla en 

la atmósfera, transporte y  evacuación. Ciertas mediciones indican que el aire 
estratosférico se renueva aproximadamente cada dos años, lo que hace todavía 
menos atractiva de lo que se suponía la evacuación de desechos radiactivos a 
gran altitud. Hasta cierto punto la precipitación de materias radiactivas no 
es sistemáticamente uniforme, y  los niveles admisibles de radiactividad atmos
férica deberían basarse en los riesgos probables en las regiones de máxima 
exposición, es decir, aquellas regiones montañosas en que las precipitaciones 
son muy abundantes.

En conexión con la medición de la radiactividad atmosférica, se hace observar 
que los sistemas de muestreo deberían tener en cuenta los efectos probables 
del cambio gradual del tamaño de las partículas y  la eliminación de partículas 
por precipitación, colisión y  absorción en las plantas, edificios, etc.

En la memoria se examinan los problemas meteorológicos relacionados con 
el monitoraje de la radiación y  los sistemas de alarma en conexión con el fun
cionamiento de reactores. Se dan detalles técnicos de algunos sistemas de alarma 
relativamente sencillos.

ON THE WASTE DISPOSAL POTENTIALITY  
OF THE ATMOSPHERE

S. H . S m a l l  a n d  P. B. St o r e b o  
N o r w e g ia n  D e f e n c e  R e s e a r c h  E s t a b l is h m e n t  

N o r w a y

Introduction
In planning the operation and location of a nuclear plant many factors 

have to be considered— labour and construction costs, marketing possibili
ties, water supply and so on. Nevertheless a reasonably safe disposal of radio
active waste material is a vital consideration at the moment, since acceptance 
of nuclear industry by the general public could depend on this.
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This paper deals with the problem of keeping air pollution by radioactive 
materials as small as possible. A t all costs it seems necessary to avoid the old 
recurring pattern of industrial history— the setting-up of a plant, the discovery 
of a pollution problem and the subsequent attempts to limit the operation of 
the plant.

The atmosphere might be considered as a sort of transition storage whose 
capacity depends in any one case on the place of insertion, the rate of insertion 
and the corresponding' rate of deposition.

It is of practical importance to increase insertion rate as far as possible with
out causing a nuisance. Sometimes this can be done by increasing the deposition 
area, and sometimes by increasing the time spent in the atmosphere. Measures 
taken to bring about improvements in one way might at the same time bring 
about improvements in the other way.

Insertion is limited either by restrictions on air concentrations of radioactive 
materials (density of storage) or by the need to avoid excessive levels of activity 
in the environment and in foodstuffs (deposition per unit ground area of 
materials from storage).

The nature of the problems involved depends to a great extent on the scale 
of the meteorological processes involved.

The local scale

Air concentrations and deposition in the neighbourhood of a pollution source 
change with the weather. Unfavourable weather conditions usually occur 
during calm periods when high-pressure centres dominate the area, giving 
rise to extended or local inversions at rather low altitudes. Much work has 
been done to investigate what happens during extreme weather conditions, 
mostly by investigating turbulent diffusion patterns or diffusion constants.

Provided the object is to determine the worst possible conditions in the event 
of an accident, this approach is justified. I f  the object is to determine what 
happens when waste materials are released during favourable weather conditions 
and stored at other times, measurements in specific conditions are indeed 
essential.

Ordinary air pollution is often an acute hazard. I f  it is accepted that rather 
small levels of radioactive radiation are a long-term hazard, acute radiation 
hazards should not appear if the mean level of radioactive pollution is low. 
It is unlikely that the weather could be so consistently unfavourable that 
acute dangers could occur. As long as the rate of insertion is restricted in order 
to keep radioactive pollution at a low level, it seems inappropriate to worry 
about weather situations resulting in higher levels for short periods.

Interest should therefore be directed towards time mean measurements more 
than towards measurements in specific weather situations. The mean pollution 
level at any point is an integrated effect of pollution levels in specific weather 
situations and of the frequencies of these situations. The area of highest mean 
concentrations of radioactivity need not be the area of highest concentrations 
in the most unfavourable weather situations. The. climate may be such that 
these situations occur only seldom and for short periods.

W e can now examine the features which decide the magnitude of the insertion 
rate:

Good vertical dispersal is most important for long storage times, and good 
horizontal mixing is most important for widespread deposition. A  pollution
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source should therefore not be sited in valleys where frequent local inversions 
restrict vertical mixing and where higher ground restricts horizontal spreading. 
A  hill in a rather rough and windy area might be a convenient site.

The area of heaviest deposition around a pollution source may extend some 
tens of kilometres. As the atmospheric storage capacity and deposition pattern 
may vary considerably for closely neighbouring sites, local-scale considerations 
can be of help in deciding the best site.

The medium scale

Atmospheric storage times and deposition patterns for different isotopes 
vary according to their chemical and physical properties. Some materials are 
not easily deposited and will be widely spread. Such materials will also be found 
in definite patterns around a pollution source, depending on the integrated 
effect of diffusion and weather frequency. The distances involved are measured 
in hundreds or thousands of kilometres, and pollution from different reactors 
can overlap.

The permissible levels of contamination for medium-scale mixing for any 
one plant must not seriously affect the operation of other plants. Siting must 
not be too close, and the number of plants in a country might even be limited 
because of this. Medium-scale considerations will be helpful in determining 
optimal site distribution and insertion limits for different countries.

Medium-scale problems have not yet arisen to any great extent in practice, 
and very little research has been done. Some meteorological factors can 
however be pointed out:

The maximum atmospheric storage capacity will vary from one country to 
another because of purely climatological factors, such as wind conditions, air 
stability and precipitation. Calculations and measurements will therefore not 
be transferable from one place to another.

The areas concerned are large enough to contain systematical changes in 
weather conditions. The radioactivity levels expected in the least favourable 
places should therefore decide what the overall permissible levels can be. An  
example may be places where extra precipitation is formed systematically due 
to the shape of the land. Such orographic precipitation might pick up isotopes 
from large masses of air and concentrate them over fairly small areas.

Very few experiments have been made to investigate turbulent diffusion on 
this scale, and radioactive materials may in fact be the only effective tracers. 
The variation of medium-scale air currents is the basis of most weather fore
casting. Calculations could be made for different configurations of pollution 
sources.

As an example we have calculated the relative deposition of fresh mixed 
fission products in terms of integrated radiation dose for a configuration of 
two identical pollution sources, when deposited activity. decays with time t 
after release, to be t~ 0-8. The wind in the district is assumed to have a normal 
distribution with the mean 280° 18 kts and vector standard deviation 36 kts. 
The deposition close to the pollution sources is not taken into account, and no 
special distribution of precipitation is considered, which could make deposition 
dependent on direction as well as time.

The theory is developed in the appendix and the result is shown graphically 
in Fig. 1. The broken lines give the deposition pattern for each pollution source,

128



Fig. 1
Mean wind

the heavy lines the composite deposition pattern. Doses are doubled from one 
contour line to the next inside.

The interesting feature of this figure is that heaviest deposits occur east of 
the sources. This will more or less be the case in the westerlies. Provided popu
lation distribution is taken into account, this indicates that pollution sources 
should preferably be sited on eastern seaboards. In the trade-wind zones, with 
easterly winds, west coasts might be preferablè.

The global scale

Very little of the waste disposed into the atmosphere will be deposited on a 
world-wide scale. However, the total insertion rate for global-scale disposal must 
be kept so low that operation of plants in any district is not likely to be affected. 
The global-scale insertion limit might vary somewhat according to the distri
bution of insertion.

Since the deposition area already comprises the whole world and cannot be 
extended, one is left with the possibility of increasing atmospheric storage 
capacities and storage times by increasing vertical dispersal.

The more unstable the atmosphere, the greater the extent of vertical dis
persal. As the tropics are the world areas where instability is most pronounced, 
this seems to point to them as the best sites for pollution sources.

However, the best solution would be areas where there exist orderly rising 
air currents which could sweep away radioactivity.
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B r e w e r  (1) has suggested a slow rising air current through the tropical 
tropopause. This theory is supported by fairly recent measurements, and a 
stratospheric residence time of about two years is indicated (2) for tiny particles 
and gases. Such a long time might be useful in connexion with disposal of 
certain waste isotopes. The theory provides an additional reason for considering 
the tropics as a suitable place for groups of pollution sources.

An orderly upward current in the tropics demands a downward current at 
higher latitudes. This limits the global-scale atmospheric storage capacity for 
pollution sources here. The atmosphere at higher latitudes is also more stably 
stratified.

The higher latitudes seem less attractive than the tropics for siting groups 
of pollution sources.

The stratospheric residence time for smaller particles was earlier assumed 
to be 5— 10 years, and suggestions were made about high-level disposal of 
solid radioactive waste by means of rockets. The reduced figure of 2 years 
makes this type of disposal less attractive, even if no problems existed in 
dividing the waste into submicron particles possessing no significant settling 
rate.

A  most important feature of global-scale disposal is the ultimate deposition 
pattern of the waste. Some indications are given by measurements of nuclear 
bomb debris, provided these are used critically. Nuclear bomb debris is however 
put into the atmosphere at much greater altitudes than reactor waste, and 
deposition is probably more influenced by stratospheric air movements. The 
very low levels of bomb-debris deposition found in the tropics (3) ought not 
to be taken as an indication that little deposition from ground sources will 
occur here.

It seems fairly well established that quite a lot of radioactive material is 
brought down by precipitation, and some districts will get more than their 
share.

World precipitation maps show restricted areas with large amounts of preci
pitation and show in addition that large, rather local differences may be ex
pected. W hen discussing the maximum permissible deposition rate this feature 
should be considered, because measurements of deposition in the most exposed 
districts must be decisive.

To illustrate the differences, it can be mentioned that for the last three 
years the Norwegian Defence Research Establishment has measured radio
active deposition in Bergen at the west coast of Norway and at Kjeller at the 
south-eastern part of Norway. The mean deposition of bomb debris for the last
3 years at Bergen has been about twice the deposition at Kjeller. The difference 
in precipitation amounts is about the same.

Measurements of atmospheric pollution by radioactive waste

For a scientific study of waste disposal to the atmosphere systematic obser
vations are made at selected places, the purpose of most investigations being 
to find out how much radiation from waste materials is likely to be absorbed 
by human beings. Measurement programmes are therefore designed to provide 
representative values of air activity, deposited activity, drinking water activity 
and of activity in the diet.

Where only small amounts of activity are released it is usually best to mea
sure mean values over fairly long periods. However, most measurement pro-
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grammes include more continuous observations to check that waste disposal 
is proceeding according to plan and to give warning of sudden increases in 
radiation levels.

Samples of radioactive gases and vapours are collected over fairly long periods 
by some form of absorption or chemical extraction or by condensation. Samples 
of suspended particles are collected by drawing air through a suitable filter, 
but since larger particles which settle rapidly are not drawn into the filter, the 
sample consists mainly of rather small particles. Deposited materials are 
collected on sticky surfaces or in pots or funnels.

Where filter papers are used, the collected material mostly becomes embedded 
near the surface and can be measured by wrapping the filter paper around a 
cylindrical counting tube. An end-window counter tube can also be used after 
ashing the filter.-

Materials are sometimes extracted by ion-exchange during collection of a 
wet sample, a method pioneered in Sweden (4).

Individual isotopes can be determined after chemical extraction or by 
examination of beta and gamma spectra.

W aste materials are sometimes found in unlooked-for aggregate forms. 
Increases of particle activity due to accidental releases of radioactive iodine 
vapour have been observed on several occasions at Kjeller and are probably 
due to absorption on particles in the air.

Fig. 2 is particularly interesting in this connexion. The difference between 
the activity sizes of the radioactive particles shown in the autoradiographs

i. .■ _ л *

wv..- ■- w ;\7

Fig. 2b 9 /3 1959 
Fine clear weather

Fig. 2a 5/3 1959 
Foggy weather with continuous 

light rain
Autoradiographs of air filters containing iodine-131 accidently released to the atmosphere 
in vapour form, about 100 m  from the sampling point. It seems that the vapour has been 
absorbed to some extent on suspended particles, and that these may be more numerous 

and perhaps larger during dry weather

is what might be expected in view of the weather conditions on the two oc
casions. This probably points to the need for rather more meteorological 
appraisal of inhalation hazards.

The problem of choosing sampling sites is not an easy one. Population 
groupings are important and small-scale abnormalities due to rather isolated
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buildings and trees must if possible be avoided. Consideration has to be given 
to larger-scale irregularities which may be important health considerations. 
Typical of these are the concentrations caused by inversions, by systematic 
differences in amounts of rainfall, by vegetation, and by peculiarities of wind 
structure and air-flow due to the nature of the terrain.

Some help might be obtained from climatological data, if these are available, 
and from measurements of natural and artificial air activity, but the opinion 
of the qualified meteorologist is undoubtedly the best starting-point in selecting 
sampling sites.

Use of measurements

Data are very often presented with estimation of radiation doses in mind. 
This is of little help when planning new installations, because we have to 
know what determines pollution and deposition patterns.

The bulk of the measurements can be used in compiling radioactivity statis
tics for investigating possible relationships with meteorological elements. 
Given enough data, it should be possible to estimate mean values of storage 
capacities and storage times for insertion at different places. It will however 
take many years before global-scale assumptions about stratosphere storage 
can be checked statistically.

A n  important problem is how air activity and deposition are related. Mixing 
or interchange is important in controlling the density of materials in the atmos
pheric store, but may have less effect upon deposition rates. Deposition mea
surements at the moment probably do not give satisfactory estimates of depo
sition rates all over the world, when oceans, deserts, forests, mountains and 
snowfields are included.

A  step in the right direction might be achieved if deposition is classified 
according to weather type. It might be possible to estimate the extent of dry 
deposition over fairly large areas from measurements of daily variations of 
air activity.

For example, the mean daily variation from three-hourly samples of long- 
lived activity during March and April 1959, 10 m above the ground at Kjeller, 
was approximately 0.6 цц c/m 3, when mean activity was approximately
3 [лц c/m 3 (5). By assuming that the extent of variation at 10 m was an average 
value for a daily variation throughout a surface layer of 20 m thickness, the 
mean dry deposition was estimated as 20 X  0.6 =  12 и/л c/'m2/24 hrs.

Since renewal of activity from above has been disregarded, this figure is 
probably too small. It  can in any case be increased by a factor of 5 if calcul
ations are restricted to days on which diurnal variation was really apparent 
(calm and fair weather).

Funnel collection of deposited materials gave a mean value for dry deposition 
of about 100 c/m 2/24 hrs during the period.

Radiation warning at Kjeller

In the Kjeller area inversion conditions tend to prevail during the winter 
half-year and measurements of natural air activity in particular have shown 
that cold-air drainage from higher ground tends to form low-level inversions 
at night throughout the year (6). Local topography is such that air flows from
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Sketch map of Kjeller district showing proposed sites for monitoring equipment. Control 
functions can if  necessary be transferred from (1) to (2)

Fig- 3
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Kjeller inthe general direction of Lillestrom, a town of about 10,000 inhabitants 
roughly 2 km away from the reactor site at the Joint Establishment for Nuclear 
Energy Research (JEN ER).

The Norwegian Defence Research Establishment is at present working on an 
economical solution to radiation warning problems. It has been decided to set 
up a number of permanent stations as shown on the map, Fig. 3, each station 
being equipped with a sensitive counting tube exposed to radiation from the 
ground.

Counting tube pulses will be transmitted over existing telephone lines to a 
control room at JE N E R  and if necessary to another control room about 1 km  
away. The technical design of the system is shown schematically in Fig. 4.

Both the N D R E  and JE N E R  have in operation equipment for measuring con
centrations of suspended particles for routine control and monitoring purposes. 
I f  necessary the equipment can be used in addition to the exposed counting 
tubes.
' It is becoming increasingly necessary to monitor radiation levels on a wider 

scale, making transmission of automatic measurements desirable over several 
hundreds of kilometres.

Conclusions

The concept of mean atmospheric storage times and storage capacities can 
be useful in many cases. The scale of the meteorological processes involved 
depends on where waste materials are inserted into the atmosphere and on the 
time taken before deposition. A t the moment small-scale processes are most 
important from the health point of view, but medium- and large-scale processes 
will become increasingly important.
• Measurements have shown the importance of precipitation on deposition of 
small particles, but the extent of dry deposition is largely unknown. There are 
indications that it may be considerable. New measurements of air activity 
might be helpful in estimating dry deposition and examining possible relation
ships between variations in concentrations of suspended and deposited materials.

In order to follow slow changes in radiation levels it is necessary to stan
dardize measurement techniques and choose representative sampling sites all 
over the world. Measurement data can then be examined in much the same way 
as weather data. For practical reasons most data will be in the form of mean 
values over fairly lengthy periods, but a number of rather more continuous 
observations will be available because of control and warning requirements.

It is possible to see systematic irregularities in deposition patterns, due to 
meteorological influences, and these can be important health considerations. 
Sites for nuclear installations should also be chosen with these irregularities 
in mind.

A P P E N D I X
Deposition calculation

Radiation from mixed fission products varies with time t after fission as 
t -1 -2, and the integrated dose over values of t from t to oo varies as t -0 -2. 
During constant wind conditions, the fission products will be spread to some 
extent by sectors after release from the reactor. The radial distribution of 
deposition will depend on the wind force v. I f  release occurs just after fission
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and total deposition varies with time as t -0 -8, conditions will be very simple. 
The radial variation of integrated dose will then be

I (r) =  С • t~ 0-2 • t -0 '8 • Г-1  == С • (1)

When normal distribution of winds is assumed, and V m is the mean scalar 
wind, a is the standard vector deviation, v is the actual wind and cp is the 
angle between the mean and actual winds, the frequency distribution is given
by

T? / \ 1 Г v2 +  Vm2 — 2Vm • v • cos (p "I , л /0 \
F  К  Ч>) =  ' exp L--------------- — g2 -—J • v • dv • d <p (2)

I f  it is assumed that sector width does not vary with wind direction, the
mean distribution of deposition around a reactor is found by multiplying
(1) and (2) and integrating from v =  0 to v = o o .

W ith x =  ■ cos 9? the following equation is found :

b • r2 =  |x2 +  y ) • ex2[l ±  erf ( ±  x)] +  (3)

Upper signs for x > 0 ,  lower signs for x < 0 .
In this equation, b is a constant proportional to the integrated dose. When  
deposition fields for several reactors overlap, the resulting value for any point 
may be found simply by adding the b ’s.

In Fig. 1 this has been done for two equal reactors when the mean wind 
is 280° 18 kts and the standard vector deviation is 36 kts. Full lines indicate the 
resulting field, broken lines indicate fields for single reactors. The integrated 
dose doubled from one curve to the next inside.

Instrumentation for control and warning purposes will become increasingly 
important. Disasters in the nuclear industry could be anticipated and countered 
more easily by transmitting measurements to suitable centres. This could be 
a considerable economic advantage since one or two centres could take care 
of the health aspects of waste disposal for many installations.
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ECONOMIC ASPECTS OF AIR AND GAS CLEANING FOR 
N U CLEAR E N E R G Y  PROCESSES

Abstract
In this paper the basic requirements for control of gaseous and particulate 

effluents are given as applied to problems of feed material production, isotope 
separation, fuel element fabrication, fuel recovery and reactor operation. 
There are also instances where non-radioactive nuclear materials with toxic 
or nuisance effluents such as from beryllium and zirconium production are 
of concern and these too must be controlled at reasonable costs.

The factors involved in capital and operating costs of gas cleaning equip
ment and the types of applications in the United States are described in 
some detail. Gaseous effluent problems have, of course, been attacked and 
controlled by several types of device but their performance has been measured 
on a comparable basis. It is thus possible to judge operating characteristics 
on an economic basis as related to power consumption, adsorbent costs, 
space charges, corrosion problems and other operational factors.

The United States Atomic Energy Commission through its contract with 
the Harvard University Air Cleaning Laboratory has initiated an evaluation 
program with cooperation, from the various facilities and contractors to the 
Commission. In this study the basic factors necessary to obtain quantitative 
cost delineation and evaluation have been outlined and some preliminary 
findings will be presented. The paper also presents a review of other economic 
studies made in the United States on particular process or facility appli
cations.

ASPECTS ECONOMIQUES DE L ’EPURATION DE L ’AIR ET  
DES GAZ AU COURS DES OPERATIONS NUCLEAIRES

Résumé
Le mémoire définit les règles fondamentales auxquelles doit obéir le contrôle 

des effluents gazeux et particulaires dans les domaines suivants : production 
des matières destinées à alimenter les réacteurs, séparation des isotopes, 
fabrication des cartouches de combustible, récupération du combustible et 
fonctionnement des réacteurs. De plus — et c’est notamment ce qui se passe 
avec la production de béryllium et de zirconium —- il y a des cas où des matières 
nucléaires non radioactives ont des effluents toxiques ou nuisibles, qui doivent 
également faire l’objet d’un contrôle relativement peu onéreux.

L’auteur du mémoire procède à un examen détaillé des facteurs qui inter
viennent dans le prix d’achat et les frais d’exploitation du matériel d’épuration 
des gaz; il décrit en outre les divers systèmes utilisés aux Etats-Unis. On 
s’est naturellement efforcé de résoudre le problème des effluents gazeux 
et plusieurs systèmes ont été mis au point à cet effet mais on a en outre mesuré, 
en données comparables, leur degré d’efficacité. On est ainsi en mesure de 
procéder, du point de vue économique, à un examen critique des différentes 
caractéristiques de fonctionnement en ce qui concerne la consommation 
d’énergie, les dépenses relatives à l’adsorption, le coût de l’encombrement, 
les problèmes de corrosion et d’autres aspects du fonctionnement des appareils.

En exécution d’un contrat conclu avec le Laboratoire d’épuration de l’air 
de l’Université d’Harvard, la Commission de l’énergie atomique des Etats- 
Unis a entrepris la réalisation d’un programme d’évaluation en collaboration 
avec les diverses entreprises ou personnes privées auxquelles la Commission
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a octroyé des contrats. Cette étude a déjà permis de déterminer quels sont 
les facteurs à prendre en considération pour dresser un schéma des coûts 
et analyser ceux-ci; certaines conclusions préliminaires seront ultérieurement 
formulées. Le mémoire donne en outre un aperçu des autres études économiques 
qui ont été effectuées, aux Etats-Unis, sur certains procédés ou applications 
particuliers.

Э К О Н О М И Ч Е С К И Е  А С П Е К Т Ы  О Ч И С Т К И  В О З Д У Х А  И Г А З А  
П Р И  Я Д Е Р Н Ы Х  П Р О Ц Е С С А Х

Резюме
В настоящем докладе приводятся основные требования по контролю за 

газовыми и жидкими образованиями; эти требования касаются проблем про
изводства исходных продуктов, разделения изотопов, производства топливных 
элементов, регенерации горючего и эксплуатации реакторов. Имеются также 
случаи, когда нерадиоактивные ядерные материалы, обладающие токсичностью 
или незначительным жидкостным образованием (к ним, например, относятся 
производство бериллия и циркония), представляют интерес, и на них также 
должен распространяться контроль с умеренными расходами.
ч Довольно подробно описываются факторы, связанные с капитальными и 

эксплуатационными расходами оборудования по очистке газа, а также при
меняемые в США методы. Удаление газов осуществлялось и контролировалось 
при помощи нескольких типов приборов. Однако эти мероприятия проводились 
на сравнительной основе. Таким образом стало более или менее возможным 
судить об эксплуатационных характеристиках на экономической основе в 
сочетании с такими проблемами, как потребление энергии, стоимость адсор
бентов, стоимость помещений, коррозия и другие эксплуатационные факторы.

Комиссия по атомной энергии Соединенных Штатов по контракту с лабо
раторией по очистке воздуха при Гарвардском университете разработала 
программу оценки; для этого Комиссия воспользовалась различными услугами 
заводов и подрядчиков. В этом исследовании намечены основные факторы, 
необходимые для получения данных о количественной стоимости; будут пред
ставлены некоторые предварительные результаты. В докладе также дается об
зор других экономических исследований, которые проводятся в Соединенных 
Штатах, в отношении конкретных процессов или применяемого оборудования.

A S P E C T O S  E C O N O M IC O S  D E  L A  D E P U R A C I O N  D E L  A I R E  
Y  D E  L O S  G A S E S  E N  L O S  P R O C E S O S  D E  O B T E N C I O N  

D E  E N E R G I A  N U C L E A R

Resumen
En este trabajo, el autor enuncia las normas básicas a las que ha de ajus

tarse el control de los efluentes gaseosos y  en forma de partículas en las si
guientes esferas: producción de materiales para reactores, separación de isó
topos, elaboración de elementos combustibles, recuperación de combustibles 
y  funcionamiento de reactores. Existen asimismo casos (producción de berilio 
y  zirconio, por ejemplo) en los que ciertos materiales nucleares no radiactivos 
dan origen a efluentes tóxicos o nocivos que deben también ser evacuados 
sin incurrir en gastos excesivos.

El autor describe con cierto detalle los factores que influyen en el pre-- 
cio de costo y  en los gastos de funcionamiento de los equipos de depuración
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de gases, así como los diferentes sistemas utilizados en los Estados Unidos. 
Naturalmente, los problemas que plantean los efluentes gaseosos han sido 
abordados y resueltos mediante varios tipos de dispositivos, pero el rendi
miento de éstos ha podido medirse en términos comparables. Por lo tanto, 
resulta posible evaluar los aspectos económicos relacionados con el consumo 
de energía, coste de los materiales adsorbentes, necesidades de espacio, proble
mas de corrosión y  otras características de funcionamiento de los aparatos.

En virtud de un contrato concertado con el Laboratorio de Depuración del 
Aire de la Universidad de Harvard, la Comisión de Energía Atómica de los 
Estados Unidos ha iniciado un programa de evaluación en cuya ejecución 
cooperan diversos laboratorios y contratistas de la Comisión. En la memoria 
se enumeran los factores básicos que se han de tener en cuenta para definir 
y analizar los costos y se presentan algunos resultados preliminares. Asi
mismo, se describen otros estudios de carácter económico llevados a cabo 
en los Estados Unidos sobre el empleo de determinados procesos o instala
ciones.

ECONOMIC ASPECTS OF AIR AND GAS 
CLEANING FOR NUCLEAR ENERGY PROCESSES

L e s l ie  Sil v e r m a n
'Pro fesso r  of  E n g in e e r in g  in  E n v ir o n m e n t a l  H y g ie n e , H a r v a r d  School  

of  P u b l ic  H e a l t h , B o st o n , M a s s .
U n it e d  St a t e s  of  A m e r ic a

The cleaning of radioactive particulates and gases from nuclear energy 
processing operations generally differs from requirements for non-radio
active operations because of the inherent toxicity of the materials involved. 
However, a second problem which frequently arises in the case of radioactive 
materials is that the cleaning device or filter unit may become a source 
of direct radiation and this imposes handling restrictions or special controls. 
In the early days of establishing gaseous and particulate effluent control 
from nuclear materials processing, emphasis was placed upon meeting radia
tion hygiene and environmental control requirements rather than giving 
any major consideration to costs. In fact, this attention to meeting radio
logical physics standards was the guiding factor in selection as well as develop
ment of devices with efficiencies at least one order of magnitude better (99.9% )  
and usually two (99.99% ) than those used in reduction of effluents for ordinary 
commercial applications (99% ).

Often such performance could only be obtained by utilizing one or more 
collecting devices in series or a combination of a roughing or precleaning 
device followed by a unit of higher efficiency. In many of our present appli
cations such systems are still necessary. Before selection of control equipment 
or for indicating that any special developments of air and gas cleaning devices 
must be undertaken, some recognition of the nature of the contaminants 
which may be encountered is desired. The specific information necessary 
includes all of the gas or particle parameters. For example, for gases it is 
necessary to know their solubility, vapour pressure, reaction rates, adsorp
tion characteristics, specific activity, half-life, nature of emission, com
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bustibility_ and concentration. In the case of particulates or aerosols it is 
necessary to have much of the same data, such as the radioactive parameters 
as well as particle size, size distribution, shape, surface area and nature, 
solubility, specific gravity, electrostatic charge, and in some cases such items 
as packing characteristics, bulk volume, hygroscopicity, as well as loading 
or concentration. In addition, for liquid or volatile solids, vapour pressure 
and solubility should be known.

The application of air and gas cleaning devices in the nuclear process 
industry has progressed to the point today where many of the parameters 
for radioactive gases and particulates have been reasonably well defined 
for many production or large-scale processes. It should be pointed out that 
improved techniques or changes in old processes, as well as new types of 
applications, are being developed, so that a substantial portion of the con
taminant control problem will remain in a state of flux. Delineation in many 
cases has been accomplished by sampling of process effluents or off-gases 
and by monitoring or efficiency evaluations for cleaning performance. Such 
monitoring, while essential for the protection of the environs if done on a 
thorough basis with a regard to evaluating particle and gas parameters, 
is often a useful procedure for arriving at a sound economic assessment.

It is essential in making any evaluation of costs, both capital and operating, 
for cleaning or decontaminating devices, to relate them to the actual per
formance data. Thus, in the case of air and gas cleaners it is essential to know 
efficiency or decontamination factors or indices, resistance or pressure loss 
through the cleaning device, and lastly, the useful operating life or period 
of the equipment or functioning component involved.

In the case of radioactive air and gas cleaning where high performances are 
specified, we utilize different expressions from those used in conventional cleaning 
nomenclature. For values up to 90% , removal efficiency is usually specified, 
but beyond this limit we may use penetration (p) = ( 1  —  efficiency) or 
decontamination factor

  Initial concentration   U . . .
' Final concentration D

or decontamination index (DI) which is the log of the D F  or

D I =  log D F  (2)

On this basis, efficiency, penetration, and D F are related as follows:

p =  l — rç =  10-Di (3)

In some applications D F ’s as high as 1010 or D I =  10 may be required to 
prevent the effluent from exceeding a maximum permissible limit (MPL). 
Usually the necessary performance may be derived from the MPL and the 
predicted or assessed process effluent concentration.

Air or gas flow resistances do not prove to be a limiting aspect for many 
radioactive control applications because air quantities may be relatively 
low. Since power costs are related to the product (Q A p ) of quantity of 
gas flow (Q) and resistance ( Д р), excessive power consumption is not usually 
called for in operating specifications unless both Q and Др are large values. 
The limiting factor on resistance is its rate of rise in a given installation 
since this influences how long a fixed filter or cleaner may operate before
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replacement or cleaning in place is necessary. Attention here is directed 
towards filter applications since they are by far the most common situation 
of the fixed nuclear process installations and of course show incremental 
pressure rises due to the loading of contaminant deposited.

Life of units or filtering components in the case of radioactive contaminant 
removal is of great importance and must, of course, be related to their effi
ciency and resistance characteristics. Since we are usually dealing with high 
performance devices it is obvious that we must consider practically all of the 
gas to be removed or all of the aerosol deposited. Self-cleaning or remotely 
cleaned devices are ideal for these applications but are not possible except 
under unusual situations. They do, however, represent an important research 
and development objective in this field and have been necessary in a limited 
number of cases. Filter devices of high performance can be designed to give 
a useful life up to as much as 20 years. In such instances, however, we must 
recognize process alterations and variations in this period as well as weigh 
capital and space charges and other factors in a large fixed installation. 
These factors may predominate over the cost and exposure disadvantages 
associated with frequent filter changing or cleaning.

There are a few instances in the nuclear process field where non-radio- 
active materials of a high order of toxicity are involved, such as in the case 
of beryllium, which has a toxic limit for the environs comparable to many 
radioisotopes. In this case, as with other similar materials, the methods 
of handling are comparable. There is a difference, however, in the process 
or effluent concentrations encountered and the choice of equipment necessary 
for continued economic performance is influenced by the particular situation 
involved.

In the case of certain radioactive gases, as well as particulates, where effective 
removal cannot be obtained without abnormal costs or uneconomical devices 
both from a capital or an operating viewpoint, it is necessary to resort to 
atmospheric dispersion and dilution by diffusion.

The use of stacks or tall chimneys for this purpose is not new to radio
active contaminant control, but they are highly dependent upon such extrinsic 
factors as topography and meteorology. Some indication of stack costs will 
be presented briefly. It  is common practice in nuclear energy applications 
to rely on stacks as a final dispersion device even after a fairly effective clean
ing treatment, because of the secondary benefit from dilution as well as the 
safety that is inherently provided by such devices. The failure or rupture 
of a cleaning element of an operating or loaded filter or cleaning component 
can thus be partially alleviated, depending of course upon atmospheric con
ditions at the time of the breakdown and subsequent dispersal period.

In this presentation, the nuclear energy processes for which cleaning is 
necessary will be discussed briefly. The types of control equipment for the 
various processes and their limitations will then be described.

Finally, a comparison of the existing economics of devices used for the 
control of radioactive contaminants as contrasted to non-radioactive operations 
will be given.

Nuclear energy processes requiring air and gas cleaning
Air and gas cleaning problems arise from the mining, refining, and pro

duction of uranium and thorium oxides, metals and salts. Uranium refining 
consists of the chemical processing of ore or concentrates to produce highly
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purified salts or metal. The major production of uranium salts is as uranium 
tetrafiuoride, U F 4, which is converted to U F 6. This product is transferred 
to gaseous diffusion plants to obtain isotope enrichment. Uranium and thorium  
metals are further processed into various shapes and clad to use in nuclear 
reactors. A t present in the United States there is a trend towards the substi
tution of highly purified and enriched oxides for reactor fuels in the form  
of pellets which may be placed in stainless-steel, aluminium or zirconium- 
clad fuel elements.

The usual ore-concentration processes result in dust contamination from 
mechanical dispersion and suspension in process and drying air. In a typical 
refining process, the ore concentrate is dissolved in nitric acid and then 
extracted with a solvent such as tributylphosphate (TBP) in hexane. This 
solvent extracts the uranium into the organic phase, separating it from the 
impurities. The uranium is then extracted with a water solution and concen
trated by evaporation. The purified solution is decomposed with heat, driving 
off the nitrate as oxides and producing U 0 3 in powder form. The U 0 3 powder 
is then reduced by hydrogen in a fiuidized-bed reactor to produce U 0 2, which 
may be used directly or reacted with hydrogen fluoride gas to produce U F 4. 
To produce uranium metal, the U F 4 is mixed with magnesium metal chips 
and heated. This produces molten uranium metal and magnesium fluoride 
(MgF2) slag. After the metal has solidified it may be rolled, machined, ex
truded, or pulverized. Thorium metal or salts can be produced in a similar 
manner. Powdered U 0 3, U 0 2, and U F 4 are packed for handling between 
process steps and for shipment. Some of the operations described above 
may be continuous in closed vessels whereas others are conducted on a batch 
basis which creates dust exposures.

These processes with subsequent forming and machining operations result 
in air or gas contamination by radioactive gases or particulates which range 
in sizes from large lathe chips down to submicron fine particles and aerosols. 
Such pollutants will be encountered in air or corrosive gases at room or ele
vated temperatures. Scrap metal and discharges from all operations are 
processed for recovery and these operations will often lead to airborne-particle 
dispersion.

The nuclear reactor, of course, is the primary energy and isotope producer 
and cooling air utilized in an air-cooled core or shielding for heat transfer 
and temperature control will create induced activity in gases and particulates. 
Atmospheric dust, if it passes through a neutron flux, will show induced activ
ity. Fortunately, most of the constituents in normal air will not be in the 
flux long enough to create serious amounts of activity or have a composi
tion which produces only very short-lived isotopes. A  small deposition may 
occur on the walls of the reactor to produce longer exposures to the flux, 
but the amounts of activity involved are relatively low. Rupture or erosion 
of fuel in air cooled reactors or loss of particulates from spalling or shielded 
surfaces will result in contamination of the effluent air. Leakage of fission 
gases through cladding has already been observed and releases from molten 
fuel reactor concepts could also create serious contamination if not controlled.

After fuel elements or components are removed from reactors and stored 
or cooled for the decay of materials of short half-life, their processing by 
dissolving and chemical extraction results in release of gases and particulates 
from fission products. The radioactive gases of importance are krypton, 
xenon, and iodine if the fuel elements have been allowed to cool for 80 days
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or more. Particulates of concern include radioactive iodides, strontium, 
yttrium, caesium, and ruthenium. The separation and concentration of various 
isotopes for commercial use often results in known losses to the atmosphere 
in the numerous extractions and isolations involved.

A t the present time, there is a great deal of interest in applications of 
useful fission gases such as krypton-85. There is also considerable concern 
over its possible release to the atmosphere in large quantities because of its 
long half-life (10.3 years) and the quantity that might be produced in a large- 
scale nuclear power economy. For example, Culler  (1) has estimated that 
by 2000 A D  approximately 700 Me of K r85 and 37,000 Me of X e 133 would 
be produced by the United States alone (world production 3 times greater). 
The contribution of the krypton, even with complete atmospheric mixing, 
is appreciable, whereas the xenon could be eliminated by trapping and storing 
for about' 60 days (10 decay half-lives).

The gaseous fission products which are produced from U 235 thermal fission 
are indicated in Table I, which is taken from B lom eke  (2). It  can also be 
noted in this Table that the principal gaseous products of concern are as 
given above, namely krypton-85, xenon-131 and xenon -133.

Reduction of dry combustible radioactively contaminated wastes by 
incineration, or the evaporation and calcining of liquid radioactive wastes

TABLE I
GASEOUS FISSION PRODUCTS FROM U2 3 5 THERMAL FISSION 

Alter BLOMEKE 1955 (2)

Nuclide Mass No. Half-life
t 1/,*

Absorption 
Cross-section, 

ffa, Barns
Yield,

%

Total /3 & y 
Decay Energy, 

Mev

35B l" 82 35.8 h 3.8 x IO- 5 3.8
83 2.4 h — 0.48 0.364
84 30 m — 1.1 3.5
85 3.0 m — 1.5 0.83

ot 1er v e ry  short half-life
3 K r 85 10:27 y 15 0.3 0.232

87 78 m 470 2.7 1.57
88 2.77 h — 3.7 0.36
89 1.18 m — 4.6 1.3

ot 1er v ery  short half-life
J 129 1.72 x 10’  y 11 1:0 0.09

131 8.05 d 600 2.9 0.58
132 2.4 h ■ — 4.4 2.43
133 20.8 h — 6.5 1.01
134 52.5 m — 7.6 1.92
135 6.68 h — 5.9 1.85

o t xer v e ry  short half-life
54X e 131m 12.0 d — 0.03 0.163

133m 2.3 d — 0.16 , 0.233
133 5.27 d  . — 6.5 0.196
135“ 15.6 m — 1.8 0.52
135 9.13 h 3.5 x 106 6.5 0.570
137 3.9 m — 5.9 1.33
138 17.0 m — (7.6) 1.0

ot 1er v e ry  short half-life  
1

* y =  years, d =  days, h =  hours, m =  minutes.
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may create airborne particulates which require removal equipment. Air 
and gas cleaners by their recovery functions produce contaminated solids 
or liquids which must be processed or handled.

The contaminants involved range from radioactive rare gases, such as 
krypton and argon, to contaminated highly corrosive acid gases from metal 
extraction processes, such as hydrogen fluoride (H F). Solid or liquid parti
culates may be organic or inorganic and range in size from less than 0.05 ¡x 
to 20 /i. Metallurgical processes produce the finest fumes by such processes 
as pouring or welding and the coarsest aerosols are acid mist droplets. Some 
typical data on aerosols created by radioactive and related operations are 
shown in Table II.

TABLE II
PARTICLE SIZE AND DISTRIBUTION OF SOME INERT 

AND RADIOACTIVE AEROSOLS (3)

Aerosol
Geometric * 

mean diameter 
Microns Mg

Mass median* 
diameter 

Microns M 'g
Standard 

geometric a„

1. Atmospheric dust from .14 cities, aver- 
age (1) 0.54 0.97 1.56

2. Atmospheric dust by electron micro
scope, Knolls Atomic Power Laborato
ry (2) 0.028 1.12 3.05

3. Beryllium fluoride fume, BeF2, from fur
nace pouring operation 10 ft from fur
nace (3) 0.36 2.3 2.2

4. Iron-oxide fume from open-hearth fur
nace (4)
a) Before waste-heat boiler 0.047 0.65 2.55
b) After waste-heat boiler 0.057 0.82 2.60

5, Fission product source pilot plant (5) 
a) Radioactive material using light mi

croscope 0.47 2.25 2.17
b) Same, using electron microscope 0.014 0.14 2.39
c) Non-radioactive, using light micro- ■ 

scope 0.42 11.30 2.86
6. Uranium-oxide fume produced by burn

ing scrap (6) 0.12 8.11 3.29
7. Separations-process stack effluent (dur

ing dissolving) (7). (Size given by light 
microscopy, electron microscopy shows a 
mean size of 0.05) 0.2 3.1 2.6

8. Sodium oxide from burning Na metal (8). 
Note: light field microscopy gave a mean 
size at 900 x of 0.2 ц 0.04 0.17 2.0

9. Airborne dust from incinerator ash dis
posal (9) 0.43 101 3.86

10.. Fume from ferro-silicon electric furnace 
during tapping (10) 0.43 2.77 2.2

* Conversion to mass or geometric size based on mathematical conversion log Mg =  log M'g— 6.91 log2 Ogt

Types oí equipment employed for radioactive gases and particulates

Air and gas cleaning equipment of most commercially available types has 
been used in various nuclear process operations. Table I I I  gives a listing
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TABLE III
BASIC CHARACTERISTICS OF AIR CLEANING EQUIPMENT USED IN NUCLEAR PROCESS CONTROL

Type o f  equipment
Particle size range 

mass median 
/*

Efficiency for size 
in col. 2,

%
Velocity

fpm
Pressure loss, 
in. o f  water

Approximate
capital

cost/cfm
$

Current application in US atomic energy 
programmes

Simple settling 
chambers

> 50 60— 80 25— 75 0.2— 0.5 0.05 Rarely used except for chips and 
recovery operations (3)

Cyclones, large 
diameter

>  5 40— 85 2,000— 3,500
(entry)

0.5— 2.5 0.10— 0.25 Precleaners in mining, ore hand
ling and machining opera
tions (11)

Cyclones, small 
diameter

>  5 40— 95 2,500— 3,500
entry

2— 4.5 0.25— 0.50 Same as above (11)

Mechanical centri
fugal collectors

> 5  . 20— 85 2,500— 4,000 — 0.20— 0.35 Same as large cyclone appli
cation (11)

Baffle chambers >  5 10— 40 1,000— 1,500 0.5— 1.0 0.05 . Incorporated in chip traps for 
metal turning (3)

Spray washers >  5 20— 40 200— 500 0.1— 0.2 0.10— 0.20 Rarely used, occasionally as 
cooling for hot gases

Wet filters Gases and 
0.1— 25 fi mists

90— 99 100 1— 5 0.09— 0.10 Used in laboratory hoods and 
chemical separation opera
tions (1) (2)

Packed towers Gases and sol
uble particles 

> 5
90 200— 500 1— 10 0.40— 0.80 Gas absorption and precleaning 

for acid mists

Cyclone scrubber >  5 40— 85 2,000— 3,500
(entry)

1— 5 0.25— 0.40 Pyrophoric materials in machin
ing and casting operations, 
mining, and ore handling. 
Roughing for incinerators (2) 
(3) (10)



Type o f  Equipment
Particle size range 

mass median 
/<

Efficiency for size 
in col. 2,

%
Velocity

fpm
Pressure loss, 
in. o f water

Approximate 
capital 

cost/cfm  
$

Current application in US atomic energy 
programmes

Inertial scrubbers, 
power-driven

8— 10 90— 95 — 3 to 5 
HP/1,000 

cfm

0.15— 0.25 Pyrophoric materials in machin
ing and casting operations, 
mining and ore handling (6)

Venturi scrubber >  1 99 for H 2SO„ 
mist. Si02, oil 

smoke, etc, 
60— 70

12,000—  
24,000 at 

throat

6— 30 0.50— 3.00 Incorporated in air cleaning 
train of incinerators. (3)

Viscous air condit
ioning Filters

10— 25 70— 85 300— 500 0.03— 0.15 0.004— 0.006 General ventilation air (3)

Dry spun-glass filters 5 85— 90 30— 35 0.1— 0.3 0.02— 0.04 General ventilation air. Preclean
ing from chemical and metal
lurgical hoods (3)

Packed beds of grad
ed glass fibres 
1— 20 ¡i. 40 " deep

<  1 99.90— 99.99 20 10— 30 1.0— 5.0 Dissolver off-gas cleaning (3) (4) 
(15)

Higb-efficiency cellu- 
lose-asbestos filters

<  1 99.95— 99.98 5 through 
media. 

250 at face

1.0— 2.0 0.04— 0.06 Final cleaning for hoods, glove 
boxes, reactor air and inciner
ators (3) (5) (15)

All-glass web filters <  1 99.95— 99.99 ' 5 through 
media. 

250 at face

1.0— 2.0 0.07— 0.10 Same as above (3) (15)

Conventional fabric 
filters

>  1 90— 99.9 3— 5 5— 7 0.30— 1.00 Dust and fumes in feed materials 
production (6) (8) (14)

Reverse-jet fabric 
filters

>  1 90— 99.9 15— 50 2— 5 0.50— 1.00 Same as above

Single-stage electro
static precipitator

<  1 90— 99 200— 400 0.25— 0.75 0.50— 2.00 Final clean-up for chemical and 
metallurgical hoods. Uranium ma

chining (3)
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Typo of Equipment
Particle size range 

mass median 
/i

Efficiency for size 
in col. 2,

%
Velocity

fpm
Pressure loss, 
in. of "water

Approximate 
capital 

cost/cfm 
$

Current application in US atomic energy 
programmes

Two-stage electro
static precipitator

<  1— 5 85— 99 200— 400 0.25— 0.50 0.25— 0.50 . N ot widely used for decontamina
tion (9) .

RADIOACTIVE .GASEOUS CONTAMINANTS (General Concepts)

Detention chamber Noble gases 100 0 0 Variable Depends on shielding and struc
tural materials. Used to hold 
up relatively small volumes 
for gaseous decontamination

Spray towers Halogens, HF 70— 99 50 0.1— 1.0 0 .25— 0.50 Precleaning or final on iodine 
removal

Packed tower Radioiodine 95— 99 50— 200 1— 10 0.50— 1.00 Heated Berl saddles coated with 
silver nitrate

Adsorbent beds Iodine and 
Noble gases

99.95 168 2.8 Variable Activated charcoal or molecular 
sieves : may be used to 
decay xenon. May be refriger
ated

Limestone beds Halogens, HF 94— 99.9 30 1— 3 Est.
0.20— 0.50

Experimental only. Some hood 
applications

Liquefaction column Noble gases 99.9 — — 500 Used to recover small amounts

Stripping columns 90— 95 — — — Pilot studies only

Refrigerated carbon 
catalyst and carbon 
pellets

Xenon
Krypton

99.9 — 500 Liquid nitrogen used for refriger
ant. Gases recovered by desorp
tion



of the principal types with some of their characteristics. These devices range 
from simple inertial collectors to high-efficiency filters or electrostatic preci
pitators. Many modifications, variants, or combinations of these devices 
m ay be used. For example, in uranium-ore handling and metal production, 
cyclones or mechanical centrifugal units may be combined with reverse-jet 
filters. Similarly, in certain laboratory hood operations, spun-glass prefilters 
followed by high-efficiency filters are employed. The precleaning of air for 
reactors m ay only consist of roughing filters such as a simple coarse fibre- 
glass unit or high-efficiency spun-glass combination media. The high-efficiency 
unit was developed for special applications but is now the device selected 
for ventilation air cleaning and, in some cases for purifying discharged gases 
from air-cooled reactors. Because of the wide interest in high-efficiency filters, 
more discussion of this unit is merited.

The first high-efficiency asbestos cellulose filter was evolved from gas-mask 
and protective shelter development. An improved form with increased air 
flow capacity and life was developed for nuclear applications. This filter 
is made in several sizes for applications ranging from individual glove boxes 
to the 1000 cfm unit. Sizes commercially available are given in Table IV .

TABLE IV
AVAILABLE COMMERCIAL SIZES OF HIGH-EFFICIENCY PLEATED FILTERS*

Dimensions
Rated flow Resistance at 

rated flow 
In. H20cfm cu. m/min.

8 " x  8 " x  3 7 16 " 35 1 1
8 " x  8 " X 57/8" 50 1.4 1

2 4 "  x  2 4 "  X 57/8 " 500 14.1 1
2 4 "  x  2 4 "  x  l l 1/ 2" 1,000 28.3 1

* Prom  SILVE R M A N  (3)

There are four United States and three other manufacturers at present. All 
types are not strictly comparable in composition, although the United States 
manufacturers must meet certain resistance and penetration standards.

Fig. 1 shows the general construction of the filter. I t  consists of a pleated 
medium and utilizes corrugated separators of various materials. Because the 
media requires low velocities (5 fpm or less) for the high efficiencies necessary 
and for reasonable pressure losses, the large filter (1000 cfm) will involve 
as much as 200 sq ft of medium. The cellulose medium is 0.04 in thick 
and the newer glass formulations range from 0.01 to 0.04 in.

This filter gives an efficiency of 99 .95%  (decontamination factor 5 x  103) 
on 0.3 /л particles and improves in performance in service as shown in (3). 
It has had wide use, for example, to clean air from reactors, for chemical process
ing areas and for general laboratory hoods. It  was indicated in early use that 
the filter should not be used beyond resistances exceeding 2 inches (50 mm) 
of water because of excessive power consumption and possible structural 
failure by rupture of the filter element. Subsequent work has shown that 
in practice filters can be used at resistances exceeding 8 to 10 inches of water. 
This added resistance will provide increased life. In many instances the.added

148



Cellulose-asbestos filter as used for high-efficiency filtration of radioactive particulates.
(Ref. 3)

power cost is more than offset by the high cost of replacement of active units 
and it is more economical to select design fan conditions to permit the higher 
resistances to develop in service.

The cellulose-asbestos filter is unable to withstand more than small amounts 
of corrosive gases and is limited to temperatures below 100° C. The medium 
is not fireproof although it can be made fire-retardant. Dangerous conditions 
will result with ignition and subsequent dispersal of retained contaminants. 
Pyrophoric materials will cause damage at their point of contact. In  reactor 
gas clean-up, spray cooling is used to reduce gas temperatures and prefilters 
precede the final units. Demineralized water is necessary to prevent the spray 
coolant from forming an aerosol which will shorten filter life.

Because of these obvious limitations an all-mineral filter was developed. 
Several types of media are available. One is a 0.01 -in (0.25 mm) all
glass medium composed of all less than 1 ц (approximately 0.5 ц) glass 
fibres; a mixture of 0.5 and 1.5 /л fibres and still another; a combination 
of 1.5 Ц glass fibres and asbestos. These media have been fabricated into units 
similar to Fig. 1 but utilizing non-combustible separators of aluminium 
foil or mineral fibre and metal, ceramic, or composite frames. A  model has 
been developed by one company which completely eliminates the separators 
although at some strength sacrifice. The mineral filters give comparable or

Fig. 1
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TABLE V

PERFORMANCE AND RATINGS OF HIGH-EFFICIENCY DRY FILTERS
(At normal air temperatures and standard-density air)

Test aerosol Air Velocity

Medium
Name

Size Mg 
(Homogen

eous 
(except*)

fpm cm/see.

Resistance,
inches
Water

Efficiency
% Method Remarks 0

M

Methylene blue _ 4 2 0.8 99.9871 Discoloration 1
CC-6 Dioctyl 0.3 5 2.5 0.67 99.85 Penetrometer 2
Cellulose-
asbestos
paper

Phthalate (DOP) 
Atmospheric dust 0.5* 5 2.5 0.67 99.9 + Count 2
Duralumin 0.18 500 250 100 97.7 Count Note excessive velocity 

causes greater penetration 
of fine size

3

Duralumin 0.18 2 1 0.28 99.7 Count Reduced velocity improves 
performance

3

Potassium Per 0.02 20 10 2.7 93.0 Count Size for maximum 4

AEC No. 1 
Cellulose-

manganate
(KMn04)

penetration

DOP 0.3 5 2.6 0.7 99.78 Penetrometer 2
asbestos Duralumin 0.18 2 1 0.28 92.9 Count ' 3

Duralumin 0.18 40 20 5.6 99.6 Count 3
Atmospheric dust 0.5* 5 2.5 ■ 0.7 99.98 Count 2
KM n04 0.01—

0.02
4 2 0.56 91.0 Count Size for maximum 

penetration
4

All-glass DOP 0.3 5 2.5 1.05 99.999 Penetrometer 2
superfine 
fibres- Atmospheric dust 0.5* 5 2.5 1.05 99.9 + Count 2
Hurlbut- KM n04 0.015 20 10 4.4 93.0 Count Size for maximum 4
MSA1106B penetration
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TABLE V (continued)

Test aerosol Air Velocity

Medium
Name

Size Mg 
(Homogen

eous 
(except*)

fpm cm/sec.

Resistance,
inches
Water

Efficiency
% Method Remarks CJrt

Sand- Cell ventilation 
gases

1 f l 3-5 1.5-2.5 4.5-5.5 99.5-99.8 Radioactivity 69 in. deep : graded sizes 
from 21/4-50 mesh. Will 
not withstand high mois
ture conditions.

5

Composite process off-gases 1  Ц 20 10 4.0 99. Composition given in 
reference

5
Glass wool

Methylene blue 0.6 /J,
MMD

20 10 4.0 99.99 Gravimetric Same 5

Compress
ed glass 
fibres

Atmospheric dust 0.5 n 5.25 2.6 0.69 99.997 Count 0.02" thick 50% 1.3ц  and 
50% 3.0/t fibres

6

Resin
wool

Atmospheric dust 0.5 n 14 7 0.3 99.6 Discol
oration

These filters are known to 
decrease in performance 
when exposed to ionizing 
radiation

7

Glass Uranium
oxide

0.12 ¡i 2.3-7.8 1.2-3.9 0.30-1.23 95.5-99.5 Gravimetric Special glass formulation 
developed by A.D. Little. 
Aluminium separators and 
furnace-cement seals.
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better performance than the paper media. Table У  gives comparative per
formances of several types of high-efficiency filters, including composite glass 
wools and deep sand beds.

Spun-glass filters of various porosities and fibre sizes have been used’ in 
combination with high-efficiency filters to prolong their life. It  has been 
found at some facilities that a filter costing 1/10 or less than the final filter 
will often double or treble the life of the high-efficiency “ absolute” filters. 
There has not been universal agreement on this factor, in practice, as dust 
loadings and particle-size distributions of atmospheric dust or of operationally- 
produced aerosols vary from facility to facility.

Aside from the feed materials or uranium metal production operations, 
the distinguishing feature of atomic energy applications in most instances 
is the low mass concentrations of materials to be caught. This is readily 
apparent when the quantities of materials involved are understood. In certain 
instances this simplifies control, and in other situations it may create difficu lties. 
Loadings, except for the refining or immediately after dissolving operations, 
lie in the range of 1 to 20 times normal atmospheric dust loadings. These 
range from 0.05 to 1 mg per cu m. Equipment or filter life for this 
reason for certain applications is many times that expected for the usual 
industrial operation on process wastes. Certain filter applications or approaches 
are therefore feasible which would ordinarily be unsuited or impractical 
from a life standpoint for industrial process loadings. High efficiency “ absolute” 
type filters have been in service in locations such as Rocky Flats (near Denver) 
for over four years. In these cases the filter was protected by precleaning 
the air entering the building and at process discharge, and also by designing at 
about 4 0 %  o f rated velocity for the filters (4).

The handling of radioactive gases such as argon (A 41), krypton (K r85), 
or xenon (X e133) is largely done by suitable dilution techniques. Thus, for 
air-cooled reactors stack dispersion is the. only method with reasonable econo
mics. Small amounts of either argon or xenon can be stored either on a delayed 
adsorbent column, as will be discussed later, or by pumping to a detention 
chamber. The use of low-temperature adsorption and selective solvent ab
sorption have been- tried on a pilot scale.

In air-cleaning philosophy for nuclear energy and related processes, the 
importance o f containment has always remained paramount. It  is fundamental 
or axiomatic that the process should be modified so that the volume of gases 
produced or air volumes entrained should be as low as possible. Gas volumes 
may be as small as fractions of a cubic foot per minute or as large as several 
hundred thousand. Obviously the economics in cleaning smaller volumes 
is readily apparent.

Precleaning filters and their application and economics in atomic energy work

The problem of precleaning ah' entering nuclear facilities or operations 
in which radioactive materials would be handled is not especially different 
from that involved in many other industrial applications, such as instrument 
laboratories, precision tool assembly, and biologies production. It consists 
of removing loadings of atmospheric dust from air taken from outdoors, 
recirculated, or passed from one building area to another. I f  this is not done 
a significant portion will settle within rooms of the facility or become conta
minated with radioactivity and then deposit upon final ductwork and filters.
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It has been determined from air-sampling studies that dnst collected on 
filters placed in the exhaust air from occupied rooms is jointly contributed 
to by the contamination in the air drawn into the supply system as well 
as the dust and lint created by the movement of the occupants within the 
facility. This condition arises from sources such as lint from clothing, dust 
from floors, or from miscellaneous assembly operations that m ay be conducted 
at desks or benchtops, as well as. such other particulate loading as that produced 
by occupants smoking tobacco in various forms.

An approximation of the measurements from work in various laboratories 
indicates that the distribution between the contamination from outdoor 
air and that created within occupied areas is close to 5 0 %  from each source. 
It should be recognized that this is a rough generalization and cannot apply 
to each specific case ; however, it does indicate the range encountered in practice. 
Under such circumstances it is apparent that the life of a high-efficiency 
downstream filter that may be installed to collect radioactivity could be 
materially increased by good prefiltration of inert dusts. I t  is also apparent 
from many observations in the field that filter replacements for radiochemical 
or physics laboratories where isotopes are handled, chemical operations are 
conducted, or other materials handling activities exist, are dependent upon 
resistance increases due to inert rather than active dusts. Operations such as 
high loadings created within a glove box or hood can create enough conta
mination so that filters have to be replaced due to activity. In most cases, 
however, the filter resistance rise with inert dust load increases to a point 
where the fan flow is reduced. Effective cleaning of inlet air minimizes this 
condition and prolongs the final filter life.

The same type of filters used in prefiltering atmospheric dust may be utilized 
in prefiltering hood or process air streams entering a final cleaner. A  wide 
choice of devices is available for prefiltering air, depending upon the degree 
of cleaning to be obtained. Many laboratories utilize controlled temperature 
and humidity, hence the air may be first passed through a roughing device 
consisting of coarse 20 ¡л low-density glass-fibre filters, inexpensive paper 
media or expensive felt media, and then through a spray cooling or a 
washing device, or in some instances a refrigerated and tempering coil. Over
all efficiencies on a mass basis for this type of system range from 30 to 5 0 % . 
Most of the cleaning on fine particles ( <  5 /л) is done by the filters rather 
than spray or washing systems. Where more effective precleaning is necessary, 
1.5 to 3 ¡л fibre-size spun-glass filters of the deep bed or pleated frame type 
[as described in the Handbook on Air Cleaning (5)] give efficiencies ranging 
from 60 to 9 0 %  on submicron atmospheric dusts. This efficiency depends 
upon the particular resistance and air velocity combination selected for 
the proposed fan system. An alternate system would be to use the two-stage 
electrostatic precipitator of the type listed in Table III , in which case efficiencies 
ranging from 80 to 9 0 %  can be obtained. In the Handbook (5), we have 
delineated both capital and operating costs for filter and precipitator systems 
as o f 1946. On a basis of present labour, material, and power costs these 
values have been increased approximately 40 to 5 0 %  in capital costs but 
because of improvements in design ratings only a 10 to 2 5 %  annual operating 
cost increase has taken place.

In a recent presentation (6) we have compared costs of various size pre
cleaning units produced by one manufacturer and these are presented in 
Table V I. These data indicate the reduction in costs to be obtained with in-
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TABLE VI
COMPARATIVE COST AND PERFORMANCE DATA

Stain*
efficiency

%

Initial cost in $ per 1,000 cfm 
Unit capacity, cfm

Estimated total yearly operating 
cost in $ per 1,000 cfm 

Unit capacity, cfm

1,000 5,000 10,000 . 1,000 5,000 10,000

Electro-Matic 85— 90 560 380 77 53
Rollotron 85— 90 — 480 330 — 75 50
Electro-PL 30— 50 550 220 185 20 15 13
Electro-Klean 30— 55 375 260 — 25 18 15
Airmat PL 24 15— 30 41 41 — 11 9 —
Amerglas 0— 10 5 ' 25 13

“
* Atmospheric dust

creases in capacity. Large units can show appreciable reductions in both 
capital and yearly operating costs.

In the United States combinations of all types have been used at nuclear 
facilities. The electrostatic precipitator installations are capable of removing 
a much higher percentage of fine particles ( <  1 /и,) which show a higher 
staining or light-obscuring power.

Several of the fibreglass formulations of the type mentioned in Table I II  
may be used as precleaners before air enters a glove box or before it enters

RUHHING TIME AMD DATES

Fig. 2
Resistance loss of various types of filter media during evaluation period of several 

months at Brookhaven National Laboratory 1949-
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the final hood plenum. In several hood installations a fibreglass filter has 
been placed at the inlet to the back plenum as described by the writer (3). 
This serves two purposes; to provide a uniform air distribution at the hood 
face and some precleaning before the final filter. It also maintains relatively 
clean duct work and only fine particles are carried through the duct to the 
final system filter. These filters have been shown measurably to increase 
the life of the after filters. The rate of resistance increase on atmospheric 
dust of fibreglass media in an evaluation conducted at Brookhaven National 
Laboratory by Smith and S ta ffo r d  (7) is shown in Fig. 2.

An economic study of costs for radiochemical laboratories has been made 
by V an Vauzab: at Argonne National Laboratory (8). This facility has a general 
prefiltering system in its Chemistry, Physics, and Biology buildings and a 
module-type exhaust with prefiltering within modules and inside the hoods. 
A  final filter is provided for each of the hoods. Van Valzah’s data indicates 
the following installation values and costs. The supply air for a typical wing 
involves 17,000 cfm minimum and 22,000 cfm maximum. Twenty-four pre
filters are used in a bank of primary and secondary PL-24 pleated frame units 
arranged in series using 5 and Ю-ply air-mat fire-resistant papers. The total 
pressure drop available across both the banks of 0.75 inches of water and each 
filter bank is limited to 0.5 inches. A t this point, the filter would be changed. 
Air-mat unit costs have been given in Table V I. The replacement cost 
for media is $ 79.80 and the labour cost for a complete change of filters is 
16 man-hours. On a yearly basis the primary (5-ply filters) are changed 4 times 
and the secondary 1.2 times, a total of 5.2. The man-hours required per year 
are therefore 83.2 total hours. W ith  a labour charge of $ 4.00 per hour, yearly 
labour costs are $ 332.80. The total cleaning cost of supply air per wing is 
$ 412.60 based on an air flow of 830 cfm per filter and an average resistance 
of 0.5 inches of water. The yearly maintenance cost is $ 20.70 per 1000 cfm.

/412. 60\ /1000\
( 24 ) X ( 830 )

The by-pass prefilters for laboratory hoods are a special 16 " x 2 0 " x 2 "  
pleated 2.75 /л (25 FG) fibreglass unit rated at 250 cfm at 0.2 inches of water. 
Four of these are used in each hood. Because of limited available static pressure 
they are changed at 0.8 inches of water. They take in only prefiltered air 
from the laboratory. On an over-all average basis, changes of these filters 
are made every 4 months. Their cost is $ 3.92, which is high because they 
are not a standard design (a 20 [л coarse fibreglass unit rated at 0.05 inches 
would cost approximately $ 0.75 but shows less than half the 2 5 %  average 
efficiency). W ith labour costs these filters would require $ 49.87 per 1000 cfm 
per year. This is cited as an upper example whereas the supply precleaning 
above is close to values in Table V I  per single unit.

A  similar yearly cost figure is obtained for the actual hood prefilters, as 
for the by-pass units above. A  standard design with the same media, which 
would, however, create space problems would show approximately half these 
costs.

Other laboratory supply air prefilter costs, based on our recent survey (9), 
range from $ 0.40 per year per 1000 cfm for simple oiled or viscous coated 
filters to $ 124.00 per year for a combination oil and two-stage electrostatic 
precipitator unit. Efficiencies corresponding to these ranges would be almost
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20 times different on fine dust ( <  1 /л) and less than 5 times on coarse particles 
( >  5 u). Since variable depreciation and overhead figures are included in 
these values, they are cited only to indicate the variations to be expected 
in practice.

Economics oí air cleaning equipment îor refining operations

In a previous discussion, the particular steps involved in refining uranium 
and thorium ore to produce metal have been outlined. In this section the types 
of cleaning equipment and the cost factors involved are discussed.

In the United States, three large feed materials plants have been built and ope
rated for several years. In addition, smaller recovery and refining operations are 
conducted at the gaseous diffusion operations for recoveries of materials 
but on a reduced scale. Several smaller plants have been in operation at various 
times. On a basis of experience, the type of collector which has been most 
adapted to the wide variation in uranium processing dust loads has been 
the reverse-jet fabric type.

The results of a field study of the performance of both reverse-jet and fabric 
filters have been published (10, 11) as part of the Harvard Air Cleaning L a
boratory evaluations. The over-all performance of several types o f collectors 
encountered in the field on non-radioactive dusts are shown in Fig. 3. These 
collectors did not receive the maintenance attention or careful inspection 
applied to collectors handling a much more toxic material such as uranium 
or enriched uranium. However, it was indicated that excellent performances
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in refining operations could be obtained if proper care were employed in 
assembly, operation, and maintenance of these units.

CaplajST and M a s o n  (12) made an extensive series of measurements on the 
performance of reverse-jet filters on uranium process effluents and obtained 
much of the data which has been used as a basis for selecting equipment 
in newer facilities.

H a r r is  and M a s o n  (13) discussed their reasons for the economic choice 
of this type of equipment. In the first case, filtration seemed to be the only 
procedure for giving high performance and meeting health standards with 
economical costs. Scrubbers were inefficient and deep-bed filters were discarded 
as not having sufficient holding capacity. Reverse-jet filters were selected 
over ordinary shaking-bag-type devices because it was desired to maintain 
constant pressure loss through the system and to minimize the amount of 
dust carried through the system during clean-off which is the result of shaking- 
bag systems. A  very important advantage is that the high cloth-to-air ratio 
would mean minimal servicing problems in bag replacement.

According to them, dust loadings vary from 0.002 to 32 grains per 
cu ft. (1 grain per cu ft equals 2.3 g per cu m) with an average of 5 
grains per cu ft. The reverse-jet filter discharge concentrations range 
from 0.0001 to 0.41 grains per 1000 cu ft with an average of 0.16. These 
data (12), plotted in Fig. 3, all lie in the upper left corner of the graph. 
Other points not shown are above the highest efficiency values indicated. 
Average cleaning efficiencies which have been determined from sampling 
in several plants have ranged from 99.946 to 99.9996 and thus represent 
extremely high decontaminatioii factors (1800 to 2.5 X 105). These data have 
been reported in some detail in their analysis. They also made an economic 
evaluation of the operation of eighteen dust collectors of this type. The total 
design capacity represented by these dust collectors is 110,000 cfm and it 
is divided into individual units ranging from 700 cfm to 12,000 cfm capacity.

Experience in the use of this equipment resulted in dropping the air-cloth 
ratio from the initial design value of 20 to 1 to 17.5 to 1. It  has since been 
found in subsequent evaluations that a more suitable value to select is 15 
to 1, which insures a greater bag life and lower maintenance cost.

In computing costs of equipment, they included amortization over a 5-year 
period. The writer believes that this is probably an extremely conser
vative viewpoint as the equipment could last 10 years in service. However, 
based on, this evaluation and a unit cost of equipment at $1.00 per cfm, the 
results of their investigation indicated that the overall annual cost, including 
amortization, is $320 per year per 1,000 cfm for all equipment and $230 
per year per 1,000 cfm for suitably designed equipment. They compared 
these costs with its extremely high over-all efficiency with another study 
of wet collectors operating at 93.5 %  efficiency with an annual cost of $197 
per year per 1,000 cfm on inert materials o f far lower toxicity.

Maintenance costs of the reverse-jet wool felt collectors alone amounted 
to $120 per year per 1,000 cfm for all units and $42 per year per 1,000 cfm 
for 14 adequately designed collectors. Detailed figures on bag replacement 
frequency and cost are given. The shortest bag life was encountered in the 
pneumatic conveying system, which includes very high dust loadings. A  
life of l 1/ 2 weeks was found for bags placed in the reverse-jet unit for this 
operation. The other systems indicated an average bag life of 6 months for 
oxide handling and 1 month for ore handling. All other operations showed
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approximately 43 months per bag. Most of the bags discussed in this study 
were operated at normal temperatures and with wool or resin-treated wool 
felt media.

In addition to normal refining operations this type of collector, as well 
as other bag collectors, has been used in machining uranium metal and 
similar operation's. A  large collection system on uranium machining involving
300,000 cu ft per minute indicates an annual operating cost, with amorti
zation on a 10-year basis, of $83 per year per 1,000 cfm. In general, for operat
ions which involve heavy loadings it can be expected to have increased main
tenance cost as contrasted to the precleaning situation in which loadings 
are light and filter unit changing does not involve special protective equip
ment to be worn by the maintenance crews. Dust cleaning equipment for 
shop areas, where cyclones are used in combination with filters or wet col
lectors, can be expected to have an annual operating cost in the range of 
$100 to $400 per year per 1,000 cfm.

Reactor air cooling and cleaning and its economics

The problem of cleaning air for air-cooled reactors has been discussed 
briefly above. It is apparent from the nuclear standpoint that three factors 
must be considered, namely : the problem of induced activity in atmospheric 
particulates; induced activity in atmospheric gases; and the contamination 
of the discharged air with erosion products from the walls of the ducts and 
reactor surfaces as well,as loss of material by rupture of slugs or leakage 
from fuel elements.

In the United States there are two large research production reactors oper
ating with air cooling. The original X - 10 reactor at Oak Ridge National 
Laboratory of 3.5 M W  is the first reactor on which air cleaning equipment 
was installed in this country. Although no air cleaning was placed on the dis
charge gases of the unit until 1949, they have since accumulated 10 years 
of experience in the operation of particulate cleaning of this reactor ef
fluent. Similarly, the 20 M W  reactor at Brookhaven National Laboratory, 
which is also air-cooled, was designed to minimize slug rupture but with 
good precleaning and less effective after-cleaning on the installed pile. A p 
proximately 9 years of experience have been gained with this pile air-cleaning 
system.

The X -1 0  Oak Ridge reactor system consists of precleaning the air, entering 
the building with simple supply filters. The air leaving the pile passes through 
a spray cooling section* which lowers the gas temperature to 100° С and 
it then passes through a filter house divided into four cells. The four cells 
each contain 150 deep-bed fibreglass units filled with a ]/ 2 inch layer of 2.75 ¡л 
spun glass followed by a 1/ 2 inch layer of 1.25 ц glass fibre. This deep-bed 
filter medium has a discoloration efficiency on atmospheric dust of 70%  
for the coarser fibre and 8 5%  for the finer. Filter cells are arranged so that 
they can be changed in units of 2 5 %  of the final capacity, which is approx
imately 95,000 cfm. Final filtration is through AEC cellulose-type high- 
efficiency filters. These are placed at 50 units per cell divided into 10 frames 
with an over-all number of 200 filters. Initial pressure loss on these filters

* Demineralized and filtered water was found necessary, or the precleaning filters 
plugged rapidly from the spray-dried aerosol which formed.
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is approximately 1 inch of water. Final discharge to the atmosphere is through 
a 200-foot stack.

The specifications of the filters are comparable to those reported above. 
Penetration through the roughing filter combination utilizing a 0.3 ¡л DOP  
aerosol is a maximum of 0.15 % . For the AEC type filter the specification 
value for DOP penetration is 0.05 per cent.

Over the 10-year period on the X -1 0  pile, experience has shown that the 
average life of the roughing filter was 2 years. The final filter will last an 
average of 21/2 years. Filter changes are made when the pressure drop across 
the filter house reaches 8 inches of water; the cell with the maximum pres
sure drop is the one changed. The radiation level of the cell bank of glass 
wool filters during removal operations averages 2.5 r per hour at 1 foot. 
Individual units average 75 mr per hour at 1 foot. Radiation levels are such 
that men can enter the chamber if they are properly protected with a gas
mask with a high-efficiency filter and protective clothing.

Before the construction of the filter house, contamination of the fans was 
a problem. Now the highest radiation level at either of the two fans is 5 mr 
per hour. No special decontamination of the. fans is,now  necessary.

The operating and maintenance costs per cell (a four-cell unit) are as fol
lows: approximately 17.5 man-days (several kinds of labourers are required 
to repair and replace the roughing prefilters); the cost of filters for one cell 
change is $250. These are the replaceable fibreglass media. Similarly, for the 
AEC filters something like 24.5 man-days is required for a single cell, the 
filters representing 50 units and plywood for assembling in the frame costing 
$2,500. The total cost of changing the four cells is thus $11,000 for material 
and 168 man-days.

The construction cost of the filter house and its elements was approxi
mately $340,000 or approximately $350 per 1,000 cfm. Prefilter changes 
for the pile area representing 100,000 cfm involve the use of PL-24 type G 
glass media, which call for 2 filter changes annually, 8 man-days are required 
for each change. This involves costs of $15 to $20 per 1,000 cfm per year. 
Assuming 10%  amortization, the over-all cost is $50 to $55 per 1,000 cfm 
per year. Since the system has been in operation 10 years already, a 5 %  
amortization cost now appears more reasonable.

One peculiarity in performance was noted on the X -1 0  pile cleaner. Its 
efficiency proved to be considerably less than anticipated when radioactive 
particulate sampling measurements were made. This was eventually attributed 
to the fact that rare gases like K r 89, K r91, X e 140 and X e 141 decayed to parti
culate matter with extremely fine particles which penetrated the filter banks. 
Because of their formation after the filter house, the actual cleaning efficiency 
for the pile cooling is less than the 99 %  +  expected for the fibreglass - 
AEC filter combination. Tests indicate that the efficiency is only about 9 1%  
of the potential of gross beta contamination.

The Brookhaven pile-cleaning system represents a somewhat different 
approach, as mentioned above. Although the design load for cooling was
140,000 cfm, because of changes in capacity and the temperature rise, as 
much as 300,000 cfm passes through the final filters, and nearly 200,000 cfm 
of inlet air may be prefiltered. The original installation included prefilters 
of the deep-pocket type using (FG-25) 2.75 /л and (FG-50) 1.25 ¡л fibreglass. 
In order to increase air flow without adding fan capacity, it has been neces
sary to use a lower pressure loss medium. A t present the prefilter contains
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' a lower-density 1 inch thickness of F G -100* glass fibre, approximately 2.57 ¡л 
fibre. The final filter is a Glastex type cloth (DoHinger) known to be efficient 
only for particles considerably greater than 1 /1. This cloth is placed in deep 
pocket panels in the after-section of the pile and can be operated at a tem 
perature approaching 500° F . Since at the time of this installation high- 
efficiency and temperature-resistant filters were not available, and opera
tional techniques involving canning of the slugs and leak detection devices 
were used to prevent any slug rupturing, this simple filter was deemed ade
quate. Considerable operating experience has indicated that this control 
has not been effective in every instance.

The cost of the F G  media utilizing deep pockets is not appreciably different 
from that for the X -1 0  pile. However, since the filter-changing is done in 
a cold area, the man-power and handling problems, are considerably less. 
W e do not have operating costs for this system at the present time, although 
they are now being assembled.

Other piles have been air cooled with simpler filtration systems than those 
described for these two reactors. In particular, the units at Windscale depended 
on a coarse fibre-glass filter(14). This filter apparently has an efficiency of 
approximately 5 0 %  for 5-a particles. A  more effective filter probably would 
have been installed had enough operational information been available at 
the time of construction. Space and pressure losses that could be tolerated 
were minimal, hence the filter had to be located near the top of the stack, 
which limited the area and performance characteristics. It  did prevent serious 
particulate fallout from the recent reactor iodine release incident.

Economics of chemical processing

Chemical processing on a production basis is limited to four large facilities 
in the United States. Considerable shielding and special handling techniques 
are necessary for these highly radioactive materials. Pilot-scale handling 
is done in caves and hot cells in research laboratories. Contamination of 
gases occurs during the dissolving of the irradiated slugs and the subsequent 
recovery of plutonium. This gas cleaning involved the development of special 
filters and iodine reactors for recovering particulates and gases. Originally 
the effluent iodine and particulates were treated with alkali spray or packed 
tower scrubbers, but these were found inadequate. Consequently, a deep- 
bed fibre-glass filter of the composition reported in Table V II  was developed 
which was followed by an iodine removing unit. This system has proved 
very effective over 10 years of operation. It consists of a deep bed of variable- 
density, packing, and fibre-size chemically-resistant glass-fibre filter followed 
by a silver nitrate reductor utilizing Berl saddles and steam or electrically 
heated to 175-190° C. Rigid temperature control is very important for high 
efficiency.

A t another facility a water-flushed Cottrell type precipitator is employed 
for a similar purpose(15).

The canyons in which the dissolver and other reaction vessels are located 
are ventilated through a special filter. The original filters installed initially at 
Hanford and later at Savannah River consisted of deep-bed sand units of 
the performance indicated in Table V . This filter was designed for a low

* Lower resistance but also lower efficiency.
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TABLE VII
FILTER FORMULATION FOB CLEANING DISSOLVER OFF-GASES*

(a) Superficial velocity approximately 20 fpm.
Gas stream contains varying amounts of submicron particles and acid gases up to 
50% in volume.

Layer Type o f 
fibreglass

Fibre size 
/<

Packing
density
lb /ft3

Filter layer 
thickness, 

inches

Initial
efficiency

%

Initial 
resistance, 
inches o f 

water

Life 
expectancy 
2  (gr./sq. 

ft.)**

Initial 115K 30 1.5 12 39 0.10 <1,400
Second 115K 30 3.0 10 53 0.24 <  362
Third 115K 30 6.0 20 93 1.34 <  228
Clean-up or 
Final AA 1.3 1.2 1 99.9 2.20 <  28
Total — — — 43 99.99 3.88 <  1,400

* Data from BLASEW ITZ and JXJTSON (quoted in reference (3)).
** 2  is defined as the number o f grains o f  methylene-blue aerosol (Mg =  0.6 //— a g =  2.4) passing to the 

filter layer per square foot o f filter area to produce a resistance increase o f 4 inches o f water.

velocity (5 fpm) and a maximum life of 15 to 20 years. It  has been designed 
to handle up to 120,000 cfm. From over 10 years’ experience with four large 
units which have been in service, it appears that the original design criteria 
are being met. However, deep-bed filters utilizing fibreglass have since been 
incorporated in the later installations.

High-efficiency-type filters could probably have been installed in this . 
operation with comparable life if the proper economic velocity had been 
selected. This was done on a small scale in a radiochemical facility at Oak 
Ridge. The cell ventilation system installed there used fibreglass prefilters 
and AEC filters.

The dissolver deep-bed filters have shown a life of approximately 3 to
4 years. They handle approximately 150 to 300 cfm per vessel. Deep-bed 
fibreglass graded filters as large as 5,000 cfm have been used by connecting 
several silver-nitrate reductors. Silver-nitrate reductors for iodine absorption 
must be provided with heated jackets or coils to maintain them at a tem 
perature of 175° to 190° C. A t one site they have shown 99 .9%  removal 
with careful temperature control, whereas at another operation with less 
favourable temperature regulations, recoveries of 95 to 9 9 %  are usual. I f  
slugs with less than 80 days cooling are dissolved, the reductors do not reduce 
the iodine concentrations to desired emission levels. In one instance a final 
scrubber has been added, and in another case a final charcoal adsorbent 
bed was added to handle excessive loadings.

Since the equipment placed within the high-radiation fields in the canyon 
incorporates stainless alloy materials to withstand corrosion and radiation 
damage, the cost for these operations represents a substantial investment. 
These vessels must be handled and filters replaced with remote-controlled 
equipment. It  is therefore difficult to compare them with pile filters or refining 
dust collectors.

The merits of deep-bed fibreglass filters for replacing sand filters have 
been discussed by L apple (16), who developed the comparative economics 
detailed in Tables V III  and I X . The sand filter, which had an installed cost
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TABLE VIII 
TYPICAL DEEP-BED FILTER DATA

Filter Medium

Sandx Fibrcglassxx

Air handling capacity, cu.ft./min. 35,000 35,000
Filter size (width x length x height), ft. 85 x 85 x 14 28 x 70 x 9
Filter medium velocity (superficial) ft./min. 6 25
Pressure drop, in. water 8 5
Collection efficiency, % activity 99.7 99.99
Life 5 years 10 years *
Installed cost, $/(cu. ft./min.) 

Housing $ 3.86 $ 0.94
Filter medium 1.71

supports 1.16**
fibres 0.76

Total 8 5.57 $ 2.86
* Estimated as 2 to 3 times that o f sand filter.
** For aluminium supports. This would be approximately twice as much for stainless steel. 
x  Filter medium consisted o f the following approximate depths and sizes o f gravel or sand. These 

were supported on a moulded ceramic distributor tile.

Depth o f  layer, in. (In order, bottom  layer listed first) Sand or gravel size

12 1 " to 3 "
12 1j2" to 2 "
12 1/2" to 4 US mesh
12 4 to 8 US mesh
24 8 to 20 US mesh
36 20 to 50 US mesh
6 4 to 8 US mesh

s x  Filter medium consisted o f the packing arrangement designated in Table I X  as “ Typical Hanford 
Specification.”

TABLE IX
TYPICAL DEEP-BED GrLASS-FIBRE PACKING SPECIFICATIONS*

“ Fiberglas” x
number

Approx. fibre 
diameter, 
microns

Approx. fibre 
cost,**

s/ib

Typical Hanfordxx specification Proposed specification

Depth,
in.

Density Density
lb /ft2.

Depth***
in.lb /ft3. lb /ft2.

800 200 0.80 - 3 (12)
450 110 0.80 , 3 (12)
115 К 30 2.00 18 1.5 1.25 6 (24)
115 К 30 2.00 6 3.0 1.5
55 P 15 0.25 12 3.0 3.0 3 (12) .
28 7 1.00 3 (12)

AA 1 4.00 1 1.2 0.1
Total 37 6.85 18 (72)

* Designed for an activity collection efficiency o f 99.99%. Pressure drop for Hanford specification is 
5 in. water; for proposed specification it should be 4 in. ±  1 in. water, depending on degree o f compression. 
From Lapple, WASH-149 USA.EC (1954).

** Approximate purchase cost as o f June 1952.
*** w ill depend on degree o f compression. Values given are for a 3-lb/ft3 density. 
x  Fibre layers listed in order, bottom  or upstream end being specified first.
xx  Similar to that given by Blasewitz et al., “ Filtration o f Radioactive Aerosols by Glass Fibers” , 

Part I, p. 121, Hanford Works Report No. 20,847, 16 April 1951.
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of approximately $5.50 per cfm, will continue to operate for almost 20. years 
based on present performance. However, it is apparent from Table V III  
that capital costs could be appreciably lowered. The velocity for a deep 
fibreglass unit can be over four times that possible with sand because of the 
higher void volume and lower resistance. There is no further need for sand 
filters with our present knowledge of graded glass-fibre performance. Two 
large deep-bed fibre-glass units based on this information have been construc
ted with satisfactory performance.

In addition, Lapple has indicated, as mentioned above, that the use of 
high-efficiency-type AEC filters at a reduced velocity would perhaps'give 
comparable results. The corrosion and moisture conditions were unknown 
initially, hence the sand and fibreglass developments appeared to be a less 
risky approach. The prediction of economic velocities for filters requires 
further study, however; on a general basis the trend shown in Fig. .4 is ex-

Fig. 4
Factors in economic filter velocity selection (Reference 16)

pected to be typical. B l a s e w it z  and Sc h m id t  (17) have recently sum
marized the Hanford experience with deep fibre-glass units as well as silver 
reductors. Although design and performances are given, unfortunately no 
economic data are presented.

Laboratory operations and economic assessments

In discussing laboratory operations in this particular case, a rather broad 
aspect of handling of special materials and isotopes is encompassed. These 
may range from ordinary chemical-laboratory assays to bench, cave, or glove- 
box operations for making fuel elements or special components. The equip
ment installed in these laboratory buildings may include laboratory hoods 
and glove boxes or caves. In all cases, the. designs can be placed in two cate
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gories. One approach is the use of a central exhaust system. In this method 
all the numerous operations conducted in laboratory hoods, caves, hot cells, 
glove boxes and machine hoods are piped into duct work, then carried to 
a plenum and a central air-cleaning device. After cleaning the total exhaust 
is then discharged through a building stack. The other is the module system  
installed in several other laboratories. In this system, individual control 
for each room or module is provided, and supply and exhaust from each 
area are balanced.

These two extremes represent approaches that have been used in most 
nuclear process facilities. Some examples of both types are present in some 
large installations. Advantages of the central system are largely those of 
reduced capital costs, since a large volume of air is handled by a single large 
cleaning unit. However, the disadvantages of such a system include contam
ination of duct work and the necessity of providing large air flows for limited 
operations in order to maintain transport conditions; lastly, there must be 
a partial or an over-all shutdown if the collector requires maintenance. The 
compartmenting of collectors to minimize this effect raises the question of 
control-equipment costs.

Individual systems provide greater flexibility in control and less conta
mination of duct work. They also permit simple procedures for monitoring 
and determining the contribution of contamination sources to the over-all 
system. In newer laboratory designs, the trend in this country is to utilize 
the module or individual system wherever possible. Many of the early labor
atories, however, were designed on the basis of conventional chemical or 
physical laboratories, and some facilities have followed this procedure in 
their present approaches.

A  rather complete assessment of a central system arrangement has been 
given by Jord an  (18). He has compared the requirements for plutonium- 
handling facilities which utilized an after-filter and electrostatic precipitator 
combination, which had been selected for operation before much information 
(war-time era) was available on the actual cleaning necessary.

The summarized annual costs of air cleaning for these three installations 
at Los Alamos are presented in Table X . It can be seen from these data that 
the cost per 1,000 cfm ranges from $70 to $900. However, it should be pointed 
out that the PL-24 filters, which have the lowest cost listed, are approxi
mately 6 0%  efficient for a plutonium aerosol which ranges in size from 0.3 
to 1.0 ¡л with a standard deviation of 1.5 to 3.0. Maintenance difficulties were 
experienced with these supply-type electrostatic precipitators. It was found

TABLE X
SUMMARIZED ANNUAL COSTS OF AIE CLEANING

System Depre
ciation Operation Mainte

nance Total cost Flow rate 
cfm

Cost per 
cfm

Cost per 
1,000 cfm

DPW Electro- 
Matic 

PL-24 
Combined 
CMR 
Ten Site

$ 15,690 
1,760 

17,450 
6,830 
9,970

$ 4,450 
10,250 
14,700 
12,660 
8',820

$ 10,700 
1,500 

11,700 
4,140 
6,040

$ 30,840 
13,510 
43,850 
23,630 
24,830

5 184,000
184.000
184.000 
35,000 
27,600

$ 0.17 
0.07 
0.24 
0.68 
0.90

$ 170 
70 

240 
680 
900
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that the maintenance for this precipitator on a highly toxic material and 
with frequent ionizing wire breakage was very uneconomical. During breakage 
efficiency was lowered. To correct this situation, a number of the individual 
hood and glove-box operations were assayed and locally equipped with high- 
efficiency AEC filters before their exhaust was discharged into the central 
system plenum. By reducing the upstream loading to the precipitator, it was 
possible to shut off its energizing potential and use only its PL-24 prefilter 
for controlling effluents to permissible levels.

The most expensive operation indicated in Jordan’s analysis is a special 
facility (Ten Site) handling an aerosol with high beta-gamma activity resulting 
from barium-lanthanum equilibrium mixture. Since there were some acid 
fumes involved, a wet cleaner for this system was deemed necessary. Difficul
ties soon developed from strontium quantities in the barium-lanthanum mix
ture which required that an additional waste-water treatment facility be 
installed, thereby increasing the capital costs markedly.

The majority of United States nuclear process laboratory operations now 
utilize fibreglass prefilters followed by high-efficiency AEC filters, whether on 
a module system or a centralized system.

A  large plutonium facility with several buildings has used prefiltered air 
and high-efficiency filters for several years. By using an operating velocity 
of 4 0 %  of rated values, a filter life of over four years has been obtained. This 
would confirm the concept shown graphically in Fig. 4. Economic velocity 
and efficiency should be correlated, but this has not been done as yet.

V a n  V a l z a h  (8) indicates some costs and life data for a module-type 
laboratory installation. In a four-year period it has been shown that, using
1,000 cfm filters at 1/ 2 rated values, the lives indicated below are obtained:

Air Flow Life

500 cfm 
375 cfm 
360 cfm

22 months 
30 months 
32 months

The filter installations were originally designed to use CC-6 filters made by  
the Chemical Corps. These had approximately half the present ratings (500 cfm 
at 1 inch of water) and gave approximately half the operating life. The cost 
of a 1,000 cfm AEC-type high-performance filter is approximately $ 40. 
Labour and miscellaneous charges for changing filters (1.6 hours plus sealing 
materials and trucking) per 1,000 cfm unit is $ 8.50. Total filter costs are then 
$ 48.50 per 1,000 cfm per year.

Experience of many AEC facilities with these filters in various sizes indicates 
that this value is representative. Prefilters significantly reduce the frequency 
of changing.

Most of the filters are changed at Argonne National Laboratory because 
air-flow resistance rise is beyond fan capacity rather than because of radiation 
hazards, as in many other laboratories. A  recent report by the Argonne group 
at the 1959 Industrial Radioactive W aste Disposal Hearings in Washington  
(19) indicated that their gaseous waste treatment costs, including maintenance, 
amortization and overhead, totalled $ 60,000 in 1957. Since over 200,000 cfm 
of air is involved, this represents less than $ 0.30 per cfm per year. This value

165



agrees with data from several other laboratories obtained in our recent pre
liminary survey (9). Exhaust cleaning for radioactive aerosols and gases ranged 
from $ 100 to $ 460 per 1,000 cfm for air volumes of 70,000 cfm or greater.

Economic aspects of cleaning noble gases and special operations such as 
incineration and liquid waste concentration

The problems associated with the economic removal of noble gases are so 
severe in terms of feasibility that in most instances we depend upon tall stacks 
and atmospheric dilution. I have already discussed sources of fissionable gases 
from reactor cooling and chemical processing. Table III  gives most of the 
principles and procedures for recovering rare gases or retaining them until decay. 
Fortunately, except for argon (A 41) activation in reactor cooling air, the rare- 
gas volumes involved are small relative to the amounts of material handled.

Possible uses of noble gases such as krypton-85 in devices such as energizing 
special batteries or illumination sources may offset recovery costs by their 
commercial value. Except for krypton-85, the noble gases can be detained for 
short periods by compressing in tanks or adsorbing on charcoal chilled with 
water, refrigerants, or liquid nitrogen. A  chilled-water system has been installed 
on the Oak Ridge Research Reactor and has given excellent results (20). 
Another approach uses a continuous-absorption stripping process with kerosene- 
base solvents (21). The studies on it indicate that this method will give satis
factory xenon and krypton recovery, but results are too limited at present 
for a reliable forecast of capital or operating costs.

Incinerators are utilized for reducing bulk volumes of combustible wastes 
and have been discussed in detail elsewhere. The cleaning necessary depends 
upon the activity of the waste to be handled. For highly active materials 
final filtration with AEC high-efficiency filters is necessary. Incineration pro
duces particulates composed of solid particles from the ash and tarry droplets 
from the volatiles. This composition creates cleaning equipment problems and 
usually involves a train of devices. The tars and fine ash shorten filter life by 
rapidly increasing resistance. Cleaning costs for radioactive waste incineration 
have not been completely evaluated. R o d g e r  and F i n e m a n  (2 2 )  made a 
study of a 100-cfd unit equipped with two wet scrubbing devices in series followed 
by a 1,000 cfm final AEC cellulose-asbestos filter which could be burned (about 
10%  residue) later. The decontamination achieved by the equipment is sum
marized below:

Equipment Decontamination
Factor

Furnace 2.2 x 102
Schreier-Bartolucci scrubber 1.2
Pease-Anthony Venturi scrubber 50
AEC filter 2.6 x 103
Over-all 3.4 x 107

Their cost data indicated that the system required one $ 40 cellulose- 
asbestos AEC filter for 5 days at 8 hours per day. They later indicated reduction 
to one filter every 10 days or $ 4.00 per day. Other costs, such as water for 
scrubbers, maintenance, power, amortization and overheads, are not easily 
discerned for the air cleaning system, although they do compute over-all
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costs in terms of the cubic feet of waste handled. As an estimate it can be assu
med that gas cleaning costs will range from 10 to 15%  of the incineration costs.

In reducing radioactive waste liquids to solids by fluidized-bed calcination, 
rotary calcining or evaporation, radioactive aerosols and gases are created. 
Large-scale instances of this type are not in operation, hence gas-cleaning 
economic data are not available. E dw ards (23) recently described the large- 
scale pilot plant at Idaho which involves a unit to reduce 60 gallons per hour 
of liquid waste to solids. Approximately 50 pounds per hour of solids (calcined 
alumina) are produced, and off-gases to be cleaned are 2,840 cfm (400° С and 
10.7 psia). Operation data will not be available for some time, but the gas- 
cleaning equipment involved represents a susbtantial part of the capital 
costs of this facility.

Reduction of liquid volumes by evaporation has been studied by several 
investigators. The tankage volume of liquid wastes is reduced by evaporation 
from self-heating. The evaporating steam must be filtered to remove entrained 
solids, but this is not a complex problem. M a n o w it z , R ic h a r d s  and 
H o r r ig a n  (24) have utilized vapour compression evaporation with a fibre
glass filter to reduce liquid volumes a hundredfold. Here again, although over
all equipment costs are given, it is not possible to determine the vapour-cleaning 
portion of capita] or operation costs. In this case, since only a relatively coarse 
fibre-glass filter is involved, cleaning costs are not a burden. The filter container 
will cost considerably more than the media. Filter life and stability are not 
reported, but it should be possible to clean in place for some time by back 
flushing.

In summary, radioactive waste concentration gas-cleaning costs are a signi
ficant factor in waste reduction costs. An economic evaluation should be made; 
however, the information available from present pilot-scale operations are not 
extensive enough for reliable estimates.

Over-all cost comparisons of air and glas cleaning
An over-all comparison of costs of air and gas cleaning installations and 

equipment for several operating facilities in all the areas outlined above is 
now in progress (9). This study is being done by the Harvard Air Cleaning 
Laboratory with the support of the USAEC. A t present the pre
liminary information collected in this survey is too limited to discuss in detail 
here. The type of information we have been asked to supply by the various 
facilities and contractors is based on the specifications presented by us at the 
Fifth Air Cleaning Seminar (25) and outlined in Table X I .

TABLE X I
DESCRIPTIVE AND OPERATIONAL DATA DESIRED 
IN AIR AND GAS CLEANING ECONOMIC SURVEYS*

Descriptive data

A. Manufacturer
B. Trade name
C. Cleaner classification and type

* From DENNIS, R ., BILLINGS, С. E. and SILVERM AN, L ., Economic Survey o f Air and Gas Cleaning 
Operations within the AEC. Fifth Air Cleaning Conference, TID-7551, U.S. Atomic Energy Commission, 
Washington, D.C. (April 1958).

167



1. Roughing or precleaning
a. Oil-coated metal screens, ribbon, expanded metal
b. Coarse fibre, bulk or preformed glass, mineral, metal, synthetic
c. Low-efficiency paper
d. Electrified fibre media
e. Wet cell washers
f. Wet scrubber— water or chemical
g. Others

2. High-efficiency precleaner or final cleaner
a. Low-voltage, 2-state electrostatic precipitator
b. High-voltage electrostatic precipitator
c. Fibre bed— bulk or preformed
d. Woven and felted fabrics
e. Deep-bed sand or fibre filters

3. Ultra (absolute) Filter— CWS or AEC types
a. Cellulose asbestos л
b. All glass

D. Application
1. Prefilter —  supply air

a. General ventilation
b. Special hoods
c. Process air (cooling)
d. Other

2. Precleaning— exhaust air
a. Laboratory— level, isotope
b. Production areas
c. Other

3. Final cleaning— exhaust air
a. Laboratory— level, isotope
b. Production areas
c. Other

4. After-cleaning— exhaust air
a. Emergency system
b. Special applications

5. Product recovery >
E. Cleaning requirement and process

1. Dust, mist, fume, vapour removal, also rare gases
2. Aerosol composition
3. Particle-size characteristics
4. Concentration— weight or activity/unit volume of gas

F. Space requirements ,
1. Over-all dimensions (unit collectors) and capacity, cfm or with parallel or banked 

units
2.'Cubic feet per cfm cleaning capacity
3. Face area per 1000 cfm cleaning capacity 

G-. Operating characteristics
1. Filtering velocity, fpm
2. Pressure loss— inches water

a. Initial (clean filter)
b. Maximum allowable before removal or cleaning

3. Power requirements— HP per 1000 cfm air
a. Fan system

(1) Based on cleaner pressure loss only
(2) Based on entire system— including other cleaning devices and hood, duct, 
and stack system

b. Water sprays or scrubbing liquid—pump HP per 1000 cfm air
c. Electrical power— electrostatic precipitators kw per 1000 cfm air

4. Cleaner service life
a. Before cleaning or replacement, or
b. Mechanical overhaul

5. Operating temperatures and humidities
6. Water or scrubbing liquid volume— gallons per 1000 cfm air

a. Spray-nozzle type and pressure, lb per in2, gauge
b. Per-cent recycle
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с. Chemical requirements—lb of reagent per 1000 cfm air
7. Collection efficiency— weight and activity basis

H. Method of replacement or cleaning of media
1. Washing, steam cleaning
2. Washing and re-oiling
3. Replacement of filter media— i.e. airmat paper, felt bags
4. Replacement of complete package unit— i.e. dust stop, AEC filter
5. Vacuum cleaning
6. Other

I. Criteria for cleaner changes
1. Pressure loss
2. Activity
3. Time cycle
4. Other, including mechanical failure due to erosion, corrosion, or chemical attack, 

or due to faulty design or application
5. Who determines criteria for maintenance —  Health Physics Dept., Engineering 

Dept., Industrial Hygiene Dept., Maintenance Dept., or other ?
J. Handling and disposal methods

1. Personnel protection
2. Packaging
3. Baling
4. Incineration >
5. Burial or storage

K. Comments relative to above items
1. Reason for selection of any one type of cleaner
2. Is this device satisfactory as to quality of cleaning against over-all cost ?
3. Suggestions for improving performance based on field experiënce
4. Recommended Research

Gas Cleaning Costs

NOTE: Equipment and replacement parts should be defined in terms of purchase 
price. Installation charges, if not included in collector price, and all labour 
costs arising from maintenance repair, inspection etc. should be expressed in 
terms of man-hours per 1,000 cfm per year. Indicate labour category— labourer, 
millwright, technician, health physicist, etc.

I. Equipment charges—Average yearly costs
A. Initial collector cost— Including filter frames— S/1,000 cfm. Not including fan, 

duct work, or installation, unless some special factors involved such as sprays 
in duct system, special materials or linings, etc.— explain

B. Item A based on 5 to 10 year write-off—$/1,000 cfm/yr. Indicate write-off period 
and explain

C. Replacement parts— over-all yearly cost— S/1,000 cfm/yr.
1. “Throwaway” filters— roughing type
2. “Ultra” filters—AEC type
3. Replacement media
4. Filter bags
5. Other

D. Replacement parts—Item С— Cost per standard replacement unit
II. Labour charges— Over-all yearly cost

A. Installation over and above equipment cost—based on equipment write-off period—  
man-hours/1,000 cfm/year

B. Routine maintenance and inspection—man-hours per 1,000 cfm year
C. Cleaning or replacing filter media— man-hours/1,000 cfm/year
D. Handling and disposal— man-hours/1,000 cfm/year
E. Labour charges—individual filter replacement— man-hours/1,000 cfm/year

1. Cloth bags
2. Absolute filters
3. Other

F. Costs associated with clean-out and repair of hoods, duct work decontamination 
pertaining to maintenance, etc.—man-hours/1,000 cfm/year

G. Miscellaneous costs'
1. Average cost of lost production due to equipment down-time or exhauster
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2. Fan maintenance
3. Costs of air cleaning as % of total plant maintenance cost
4. Indirect costs: How much of the time and labour in equipment’s failure or 
maintenance is hidden in other departments and not directly charged to the collect
or maintenance: for example engineering, health-physics, maintenance, etc.?

Our over-all survey (9) data to date have indicated that there is a wide 
variation in accounting and maintenance cost procedures in the various faci
lities. There is also a wide variability in the way capital charges are amortized.

Preliminary findings show that the frequencies at which collection units or 
media are changed varies from periods of 2 months to once in 10 years. In  
general, roughing filters are changed approximately twice as often as absolute- 
type filters. Filters or filter media are changed because of pressure drop, and 
a limited number of others because of mechanical failure or operational require
ments such as time available for reactor shut-down.

Methods of handling, storage, and disposal of the filter units vary widely 
from one location to another. Consequently, the cost of these waste manage
ment problems will vary widely. Handling problems in some operations involve 
airborne hazards, whereas others can impose a significant external radiation 
problem. Liquid waste requires special processing, and methods of neutral
ization and in some areas dry filter units are incinerated or baled before storage. 
W ith proper sealing they may be shipped in their original containers to a dis
posal facility.

W e have not yet developed a convenient wa}  ̂ to express all the actual 
operational and economic information obtained so that it can be assessed from 
the cost-efficiency standpoint. In many facilities, unfortunately, efficiency is 
presumed to be that which is specified by the supplier rather than that actually 
obtained from installed sampling data. Since specified components may be 
only one source of leakage as contrasted with frames, gaskets, seals, etc., it 
is necessary to do effluent monitoring to evaluate penetrations.

In the case of inert dusts, quantitative information is being developed. 
Although this is not complete by any means, it is more than we have been able 
to assess at the present time for radioactive operations. In the Handbook on 
Air Cleaning (5) we have given cost data for many known types of equipment. 
D a lla  V a l le  (26) has given some charts for estimating dust collector costs. 
He has compared a number of the standard collection devices on a basis of 
cost versus capacity. In most instances an exponential decrement relation is 
apparent with increasing size in the case of collection devices ranging from
5,000 to 30,000 cfm. A t approximately 15,000 cfm most of the cost values per 
cfm become asymptotic, and appreciable cost reduction is not gained in larger 
sizes. Agreement with this analysis for many of the types of equipment selected 
for radioactive control may be found, since there is no major difference in 
manufacturing costs of these devices. Added costs may be involved in some 
specifications which require special alloy steels, pressure-tight containers and 
shielding for the active situations. Unit filters cannot show appreciable re
ductions with volume because of the basic material and labour costs ; however, 
the frames and housing costs will decrease. Large custom-built structures such 
as deep-bed fibreglass filters, of course, cannot be compared with factory- 
assembled .units.

The most useful recent information available for inert dusts has been a com
prehensive comparison by S t a i :r m  a  n :d  (2 7 ) of a number of standard types of dust 
collectors used by Imperial Chemical Industries, Ltd. in the United Kingdom.
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TABLE X II
O VER-AIL COLLECTION EFFICIENCY ON W.C. 8  TEST DUST*

Apparatus
Overall
weight

efficiency**
%

Efficiency 
at 5 ft

%

Mediumrefficiency cyclone 65.3 27
High-efficiency cyclone 84.2 73
Low pressure-drop cellular cyclone 74.2 42

. Tubular cyclone 93.8 89
Irrigated cyclone 91.0 87
Electrostatic precipitator 94.1 92
Irrigated electrostatic precipitator 99.0 98
Fabric filter 99.9 >99.9
Spray tower 96.3 94
Wet impingement scrubber 97.9 97
Self-induced spray deduster 93.5 93
Disintegrator 98.5 98
Venturi scrubber 99.79 99.6

* From STAIRM AND (see Table I I I  for reference).
* * Based on dust with a mean size o f 20 /' and approximately 35% by weight greater than 400 mesh 

<38 ц).

Utilizing a special silica dust with a mean size of approximately 20 /л and a 
specified distribution, he has compared the performance of simple cyclones, bag 
filters, reverse-jet filters, high-efficiency scrubbers and electrostatic precipitators. 
These data are shown in Table X I I . W ith this size dust, all the AEC high- 
efficiency filters would show D F ’s of 106 or more. I have taken the data deve
loped by Stairmand, correcting them for present United States costs, and used 
our decontamination factor instead of his performance index. Table X I I I  shows 
these data corrected to current values of dollars per cfm and per cubic foot of 
air treated for comparison. The data plotted in Fig. 5 indicates an approximate 
relationship between the cost per cfm and decontamination index. It can be 
expressed as an equation of the type

D F  =  y -i—  =  ^ -  =  К  (cost per cfm)a

where f
К  =  proportionality constant 
a =  exponent— slope of line in Fig. 5.

For the line of best fit shown in Fig. 5, the constant and exponent are as 
follows :

D F =  350 (cost per cfm)2

Cost per cfm =  1 / ^ - =  |/

That is, the decontamination factor is proportional to the square of the cost. 
Penetration then will vary inversely with the square of the cost. To reduce 
penetration by a factor of 2 will cost 41%  more (y^T =  1-414), a reduction in 
penetration that is tenfold will cost 316%  more. The performance obtained
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TABLE X III
APPROXIMATE COSTS OF DUST REMOVAL SYSTEMS 

(TREATING 60,000 FT3 PER MIN. OF DUSTY GASES AT 68° F.).

Equipment
Efficiency 

on standard 
dust (1),

%
DF* D I**

Capital cost 
S Pres

sure 
drop 

in. w.g.

Power 
cost (3) 

$/yr.

W
at

er
 u

se
 

ga
l./

10
00

 
ft

3
i

Water 
cost (4)

S/yr.

Main
tenance 
etc., (5) 

S/yr.

Total 
run
ning 

cost (6) 
S/yr.

Capital
charges

(?)
S/yr.

Total operational costs, 
including capital charges

Total
(2)

Per cfm 
capa
city

S/yr. S/yr./
cfm

S per 
1,000 cf

' Medium-efficiency
cyclones 65.3 3.7 0.57 10,200 0.170 3.7 5,240 — — 372 5,612 1,020 6,632 0.110 0.023

High-efficiency
cyclones 84.2 6.4 0.81 19,500 0.167 4.9 7,000 — — 372 7,372 1,950 9,322 0.155 0.032

Tubular cyclones 93.8 16.2 1.21 21.400 0.183 4.3 6,140 — .— 372 6,512 2,140 8,652 0.142 0.030
Irrigated cyclones 91.0 11.1 1.047 24,200 0.217 3.9 '6,290 4.0 2,300 930 9,620 2,420 12,040 0.200 0.042
Low pressure-drop

cyclones 74.2 3.9 0.59 17,300 0.288 1.4 2,030 — — 372 2,402 1,730 4,132 0.069 0.014
Electrostatic

precipitators 94.1 17.0 1.23 95,000 1.58 0.6 1,920- — . — 1,550 3,470 9,500 12,970 0.216 0.045
Irrigated electro

static precipitators 99.0 100 2 163,700 2.73 0.6 3,470 2.5 1,440 2,480 7,390 16,370 23,760 0.396 0.082
Frame-type fabric

filter *> 99 .9 >  1000 >  3 54,500 0.910 4.0 5,820 — — 19,700* 25,520 5,450 30,970 0.516 0.108
Reverse-jet fabric

filter **> 99 .9 >1000 > 3 52,600 0.877 5.0 12,400 — — 16,750** 29,150, 5,260 34,410 0.573 0.195
Spray tower 96.3 27 1.43 56,600 0.937 1.4 7,360 18.0 10,360 1,860 19,580 5,660 25,240 0.421 0.088
W et impingement

- scrubber 97.9 47.7 1.68 32,000 0.534 6.1 9,000 3.0 1,726 1,860 12,586 3,200 15,786 0.263 0.055
Self-induced spray

deduster 93.5 15.4 1.86 26.900 0.448 6.1 8,740 0.6 346 1,240 10,326 2,690 13,016 0.216 0.045
Venturi scrubber 99.7 33.3 2.52 46,500 0.775 22.0 32,750 7.0 4,030 1,860 48,640 4,650 53,290 0.886 0.185
Disintegrator 98.5 66.7 1.825 73.900 1.23 — 70,400 5.0 2,880 1,240 74,520 7,390 82,910 1.38 0.288

(1) Based on silica powder test dust mean size 20 ц, used by  ICI at 
Billingham.

(2) Includes fans, pumps, motors and erection. Corrected to 1959 values.
(3) Cost o f  electrical energy assumed $ 0.15/kWH. Fan and m otor 

efficiency taken as 60 per cent.
(4) Cost o f  water assumed $ 0.02/100 gallons based on 1959 US costs o f 

$ 0.20 per 1000 gallons and 10% make-up.
(5) Estimated figure.
(6) Assuming 8,000 hours’ operation per year.
(7) Taken as 10% o f  capital cost.

* Includes complete change o f bags once per year.
** Includes complete change o f bags twice per year.
*** D F  ---------------------  =  Decontamination factor.

100 — Eff.
**** p i  =  log10, D F  =Decontamination index.

N O TE: Corrections to US dollars based on £1 = $ 2 . 8 0 +  10% or 3.1. 
Assumed 10% increase since 1955— 1959 on capital and operating costs 
based on US maintenance costs evaluated at twice Stairmand’s owing to 
labour and material differentials.
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Relationship between cost of particulate cleaning and decontamination factor. Items 
in figure are identified as follows:

1. Medium-efficiency cyclone
2. High-efficiency- cyclone
3. Tubular cyclone— 6 in. diameter cells
4. Irrigated cyclone
5. Low pressure-loss cellular cyclone, 13 in. diameter cells
6. Electrostatic. precipitator (2 designs)
7. Irrigated electrostatic precipitator
8. Frame-type fabric filter (bags changed once per year)
9. Reverse-jet filter (bags changed twice per year)

10. Spray tower
11. Wet impingement scrubber
12. Self-induced spray wet collector
13. Venturi scrubber (4 designs)
14. Disintegrator

is hence proportional to the investment. Some of our preliminary data indicate 
that this relationship holds for radioactive aerosols as well; however, extra
polation to higher D F ’s than shown in Fig. 5 is unwarranted. It should also 
be emphasized that Stairmand’s performances are based on process effluents 
and can only be compared with radioactive operations such as refining and 
ore handling. The compensating long ]ife obtained with low loadings partially 
offsets the high cost of the better filters. Absolute-type as well as bag filters 
increase their performance with increased dust loadings due to the beneficial 
effects of the deposited aerosol. Thus an increase in D F  is obtained at no added 
cost except resistance to flow (increased power costs).

W hen the costs per 1,000 cfm values in Table X I I I  are compared with those 
already discussed in detail above for various nuclear processes, they show 
annual operation costs that are not appreciably greater despite the higher 
D F ’s obtained. For example, the precipitators give annual costs of $0 .396  
to $ 0.516 per cfm, and reverse-jet units close to H arris and M ason ’s
(13) capital cost of $ 1 per cfm show $ 0.57, whereas they found $ 0.32 as a 
value four years ago. Extravagant over-design of equipment and devices is not
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necessary in radioactive gas and aerosol treatment. Obviously, additional 
costs can be attributed to labour for handling, monitoring and maintenance 
associated with active materials.

As cited above, in practice inert dusts often cause filters and other com
ponents to be replaced under lower loading conditions encountered everywhere 
but in refining. The problem of neighbourhood beryllium contamination 
was recently investigated by the writer (28). It was found necessary to use two 
collection devices in series to obtain a satisfactory over-all performance. This 
facility was designed with selected process-effluent control equipment and 
a secondary collector consisting of a standard cloth-bag unit converted into a 
high-efficiency filter by depositing fine asbestos “ floats” on the fabric surface 
at two-month intervals. The over-all system and filter selection provides such 
efficient control that only a 200-foot stack was necessary to reduce surrounding 
ground-level concentrations to values far below permissible values (0.01 fig 
per cu m). Performance of the operating plant has indicated that this 
equipment approach is successful. The beryllium recovered in the final 
collector will be reprocessed. The over-all cost of all cleaning equipment 
was approximately 5 %  of the plant construction costs. The plant has not 
been in service long enough for an estimate of operating costs, but they should 
be reasonable in relation to loadings and resistance values.

Stack costs

For radioactive gases in particular, tall stacks and meteorological dispersion 
are necessary if release of significant amounts of active noble gases are involved. 
The unit volume cost of recovering these by known methods is so high that 
their use is limited to very small gas flows. Consequently, for pile and shielding 
coolants as well as chemical operations, it becomes necessary to provide 
enough stack height to give sufficient atmospheric dispersion and dilution 
before the contamination reaches ground level. It is not intended to discuss 
the philosophy or techniques of stack design here, but merely to indicate 
the relative cost of stacks for control of such operations. Stack design, selection 
and cost for this purpose are not significantly different from those for general 
chemical or combustion operations. Often, in our case, the stack effluent 
is not corrosive and reactive gases present in addition to the noble gases 
are inconsequential. Particulate loadings are, of course, quite low in contrast 
to many industrial stacks. In most cases particulates are removed with the 
control necessary to assure compliance with radiological hygiene requirements, 
as indicated by sampling evaluations.

Stacks of metal, concrete, or masonry construction may be employed. 
Difficulty was experienced in the early days with steel linings because of radio
active contamination of iron scale. Problems arose where active particles had 
been deposited on the wall and then released during descaling of the stack wall 
by erosion. Subsequent removal of particulates from operations discharged to 
the stack indicates that the “rusting” problem is not serious in these circum
stances. However, stainless-steel linings may be employed and will cost approx
imately five times as much as mild steel. There are very few operations, 
except those which involve highly corrosive materials, in which alloy-steel 
linings are necessary.

St a n k ie w ic z  (29) in a recent article has presented charts and data 
for estimating costs of brick, concrete and steel stacks. His curves compare
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the cost in relation to the height of the stack, and give the quantity of materials 
necessary for the column, foundation, lining and support. W ith  this informa
tion it is possible to compare the relative cost of 10-foot and larger stacks, up 
to 24 feet. There may be some variation in cost, depending upon the available 
support or foundation requirements for stacks. For tall stacks such as those 
that would be utilized for dispersing reactor or processing gases, ranging in 
height from 200 to 400 feet, the brick stacks cost would be the highest, steel 
intermediate, and concrete costs somewhat lower. Nuclear processing or reactor 
facilities have used concrete, with metal linings in some cases. Chemically 
resistant paints or surface coatings may also be employed. It is difficult to 
present any but approximate cost values. Tall stacks such as have been em
ployed for radioactive operations range in cost from less than |300 to $1,000 
per foot of stack height, depending upon the final height and foundation needed. 
A  recent installation of a mild-steel corrosion-resistant painted 200-foot stack 
for 120,000 cfm on a beryllium refining plant (28) cost $36,000 before erection. 
Over-all cost of $50,000, or less than $0.50 per cfm, is indicated. On a per foot 
basis this is $250, close to the minimum value cited above.

Conclusions

The economics of air and gas cleaning for nuclear process facilities do not 
involve costs greatly different from those for cleaning inert aerosols. The essen
tial differences, except for uranium and thorium refining and metal production, 
lie in the low dust loadings encountered and the high toxicity of the materials 
handled. Nearly 15 years’ experience in providing high-efficiency cleaning and 
control has resulted in development of special filters and treatment processes 
for producing high decontamination factors with long life and infrequent 
servicing to minimize exposures of personnel.

Assembled cost data from the principal operations, based on preliminary 
survey data of many operations throughout the United States indicate that 
costs are dependent upon the decontamination necessary. Summarized values are 
presented in Table X IV . For precleaning atmospheric air to reduce filter dust 
loads and decrease replacement or cleaning frequency, these costs range from 
$0.40 to $124 per 1,000 cfm per year, which is comparable to general industrial 
practice. The performance obtained ranges from less than 10%  to over 90%  
for submicron dusts. Reactor off-gas cleaning costs range from $50 to $55 
per 1,000 cfm per year.

Cleaning for refining operations was found to lie within the $230 to $320 
per 1,000 cfm per year for reverse-jet filters equipped with wool felt bags. 
Life data indicate that on the average the bags will last 8 months. Much shorter 
life is obtained on heavy dust loads such as in pneumatic conveying operations.

The cleaning of radiochemical laboratory exhaust was found to range from 
$100 to $450 per 1,000 cfm per year for large air volumes (70,000 cfm and 
greater). One laboratory installation reached a cost of $900 per 1,000 cfm  
in unusual circumstances. Not enough information is available at present for 
a reliable estimate of gas cleaning costs for noble gas recovery or for cleaning 
aerosols created by incineration of combustible wastes or reduction of liquid 
volumes. It is estimated roughly that they will involve 10 to 15%  of the general 
equipment capital and operating costs. Stack costs for dispersing radioactive 
noble gases range from less than $300 to $1,000 per foot of stack height for 
stacks over 200 feet.
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TABLE X IV

APPROXIMATE COMPARATIVE COSTS FOR CLEANING OF RADIO ACTIVELY-CONTAMINATED OFF-GAS STREAMS

Operation Aerosol Air or gas cleaning Performance to Cost, $/1,000 cfm
equipment be expected, % Capital Operating

Refining Uranium oxide in various forms Reverse-jet filter 99.5to >99.9 1,000 230 to 320

Machining of uranium 
and its alloys Normal and enriched uranium oxide Reverse-jet filter 99.5 to 99.9 500 to 

1,000
80 to 100

Reactor cooling air: 
Precleaning

After cleaning

Non-radioactive atmospheric dust

Activated atmospheric dust U 0 2, gra
phite, concrete, dusts, etc.

Bonded 1 to 3 /i fibre
glass in deep bed units 
Same as above plus 
AEC cellulose-asbestos 
or glass web units

70 to 85 

99.95

100 to 
300

350

15 to 25 

50 to 55

Chemical processing Ventilation air from process vessels Sand or fibreglass in 
deep-bed units 99.7 to >99.9 2,860 to 400 to 800*

Laboratory operations : 
precleaning Non-radioactive atmospheric dust Oil-coated filters, fibre

glass mats to electro
static precipitators <  10 to 90

5,500 

5 to 550 0.40 to 
124

exhaust cleaning Radioisotopes and inert dusts Bonded fibreglass and 
AEC cellulose-asbestos 
or glass web units 99.98 200 to 

800
100 to 450

* Based on power costs o f $ 0.015 kWh and 10% depreciation only.



\

An over-all comparison of cleaner costs for inert dusts indicates an annual 
operation cost-penetration (p) or decontamination factor (DF) relationship 
of the following type :

Cost per c f m =

From this relationship it is apparent that halving decontamination will call 
for an increase in expenditure of 4 1 % . Our information assembled to date 
indicates that this type of relationship also exists for radioactive dusts. All 
factors such as maintenance, amortization and power are included in this 
cost evaluation. The annual operating costs for a number of radiochemical 
and nuclear processing facilities he within the range of operating and capital 
costs for other industrial-process gas cleaning where decontamination factors 
of at least 100 to 1,000 are required.
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S T U D Y  O F  T H E  F I X A T I O N  A N D  M I G R A T I O N  O F  R A D I O 
A C T I V E  C A T I O N S  I N  A  N A T U R A L  I O N  E X C H A N G E R

Abstract

W ith a view to utilizing lignite as a natural ion exchanger in the treatment 
of radioactive waste, a study was made of its physical and physico-chemical 
properties with reference to ion exchange.

The distribution of Sr90 and Cs137 ions in the presence of Ca, Na and H  was 
first examined and the equilibrium constants calculated. The kinetics and fixa
tion of ions were then studied, and various parameters required for the calcula
tion of ion-exchange beds were established.

Study of the complex phenomenon of radioactive ion migration in the soil 
was started by the separate investigation of each component ionic equilibrium.

E T U D E  D E  L A  F I X A T I O N  E T  D E  L A  M IG R A T IO N  D E  C A T IO N S  
R A D I O A C T I F S  D A N S  U N  E C H A N G E U R  D ’ IO N S  N A T U R E L

Résumé

Afin d ’utiliser le lignite comme échangeur d’ions naturel dans le traitement 
d ’eaux résiduaires radioactives, üne étude a été faite de ses propriétés physiques 
et physiochimiques, ayant trait à l ’échange d ’ions.

En premier lieu on a étudié la distribution des ions 90Sr et 137Cs en présence 
de Ca, Na et H , et calculé les constantes d ’équilibre. En second heu on a traité 
la cinétique de la fixation des ions, et établi quelques paramètres nécessaires 
au calcul de hts d ’échangeurs d ’ions.

L ’étude du phénomène complexe de la migration des ions radioactifs dans 
le sol a été abordée par l ’investigation séparée de chacun des équilibres ioniques 
composants.

И З У Ч Е Н И Е  Ф И К С А Ц И И  И М И Г Р А Ц И И  Р А Д И О А К Т И В Н Ы Х  
К А Т И О Н О В  В Е С Т Е С Т В Е Н Н О М  И О Н О О Б М Е Н Н И К Е

Резюме

В целях использования бурого угля в качестве естественного ионообменника 
при обработке жидких радиоактивных отходов, изучались его физические и 
физико-химические свойства, связанные с обменом ионов.

Прежде всего было изучено распределение ионов стронция-90 и цезия-137 в 
присутствии Ca, Na и Н, и расчитаны константы равновесия. Затем была 
изучена кинетика фиксации ионов и установлено несколько параметров, необ
ходимых для расчета ложа ионообменников.

Изучение сложного явления миграции радиоактивных ионов в почве прово
дилось путем раздельного исследования каждой составной ионных равновесий.
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E S T U D I O  D E  L A  F I J A C I O N  Y  D E  L A  M I G R A C IO N  D E  C A T I 
O N E S  R A D I A C T I V O S  E N  U N  C A M B I A D O R  N A T U R A L  D E

I O N E S

Resumen
Con objeto de utilizar el lignito como cambiador natural de iones en el trata

miento de aguas residuales radiactivas, se han estudiado sus propiedades físicas 
y fisicoquímicas en relación con el intercambio de iones.

En primer lugar, el autor ha estudiado la distribución de los iones 90Sr y 
137Cs en presencia de Ca, Na y H , y  ha calculado las constantes de equilibrio. 
En segundo lugar ha estudiado la cinética de la fijación de iones y ha estable
cido algunos parámetros necesarios para calcular los lechos de cambiadores 
de iones.

El autor ha abordado el estudio del complejo fenómeno de la migración de 
iones radiactivos en el suelo investigando por separado cada uno de los equi
librios iónicos componentes.

ETUDE DE LA FIXA TIO N  ET DE LA 
MIGRATION DE CATIONS RADIOACTIFS DANS 

UN ECHANGEUR D ’ IONS NATUREL
L. B a e t sl e

Ce n t r e  d ’E t u d e s  d e  l ’E n e e g ie  N ttcleaire, m o l .
B e l g iq u e

Introduction
Le but de cette étude est d ’analyser le comportement du 90Sr et du 137Cs 

sur des échangeurs d ’ions naturels comme le lignite et le sol. Le lignite est un 
produit qu’on trouve en grandes quantités aux environs du CEN à Mol (Bel
gique) et qui offre un intérêt particulier pour le traitement des eaux résiduaires 
radioactives par suite de ses propriétés d ’échange d ’ions.

Les caractéristiques physiques et chimiques du lignite ayant trait à l ’échange 
d ’ions sont données dans la première partie de cet exposé. L ’étude des diffé
rents équilibres ioniques intéressant le traitement des eaux résiduaires radio
actives fait l ’objet de la seconde partie. Les bases de calcul de la vitesse de 
saturation d’une colonne de lignite sont également étudiées. La vitesse de 
migration des ions dans le sol a été abordée de la même façon que l ’étude du 
lignite.

1. Propriétés physiques et chimiques du lignite.
Le lignite est un produit houilleux d’aspect brun foncé qui se trouve dans 

des gisements peu profonds (2 à 3 m) et dont les couches ont une épaisseur 
d ’environ 2 m. Le lignite fraîchement extrait contient environ 5 0%  d ’eau, 
après séchage à l ’air sa teneur en eau tombe à 2 5 % . Le pouvoir calorifique est 
très bas (2700 k cal/kg) (1) mais est théoriquement suffisant pour assurer la 
combustion sans apport d ’énergie. Cette propriété peut être mise à profit en 
vue de diminuer le volume de la matière à stocker.
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1.1 Densité apparente, fraction libre

La fraction libre a été déterminée pour différentes granulométries selon la 
méthode décrite par Orcutt et соБ. (2) qui consiste à faire passer à travers la 
colonne une solution d ’un sel jusqu’à saturation et ensuite éliminer par lavage' 
l ’excès de la solution qui se trouve entre les particules. Une simple détermina
tion de la concentration de l ’anion présent dans l ’eau de lavage permet de cal
culer directement la fraction libre. Le, tableau I donne un aperçu de la densité 
apparente, de la fraction libre et de la densité réelle pour différentes granulo
métries. La relation entre les trois valeurs est donnée par la formule:

R b = ( l — fe) dw (1)
R b =  densité apparente 
fe =  fraction libre 
dw =  densité réelle

TABLEAU I.
Densité apparente, fraction libre et densité réelle du lignite de différentes granulométries.

Granulométrie 10— 18 18— 35 35— 50 50— 80 80— 100

R b 0,49 0,50 0,52 0,54 0,51
fe 0,53 0,52 0,50 0,51 0,51
d w 1,05 1,05 1,07 1,10 1,05

Les valeurs trouvées pour la densité réelle correspondent à celles mention
nées dans le Handbook of Chemistry & Physics pour d’autres résines naturel
les (1).

1.2 Composition chimique

Le lignite est un polymère naturel formé par thermohydrolyse de la cellulose 
des plantes (3). Il contient les groupes fonctionnels COOH et OH. Toutefois
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seuls les groupes COOH interviennent dans la réaction d ’échange d’ions (4). 
La courbe de titration d’équilibre déterminée d’après la méthode de Kunin (5) 
est représentée à la fig. 1. Cette courbe correspond à celle d’une résine catio- 
nique faible, ce qui confirme les hypothèses formulées par Stach & Teich- 
muller. Au-dessus de pH  9, la résine entre en solution et donne lieu à un pro
duit inutilisable comme échangeur d’ions.

La capacité d ’échange a été déterminée après saturation complète des grou
pes fonctionnels et une valeur de 0,68 ± 0 ,0 2  me/g a été trouvée. A  l ’état natu
rel les groupes fonctionnels sont saturés avec plusieurs ions selon la répartition 
suivante :

Fe 29,6%
Ca 20 ,7%  '
H  49 ,7%

Le lignite contient après séchage à l ’air environ 20 à 2 5 %  d’humidité, il 
en résulte que la capacité utile par gramme séché à l ’air varie entre 43 et 
47 me/g. Le grand avantage du lignite comparé aux argiles réside dans la 
possibilité de diminuer le volume par incinération. Les diminutions de volume 
et de poids, ainsi obtenues, figurent au tableau II.

TABLEAU II.
Diminution en pour-cent du poids et du volume pour différentes granulométries.

Granulométrie (mesh ASTM) 10— 18 18— 32 32— 50 50— 80 80—100

Diminution du poids après séchage à l’air suivi 
d’incinération à 500° C 94% 94% 92% 87% 83%

Diminution du volume après séchage à l’àir suivi 
d’incinération à 500° C 90% 90% 90% 88% 87%

Diminution du poids après séchage à 100° C suivi 
d’incinération à 500° C 92% 91% 90% 85% 80%

2. Les propriétés d’échange d’ions du lignite

2.1 Equilibre des ions sur un échangeur

Quand on fait passer une solution contenant deux ions A a+ en B b+ à travers un 
échangeur d’ions il se produit un équilibre entre la solution et l ’échangeur. Cet 
équilibre peut être représenté par la réaction suivante:

b A a+ -f- R bB =ç^bR aA  +  a B b+ (2 )

A a+ et B b+ =  ions en solution
R aA  et RbB =  ions adsorbés.
La répartition des deux ions sur l ’échangeur est proportionnelle à leurs 

affinités respectives, ce qui se traduit par la formule suivante:

(RaA)t> (Bb+)a 
AB (Aa+)b(RbB)b ( )

Dans la formule (3) il s ’agit d ’activités ioniques qui ne sont connues que pour 
les ions en solution. Quant au coefficient d ’activités des ions fixés il existe 
plusieurs hypothèses. La première est celle de Vanselow (6) qui préconise que
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le coefficient d’activité d’un ion sur un échangeur est égal à la fraction molaire 
de ces ions.

R aA = - ----- ------------------------- - (4 ). RbB = ------- - r - 3^ ------------  (4 bis)
ЧА/a +  qB/'b +  • • • qN/n qA/a +  qB/b +  ■ • • qN/n

où qa, qb, qc • ■ ■ qN représentent des concentrations en me par gramme des 
différents ions sur l ’échangeur et a b c . . .  n leurs valences respectives.

En se basant sur cette hypothèse la formule (3) peut être transformée en une 
formule où il n ’y  a que des concentrations et qui de ce fait peut servir aux 
calculs de constantes d ’équilibre. Cette équation a été utilisée avec succès 
par Boyd (7) et a été employée dans nos premières recherches sur le lignite (8).

+ < ■ * > ■ -*  <5> 

où (y ±ax) et (y ± bx) représentent les coefficients d ’activité des ions en solu
tion.

La seconde hypothèse est basée sur les études théoriques de l ’adsorption 
de Guggenheim (9). Celles-ci ont été adaptées par Krishnamoorti et Over
street (10) à l ’échange d’ions. Selon cette hypothèse l ’activité d ’un ion fixée 
sur un échangeur est donnée par :

R a A  = ------------ qA/a--------------- - ( 6 )  R bB = ---------- :------- ------------------------ (6 bis)
«A qA/a +  «B qB/b • • • «N qN/п «A qA/a +  aB qB/b • • • aN qN/n

Une équation très analogue à celle de Boyd (7) peut être dérivée à partir 
de la nouvelle définition du coefficient de l ’activité des ions adsorbés.

Dans cette formule, ал et ав dépendent de la valence des ions A  et B. Pour 
les ions monovalents a est égal à un, pour les bivalents 1,5 et pour les triva
lente 2 (10). Il en résulte que les formules (7) et (5) ne sont égales que pour les 
échanges entre ions monovalents.

2.1.1. Etudes des systèmes binaires à un ion en concentration macro-
\ scopique et un traceur.
\

Dans ce cas la capacité totale de l ’échangeur sera saturée avec les ions en 
concentration macroscopique étant donné que la concentration d ’un traceur 
radioactif est complètement négligeable du point de vue chimique. Dans la 
formule (5) le facteur (qA/a +Чв/ь)а~“ъ sera réduit à (qB/b)a-b si l ’ion A  est 
un traceur; de même pour la formule (7) où le facteur («a Я л/а+«в Яв/ь)а~ ь 
deviendra (ав Яв/ь)а~ ь- En raison de cette simplification l ’équation (7) donne 
les mêmes résultats que l ’équation (5) non seulement pour les équilibres 1.1. 
mais aussi pour les équilibres 2.1. où l ’ion bivalent n ’est présent qu’à l ’état de 
traceur. ‘

Plusieurs équilibres ioniques en rapport avec le traitement d’eaux rési
duaires au lignite ont été étudiés au laboratoire et sont donnés dans le 
tableau III.
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TABLEAU III.
Constantes d’équilibres pour. quelques systèmes binaires calculées à l’aide des équa
tions 5 et 7.

137Cs/H 137Cs /Na 137Cs/K ■ 137Cs/Ca

K (5) 0,77 2,42 1,85 54
K (7) ' 0,77 2,42 1,85 36

80Sr/H e0Sr/Na ”°Sr/K fl0Sr/Ca

K (5) 0,12 1,24 0,71 0,074
K(7) 0,12 1,24 0,71 0,074

Les deux méthodes de calcul, de la constante d ’équilibre, donnent donc le 
même résultat sauf dans le cas du Cs137/Ca.

2.1.2. Etudes, des systèmes binaires à deux ions en concentration 
macroscopique.

Les équations simplifiées pour les équilibres décrits ci-dessus ne sont pas 
valables dans le cas d ’un équilibre entre deux ions présents à des concentra
tions comparables. Il faut donc employer les équations (5) et (7) dans leur forme 
originale. Deux systèmes ont été étudiés : les systèmes Ca-Na et Ca-K  eu égard 
leur intérêt pour le traitement d’eaux résiduaires radioactives.

Fig. 2

Le degré de saturation de l ’échangeur pour un ion quelconque est fonction 
du rapport entre la concentration de cet ion et la concentration totale de la 
solution. Les valeurs expérimentales trouvées pour les deux systèmes sont 
représentées à la fig. 2. Ces courbes correspondent à l ’équation donnée par 
Baumann et Eichhorn (11).
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Х К у  Q X S 
( 1 — X r )2 л  С (1 — Xg)2

où X R et X s  représentent les rapports de concentration d ’un ion à la concentra
tion totale, et ce respectivement sur l ’échangeur et dans la solution saturante. 
Les constantes d’équilibre des deux systèmes ont été calculées sur la base de 
la distribution donnée à la fig. 2. Les résultats figurent aux tableaux IV  et V  
et sont représentés au graphique fig. 3.

Fig. 3

TABLEAU IV. 
Constantes d’équilibre du système Ca-Na.

Cc'a/CNa 0,01 0,03 0,05 0,010 0,20 0,30 0,45
qca/Q 0,40 ■ 0,60 0,70 0,80 0,90 0,95 0,975
K C'a Na 2,5 3,1 4,5 , 6 15,2 26 33

TABLEAU Y. 
Constantes d’équilibre du système Ca-K.

Сса/Ск 0,0125 0,1 0,2 0,25 0,50
qCa/Q 0,152 0,52 0,65 0,72 0,90
KcaK 1Д 1,3 2,3 3,0 11,0

Pour la détermination de la constante d’équilibre en fonction de la saturation 
en Ca de l ’échangeur il s ’est avéré impossible de trouver une valeur constante. 
Les coefficients d ’activité des ions sur l ’échangeur et dans la solution ne con
trebalancent pas les grandes variations du produit des masses.
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2.1.3. Etudes des équilibres à deux ions en concentration macro
scopiques et un traceur.

Les effluents radioactifs des laboratoires contiennent toujours des impure
tés chimiques (organiques et inorganiques) et plusieurs isotopes radioactifs. 
Un traitement rudimentaire au chlorure ferrique permet d ’éliminer les impure
tés organiques et même quelques radioéléments, adsorbés par les matières 
organiques ou englobés dans le précipité gélatineux de Fe (OH)3 x H 20 . Les 
deux produits en solution 90Sr et 137Cs ne sont pas entraînés par ce traitement 
et se trouvent en solution avec les impuretés inorganiques ordinaires: Ca, K  
et Na. En vue de connaître le comportement de ces deux radioéléments dans 
de pareilles conditions, les différents équilibres Na-Ca-90Sr, Na-Ca-137Cs, 
K -C a -90Sr et K -C a-137Cs, ont été examinés séparément. Dans les systèmes 
mentionnés trois équilibres s’établissent en même temps et chaque équilibre 
peut être représenté par une réaction du type ci-après. Dans le cas de Na-Ca- 
Sr90 oñ a:

C a + + +  2 N a R ^ C a R 2 - f  2N a +  (8)

90S r + + +  2 N a R  ^  90Sr R 2 -f  2 Na+ (9)

9°Sr++ +  C a R 2^ 90S rR 2 +  Ca++ (10)

dont les constantes d’équilibres sont données par les expressions suivantes:

Kc* » = Ш И .  f i t (1'5 (u)

K - S,N« -  ( f  )er.(-5-)N,  fr i  n .a )  (q s .) (12)

(13)

L ’équilibre établi, le traceur est réparti entre les deux formes cationiques de 
l ’échangeur. La quantité de traceur fixé sur l ’échangeur est en équilibre avec la 
“ concentration” du radioisotope dans la solution. Un troisième ion ne gêne 
pas l ’équilibre entre deux ions, comme l ’ont prouvé Dranoff et Lapidus d ’autant 
plus que dans ce cas le troisième ion n ’est présent qu’en concentration négli
geable (12).

Les ions radioactifs fixés sur un échangeur déjà saturé par deux ions non 
actifs se répartissent entre les deux formes cationiques. On peut donc écrire 
que :

/Q \  total = / q \ N a  +  / q \ < *  { щ

\ C /traceur \ C /traceur \ C /traceur

où Q et q sont exprimés en цc/g et C en //c/ml.
En substituant les équations (12) et (13) dans (14), on obtient dans le cas de 

l ’équilibre N a-Ca-90Sr

(-Ш =  K»»SrNa (“тт)2 — ■l—  - 1-  +  V K ^  (-§-) - à - 1-----  (15)
\C/ » » Sr  \ C / N a  r ± N a X  4Na \ W C a y ± CaX,

Les concentrations respectives des ions Ca et Na fixés sur l ’échangeur sont 
déterminées par la constante d ’équilibre (11). Il y  a donc moyen de substituer
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(q/c) Na dans l ’équation (15) par une valeur équivalente. De ce fait l ’équation 
(16) ne contient plus que des activités de 90Sr et des concentrations de Ca.

(ir)»»Sr=  У3±С аХ 2 ( ^ ) с а [ к сГкаа f 1 +  1  (Q - q Ca) ) + A /K 9"SrCa] (1 6 >

Il est impossible de calculer exactement la valeur de 9Ca en partant de la 
concentration des ions dans la solution parce que le coefficient d’activités des 
ions fixés varie avec la distribution des ions. Pour pouvoir calculer la formule
(16) on doit recourir à la représentation graphique de l ’équilibre représenté 
à la fig. 2. ;

Une équation similaire peut être dérivée pour l ’équilibre de 137Cs avec Ca 
et Na ou K .

(-§-) =  -a /i1----- (тг)1' 2 [ K l;i,CsiN'a V O  — 1/4 qCa +  л/К.з,СзСа 1 / - Í - 1  (17)
' C / 13,Cs ^ 2Cax 2 \C/ca LVK caN a f 3 qCaJ V

Les valeurs de (Q/C) 90Sr pour les systèmes NaCa90Sr et K C a90Sr ont été 
calculées avec l ’équation (16) et ces valeurs théoriques comparées aux résultats 
expérimentaux. L ’ensemble des résultats figure aux tableaux V I  et V II.

TABLEAU VI 
Valeurs de (Q/C)90Sr pour l’équilibre CaNa90Sr.

CNa
me/ml

CCa
me/ml 4Ca me/g

(Q/C)90Sr
expérimentale K CaNa

(Q/С )"  Sr
théorique l /> 4 c a c i2 ( ^ ) Ca

0,1 0,00175 0,237 165 2,5 155 152
0,05 0,00188 0,42 267 4,6 267 248
0,01 0,00188 0,48 296 8 340 286
0,001 0,00084 0,56 907 33 917 835

TABLEAU VII.
Valeurs de (Q/C)90Sr pour l’équilibre CaK90Sr.

cK
me/ml

CCa 
me/ml

4Ca
me/g

(Q/C) 9»Sl. 
expérimentale KCaK

(Q/C)Sr“"
théorique l /> 4 c a c i2 (fjCa

0,1 0,00186 0,162 100 1Д 120 97,5
0,05 0,00182 0,235 166 1,3 158 145
0,01 0,00184 0,435 289 3,7 282 270

En généra] les valeurs théoriques concordent bien avec les résultats expéri
mentaux. Les conclusions les plus intéressantes sont:

1) que les valeurs de (q/c)Ca suivent de très près les valeurs de (Q /C)90Sr;
2) que le facteur:

Г K 90Si‘M / 1 , 3qca \ i „ /ï?  1
P ^ Ï T  ( ‘  +  K Q - q c J  +  V K - S' “ J
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contenant les constantes d ’équilibre tirées de l ’équation (16) est égal à 
1,05 i  0,05 où M =  Na ou K .

En ce qui concerne les équilibres NaCa137Cs une solution valable pour l ’expli
cation des valeurs expérimentales de (Q/C)137Cs n ’a pas été trouvée. La diffi
culté réside dans le fait que la constante d’équilibre du système Ca-137Cs a 
une valeur très élevée et que le coefficient d’activité ne corrige pas cette anor- 
malité d’une manière suffisante. Les résultats comparés figurent au 
tableau VIII.

TABLEAU VIII.
Valeurs de (Q/C)137Cs pour l’équilibre KCa137Cs.

CK
me/ml

CCa 
me/ml

4Ca
me/g

(Q/C) I37Cs 
expérimentale

(Q/C) 13,Cs 
théorique [ l / ' / f c a C l 2 ( - j ) c!a

0,1 0,00183 0,17 9 182 10,4
0,05 0,00182 0,23 13,7 195 12,2
0,01 0,00181 0,40 25,5 294 23,9

Il apparaît de nouveau que les valeurs de ^ljy± Ca cl> ] correspondent

assez bien avec les résultats expérimentaux.
En conclusion de cette étude sur les systèmes ternaires, on peut admettre 

qu’il y a un rapport direct entre la saturation de l ’échangeur avec le Ca, 
et sa capacité pour 137Cs et 90Sr. On peut donc écrire :

( £ L  -  к ' И  ( Ü J (18> т ? % г )+ Vi^ ]

K" - 1̂ + Ш
Dans les deux cas K ' et K "  ont environ une valeur de 1 ± 0 ,0 5 .

2.2. Capacité de saturation du lignite pour les ions radioactifs.

Afin de calculer la capacité d’un échangeur pour des ions radioactifs en pré
sence d ’autres ions non actifs en concentrations relativement élevées il faut 
connaître les données suivantes:

1) la capacité d ’échange
2) la constante d ’équilibre du système étudié
3) la densité apparente
4) la fraction libre.
Le volume d ’eau radioactive nécessaire à saturer l ’échangeur avec des ions 

radioactifs est donné par l ’expression :

v - s ( 4 + ïf' »
V =  volume d ’eau 
g =  poids d’échangeur
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qA =  capacité pour l ’ion radioactif цc/g 
cA =  concentration en ions radioactifs en //c/m l 
v =  volume de l ’échangeur 
fe = la  fraction libre,

2.2.1. Systèmes binaires à un composant macroscopique et un
traceur radioactif.

La valeur de (q/c)A est inconnue. On peut toutefois la déterminer à l ’aide de 
l ’équation (7) la formule devient alors:

y  =  g  ( К а в ) 1/ь [ — )a/b - < y ' A X , a  ' ------------------- 1------- ‘--------- h vfe (21)g ^ A B ;  ^c j B (b +1) a (aB qB/b)a/ b - l  ^  ° V ’

(y± b x )  b

Dans la pratique du traitement d’eau par l ’échange d’ions on calcule souvent 
le volume à traiter, en volumes d’échangeur. Dès lors, on obtient :

пт = в > ( к л» ) . » ( | ) ; ,ь + f e  (“ )

(y± вх) ъ

où Rb =  densité apparente (0,5) et nv =  nombre de volumes d’échangeur. La 
capacité du lignite pour 90Sr et 137Cs en présence de Ca et Na à différentes con
centrations a été calculée (13) à l’aide de l ’équation (22) et les résultats sont 
représentés aux figures 4 et 5. .

F/XAT/OH OE C, £ T  s / °  SUR h Г //¿Ж/ЛГ
///fLUEMCE OES /ÛA/S tfa '

Е Ш Т /О Н  OES /Й К Г  C i "  Е Г  SVR L E  L IB M T E  
/* r¡ .Ü E H C £  D E Î /о / r s  C.a "



En comparant ces deux graphiques il est clair que le rendement du lignite 
sera grandement amélioré si celui-ci est prétraité au N a et que la solution 
saturante ne contient que quelques ppm en Ca.

De plus en examinant la fig. 4 on remarque que la capacité du lignite pour 
le 90Sr est beaucoup plus grande que pour le 137Cs. Le même phénomène se 
présente pour le lignite en cycle calcium mais ici (voir fig. 5) la différence est 
moins marquée.

2.2.2. Systèmes ternaires à deux composants macroscopiques et un 
traceur radioactif.,

En se basant sur les équations (16) et (17) le nombre de volumes de lits néces
saires à la saturation du lignite peut être calculé, après substitution de ces for
mules, dans l ’équation (20). Dans le cas de NaCa90Sr ou K C a90Sr on obtient 
ainsi :

n’  = Rb^ ( ^ . ^ ( 1 +  T ( i r a )  +  VE“ ] (23)
où M = N a  ou K .

L ’emploi simultané des équations simplifiées (18) et (19) et de l ’équation (23) 
permet de trouver la capacité de saturation pour 90Sr et 137Cs en présence de 
Ca et Na, ou de Ca et K . Nous obtenons ainsi les expressions suivantes :

(nv)9oSr =  R b K ' [ l /y l  Cax2 ( f  ) J  (24) K ' =  1,05

(nT)i370s =  RbK" [ l / /± c a x a( - j y  (25) K ” =  0,95

L ’inconnue dans ces deux formules est qca mais l ’emploi du diagramme
d ’équilibre (fig. 2) permet de connaître qca/Q pour chaque valeur de cca/c-

Si par exemple pour les systèmes NaCa90Sr et NaCa137Cs, cca/C =  0,5 et 
C =  0,Ó02 N , on a qca/Q =  0 ,985 .et par conséquent qca =  0,568.

Lé nombre de volumes de lits nécessaires à saturer le lignite sera dans ce cas 
(nv)9,Sr= 3 3 6  et K ) 13; Cs =  12.

Ces résultats théoriques sont pleinement confirmés par les résultats du traite
ment d’eaux résiduaires sur lignite où l ’on a constaté que l ’échangeur laisse 
passer très vite le 137Cs mais que par contre la capacité pour le 90Sr est très 
haute.

3. La cinétique de l’adsorption des ions radioactiîs

La capacité de saturation d ’un échangeur pour des ions radioactifs est beau
coup plus grande que la capacité utile, celle-ci correspond au volume de solution 
saturante qui peut être passé au travers d’une colonne de lignite avant qu’une 
quantité mesurable d’ions radioactifs apparaisse dans l ’effluent. Ce volume est 
généralement appelé le volume “ breakthrough” . A  partir-du “ breakthrough” 
l ’activité augmentera graduellement jusqu’à ce que la concentration de 
l ’effiuent soit égale à celle de la solution saturante. La courbe de l ’activité de 
l ’effluent, nommée courbe de saturation, a la forme caractéristique d ’un S. 
Les facteurs qui ont une influence sur la forme de la courbe de saturation sont :

1) la composition de la solution saturante et principalement sa concentration 
en ions,
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2) la capacité de saturation ipour la solution en question,
3) la vitesse de passage du liquide,
4) la granulométrie de l ’échangeur d ’ions.

L ’équation mathématique de la courbe de saturation a été déduite par 
T homas (14) et adaptée à l ’échange d ’ions par V erm euleiî et H iester  (15). 
Selon ces auteurs, la courbe de saturation peut être décrite par des paramètres 
sans dimensions qui sont en relation directe avec les principaux facteurs men
tionnés ci-dessus.

3.1 Etudes des systèmes biliaires à un ion en concentration macroscopique et 
un traceur.

où kCin est la constante cinétique.
Le degré de saturation d’une colonne d ’échange après passage d’un certain 

volume de solution saturante est donné par le rapport t/S  =  T :

Lors de la fixation d’ions radioactifs le paramètre d’équilibre r est égal 
à l ’unité parce qu’il est exprimé par l ’équation suivante :

Ca la concentration ' du traceur radioactif qui peut être considérée égale à 
zéro.

de T pour une série de valeurs de r. Le graphique /Т  de la figure 6 montre une 
série de courbes pour lesquelles S a différentes valeurs déterminées, et r = l .

3.1.1. Les paramètres sans dimensions de la courbe d ’élution (15).

La concentration d’un ion dans la solution est réduite à sa fraction équiva- 
C

lente Яд =  ~  : il en est de même pour les ions A  fixés sur l ’échangeur : сод =

=  (W Q - (C : concentration totale de la solution en me/ml et Q =  capacité 
d ’échange =  0,58 me/g).

La quantité d’ions apportéeîsur la colonne par la solution est exprimée par 
un paramètre de capacité de la solution (solution capacity parameter) t:

(26)

R =  vitesse de passage de la solution ml/min.
Le paramètre de la capacité^de la colonne d ’échange est donné par:

(27)

T - (V— vfe) (28)

1
(29)r =

l +  [ K Ï — l ] ÿ'-'o

où К д  est une constante d’équilibre (15) de la réaction d ’échange d’ions, et

Opler et H iester  (16) ont rédigé des tables donnant la valeur de X en fonction
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3.1.2. Détermination des paramètres S et T.

Comme mentionné ci-dessus, le degré de saturation d ’une colonne d ’échange 
peut êtrè exprimé par le paramètre de saturation T. Celui-ci varie de zéro à 1, 
lors du passage d’un volume unitaire de solution, nécessaire à la saturation 
de la colonne. Ce volume peut être calculé à l ’aide de la formule (21). En  
substituant la valeur de (q/c)A de l ’équation (7) dans l ’équation (28) et en te
nant compte que l ’ion A  est un traceur, on obtient:

T = ____________________ ( V - ^ ) _________________ (30)
g (КАВ)1/ь Ш а/Ь (y±Ax)(a+1)_________1______

AB' Ы B (b + l)a («B qB/b)a
(y± bx) b N

Les équations (28) et (30) ne représentent rien d’autre que le rapport stoechio- 
métrique entre les ions en solution (me/ml) passés à travers la colonne et les 
groupes fonctionnels échangeables (me/g). La fig. 6 montre qu’il y  a un “ break

ing. 6

through” d’environ 50%  pour T =  1 c’est-à-dire quand un volume unitaire est 
passé au travers de la colonne. Le paramètre S, défini par l ’équation (27) peut 
être calculé pour chaque cas séparément à condition de connaître la valeur 
de la constante cinétique kCm-
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3.1.3. Discussion des facteurs pouvant influencer k0m.

L ’étude des différents facteurs qui peuvent influencer к0ш permet la conclu
sion que seuls, les facteurs physiques ont un effet considérable (8) notamment 
la granulométrie de l ’échangeur et la vitesse de passage de la solution.

3.1.3.1. Influence de la granulométrie.

En vue d’examiner l ’influence de la granulométrie, le lignite a été tamisé 
en différentes fractions. Une solution contenant 0,05 N" de chlorure de sodium 
et du 137Cs (3000 cpm/ml) est alors passée à travers différentes colonnes avec 
une même vitesse de passage (1 ml/cm2/min). La courbe d ’élution du 137Cs 
a été déterminée par échantillonnage de l ’effluent. Les courbes normalisées, 
calculées d’après les résultats .expérimentaux, sont représentées à la fig. 7,

oto s_______________ _____ _______---------------------------------- ------ ------------L-

o,o i L IJ -U  1 LI.LI. 1.Ü1U.1.IJ.I1-1 U-l'i 1 1 1 1 [.Il 1.11 ¡ 1 1 I 11 j Illl| llll| . М 1 Ц Щ -1--У4-Ш  [1.
1 2. 3  i f  5  6 r  s  9 10 10 30  ÍO  SO 6o 70 So 90/00

Fig. 7

ainsi que les courbes théoriques correspondantes. Le paramètre S étant donc 
connu dans chaque cas, il est possible de calculer la valeur de k0¡u à l ’aide de 
la formule (27). La fig. 8 montre la valeur de kciu en fonction du diamètre moyen 
des particules.



3.1.3.2. Influence de la vitesse de passage.

Úne expériénce tout à fait analogue a été effectuée afin de connaître l ’in
fluence de la vitesse de passage. Les résultats sont portés en graphique à la 
fig. 9.
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3.1.3.3. Conclusions.

Fig. 9

Les deux expériences ont démontré que:
1) La granulométrie est le facteur le plus important et qu’il y  a en première 

approximation une relation logarithmique entre kCm et le diamètre 
moyen des particules.

2) La vitesse de passage de la solution est de moindre importance. En effet, 
il n ’y a qu’une relation linéaire entre la vitesse de passage de la solution 
et la constante cinétique.

Le résultat pratique de cette étude est qu’une colonne de lignite sera utilisée 
au maximum en employant une granulométrie aussi petite que possible, qui 
toutefois permet un débit assez élevé (4 à 5 ml/cm2/min).

3.2 Etudes des systèmes ternaires.

La cinétique de l ’adsorption des systèmes ternaires a été traitée par D r a n o it  
et L apidus (17) pour le système de H -Ag-N a. Il résulte de cette étude que la 
description mathématique de l ’adsorption par échange d’ions des systèmes 
ternaires n ’est possible qu’à l ’aide de calculateurs électroniques (IBM  704).

La présente étude n ’est pas poussée aussi loin et se borne à expliquer d’une 
manière qualitative les résultats obtenus au laboratoire. L ’étude des systèmes 
binaires avait montré que la granulométrie de l ’échangeur était le facteur le 
plus important influençant l ’allure des courbes de saturation, et par conséquent 
le volume “ breakthrough” . Nous avons entrepris une étude analogue des systè
mes ternaires, Na-Ca-9°Sr, Na-Ca-137Cs, K -C a -90Sr et K -C a-137Cs dont les cour
bes d ’élutiôn sont représentées aux figures 10, 11, 12, 13. D e ices expériences 
il apparaît que la . granulométrie de l ’échangeur d’ions n ’est pas aussi 
importante pour les systèmes ternaires que pour les binaires sauf dans
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le cas N a-Ca-90S r.1 D ’ailleurs pour les systèmes Na-Ca-137Cs et K -C a-137-Çs 
les courbes coïncident à des erreurs de mesure près.

En comparant les courbes de 90Sr (fig. 10 et 12) aux courbes de 137Cs (fig. 11 
et 13) il apparaît que la zone d’echange sur la colonne est beaucoup plus grande 
pour les premiers systèmes. Ce fait peut être expliqué par une vitesse de réac-

Fig. 10
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Fig. 12

' Fig. 13

tions moins élevée dans le cas de l ’équilibre de 9(\Sr-Ca-Na ou 90Sr-Ca-K, que 
dans le cas analogue du 137Cs. Ceci se trouve d ’ailleurs confirmé par la valeur 
limite de C/Co dans l ’effluent qui atteint 0,75 pour le 90Sr et 0,90 pour le 137Cs.
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Il a été démontré au paragraphe 2.2.2. qu’il est possible de calculer le volume 
de saturation d’une colonne de'lignite pour des solutions contenant 3 compo
sants. Dans les cas de Na-Ca-137Cs et K -C a-137Cs, les volumes de saturation 
expérimentaux sont respectivement 8,5 et 5 volumes de lits d ’échangeurs 
(20 ml). Ces volumes correspondent assez bien aux valeurs calculées à l ’aide de 
l ’expression (25) où l ’on obtient 8,6 et 5,5 pour un “ breakthrough” de 5 0 % . 
Les courbes de saturation des systèmes N a-C a-90Sr et 90K-Ca-Sr ne présentent 
pas la forme classique d ’un S mais se rapprochent plutôt d’un isotherme d ’ad- 
sorption. L ’étude quantitative de la cinétique de l ’adsorption par échange d ’ions 
pour des systèmes ternaires est encore à un stade peu avancé et la description 
mathématique ne pourra en être donnée qu’après de nombreuses études théo
riques.

4. L’échange d’ions dans les sols.

La migration de radioéléments dans le sol est déterminée par deux grands 
facteurs: le mouvement de l ’eau de la nappe phréatique et les propriétés 
d ’échange d ’ions du sol. Le mouvement de l ’eau dans un sol sablonneux serait 
de l ’ordre de 20 à 50 m/an dépendant de l ’inclinaison de la nappe phréatique. 
Ce mouvement lent permet d ’admettre qu’il y a dans le sol un état d ’équilibre 
entre l ’eau qui contient des ions en solution, et le sol, qui contient les fonctions 
échangeuses d’ions. A  partir de cette hypothèse il est possible de calculer la 
vitesse de migration des ions1 radioactifs en rapport avec le mouvement de 
l ’eau.

Le sol a été à la base de la recherche en matière d’échange d ’ions et a déjà 
été l ’objet d’innombrables études. L ’étude abordée en nos laboratoires a pour 
but de déterminer la distribution du 90Sr et du 137Cs dans des sols aux environs 
des installations nucléaires afin de pouvoir prédire en se basant sur des données 
physicochimiques la vitesse de migration des deux isotopes considérés.

L ’étude des différents équilibres du 90Sr et du 137Cs avec Ca, Mg, K , N a et H  
doit permettre de trouver le coefficient de distribution des ions radioactifs. 
Selon V e r m e u l e n  et H ie s t e r  (18) ce coefficient est en relation avec la vitesse de

migration par l ’intermédiaire de l ’expression: Rf =  p

Rj =  la vitesse relative de migration des ions considérés.

D  = le  coefficient de distribution | =

Le sol étant saturé par différents ions, il convient de trouver une valeur 
statistique de D , calculable sur la base de l ’occupation cationique. Cette étude 
permettra de prédire le comportement de 90Sr et 137Cs pour d’autres types 
de sol.
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STUDY OF THE FIXATION AND  
MIGRATION OF RADIOACTIVE CATIONS IN A 

NATURAL I ON-EXCHANGER
L. B aetsle  

N uclear  E n e r g y  R esearch  Cen tr e , mol 
B elgium

(Translation of the foregoing paper)

Introduction

The purpose of this study is to analyse the behaviour of Sr90 and Cs137 on 
natural ion-exchangers such as lignite and soil. Lignite is a substance which is 
found in large quantities near the Belgian Nuclear Energy Research Centre 
(CEN) at Mol and is particularly useful in the processing of radioactive liquid 
wastes because of its ion-exchange properties.

The physical and chemical characteristics of lignite which have a bearing 
on ion exchange are given in section 1 of this paper. The various ion equilibria 
which affect the processing of.radioactive liquid wastes are studied in section 2, 
which also lists the basic factors required for calculating the rate of saturation 
of a lignite column. The speed of ion migration in the soil is studied along the 
same lines as for lignite.

1. Physical and chemical properties oí lignite

Lignite is a coal-like substance, dark brown .in colour, which is found 2— 3 m  
below the surface in seams approximately 2 m thick. Freshly mined lignite 
contains approximately 5 0 %  water which is reduced to 2 5 %  by atmospheric 
drying. The calorific power is very low (2,700 kcal/kg) (1) but it is sufficient 
in theory to support combustion without added energy. Advantage can be 
taken of this property to reduce the volume of material for storage.
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1.1 Apparent density, void fraction.

The fraction of void space has been determined for various particle sizes 
by the method described by Or c u t t  and others (2). This method consists in 
passing a salt solution through the column until saturation point is reached, 
and then washing out the excess solution which occupies the space between the 
particles. By finding the anion concentration in the rinse water one can calcu
late directly the fraction of void space. Table I gives figures for the apparent 
density, the fraction of void space and the true density for various particle 
sizes. The three values are related by the formula:

R b  =  ( l— fe) dw (1)

where R b =  apparent density
fe =  fraction of void space 
dw =  true density :

TABLE I
APPARENT DENSITY, FRACTION OF VOID SPACE AND TRUE DENSITY OF 

LIGNITE OF VARIOUS PARTICLE SIZES

Particle size 10— 18 18— 35 35— 50 50— 80 80— 100

R b 0.49 0.50 0.52 0.54 0.51
fe 0.53 0.52 0.50 0.51 0.51
d w 1.05 1.05 1.07 1.10 1.05

The values obtained for the true density correspond with those given in the 
Handbook of Chemistry and Physics for other natural resins (1).

1.2. Chemical composition

Lignite is a natural polymer formed by thermohydrolysis of plant cellulose
(3). It  contains the functional groups COOH and OH. However, only the COOH  
groups take part in the ion-exchange reaction (4). The curve for equilibrium 
titration, determined by the Kum w  method (5), is given in Fig. 1*. This curve 
corresponds to that of a weak-base cation resin, which confirms the hypotheses 
of Stach and Teichmuller. Aboye pH  9 the resin goes into solution and produces 
a substance which cannot be used as an ion-exchanger.

The exchange capacity was determined after complete saturation of the 
functional groups, and a value of 0.58 ^  0.02 me/g was found. In the natural 
state the functional groups are saturated with several ions in the following 
proportions :

Fe 29 .6%  ' ■
. Ca 20 .7%

H  49 .7%

After atmospheric drying lignite contains 20— 25%  moisture, which means 
that the useful capacity per atmosphere-dried gramme ranges from 43 to 
47 me/g. The great advantage of lignite compared with clays lies in the fact that 
its volume can be reduced by incineration. The reductions in volume and weight 
obtained in this way are shown in Table II.

* For figures, please see foregoing original paper.
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TABLE II
PERCENTAGE REDUCTION IN WEIGHT AND VOLUME FOR VARIOUS PARTICLE

SIZES

Particle size (ASTM mesh) 10— 18 18— 32 32— 50 50— 80 80— 100

Reduction in weight after atmos
pheric drying followed by incin
eration at 500° С 94% 94% 92% 87% 83%

Reduction in volume after atmos
pheric drying followed by inckb 
eration at 500° С 90% 90% 90% 88% 87%

Reduction in weight after drying 
at 100°C followed by incineration 
at 500° С 92% 91% 90% 85% 80%

2. Ion-exchange properties oí Lignite

2.1 Ion equilibrium on an exchanger.

W hen a solution containing two ions A a+ and B b+ is passed through an 
ion-exchanger an equilibrium is produced between the solution and the ex
changer. This equilibrium may be written as

ч

b A a+ +  R b B ^ b R aA  +  a B b+ (2)

where A a+ and B b+ are the ions in solution.

R aA  and RbB are the adsorbed ions.
The distribution of the two ions on the exchanger is in proportion to their 

affinities; this fact can be expressed as follows:

(RaA)b(Bb+)a 
AB (A»+)t> (RbB)b )

Formula 3 concerns ionic activities which are only known for ions in solution. 
Several hypotheses have been put forward regarding the activity coefficient 
of fixed ions. The first is that of V an selo w  (6), which states that the activity 
coefficient,of an ion on an exchanger is equal to the mole fraction of such ions.

R aA  = -------— ------------ (4) R bB = -------^  qB/b-------------  (4a)
ЧА/а +  qB /b  +  • • -qN /u  qA /a  +  qB /b  +  • • • qN /n

where qa, qb) qc, ■ ■ ■ qN represent the concentrations of various ions on the ex
changer (in me/g), and a, b, c. . .n their respective valencies.

On the basis of this hypothesis, formula 3 can be converted into a formula 
involving only operations, which can therefore be used to calculate the equili
brium constants. This equation has been applied successfully by B oyd  (7) 
and was used in our initial researches on lignite (8).
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where (у ± а х ) and (у ±вх ) represent the activity coefficients of the ions in 
solution. ;

The second hypothesis is based on G u g g e n h e i m ’s theoretical studies of ad
sorption (9), which have been1 adapted to ion exchange by K r i s h n a m o o r t i  
and O v e r s t r e e t  (10). According to this hypothesis the activity of a fixedion 
on an exchanger is given b y : ;

R a A  =  — :------ — ^ (6) R bB = = -------------------------------------------, ■ qs/b- (6 A)
“a  qA/b +  “в qB/b • • ■ «x qN/n «a  qA/a +  «в qB/ь • • ■ <*n qN/n

An equation very similar to Boyd’s (7) can be derived from the new definition 
of the activity coefficient of adsorbed ions.

K a b = ( Ш ? ) в  ¡ t í S a+i>b (aA чл/а+ ав qB/b)a~b (7)

In this formula a a  and ав are dependent on the valency of ions A  and B. For 
the univalent ions a is equal to 1, for the bivalents 1.5, and for the trivalents 2
(10). The result is that formulae 7 and 5 give identical results only for exchanges 
between ünivaient ions.

r ■.
2.1.1. Studies of binar-y systems with a single ion in macroscopic concentration 
and a radioactive tracer.

In this case the total capacity of the exchanger will be saturated with ions 
in macroscopic concentration, seeing that the concentration of the radioactive 
tracer is quite negligible from the chemical point of view. In formula 5 the fac
tor (qA/a +  qB/b)a^b will be reduced to (qn/i,)"' h where the A  ion is a tracer; 
the same applies to formula 7 where the factor («AqA/a +  «BqB/b)a~b becomes 
(«Bqií/b)a b- As a result of this .simplification, equation 7 gives the same results 
as equation 5 not only for 1 :1  equilibria but also for 2 :1  equilibria where the 
bivalent ion is present only as a tracer.

Laboratory studies have been made of several ionic equilibria relating to the 
lignite processing of liquid wastes and these are given in Tablé III.

T A B L E  I I I
EQUILIBRIUM CONSTANTS FOR SEVERAL BINARY SYSTEMS CALCULATED 

ACCORDING TO EQUATIONS 5 AND 7

<5>

Cs137/H Cs137/Na Cs137/K Cs137/Ca

К  (5) 0.77 2.42 1.85 54
К  (7) 0.77 2.42 1.85 36

' Sr90/H Sr9“/Na Sr"»/K Sr«»/Ca

К  (5) 0.12 : 1.24 0.71 0.074
К  (7) 0.12 1.24 0.71 0.074

Thus, the two methods of calculating the equilibrium constant give the same 
result, except in the case of Cs137/Ca.



2.1.2. Studies of binary systems with two. ions in macroscopic concentration.

The simplified equations for the equilibria described above do not apply 
to an equilibrium between two ions present in comparable concentrations. 
Equations 5 and 7 must therefore be used in their original form. The Ca-Na
and Ca-K systems were studied, in view of their importance for the processing
of radioactive liquid wastes.

The degree of saturation of the èxchanger for a particular ion is a function 
of the ratio between the concentration of that ion and the total concentration 
of the solution. The expérimental values arrived at for the two systems are 
given in Fig. 2. The curves correspond to the Bau m an n  and E ichhorn  
equation (11)

. ■ X r,______ _Q X§
Д(1 — Xn)* .c ( 1 —  Xg)2

where X r and X s  represent the ratios between the concentration of a single 
ion and the total concentration, on the exchanger and in the saturating solution 
respectively. The equilibrium constants of the two systems were calculated on 
the basis of the distribution shown in Fig. 2. The results are given in Tabr 
les IV  and V  and are plotted on the graph in Fig. 3.

TABLE IV
EQUILIBRIUM CONSTANTS OF THE Ca-Na SYSTEM

' Cca/CNa 0.01 0.03 0.05 0.010 0.20 0.30 0.45
qca/Q 0.40 0.60 0.70 0.80 0.90 .0.95 0.975
K-Ca Na 2.5 3.1 4.5 6 15.2 26 33

•TABLE V
EQUILIBRIUM CONSTANTS OF THE Ca-K SYSTEM

Сса/Ск 0.0125 0.1 0.2 0.25 0.50
qca/q 0.152 0.52 . 0.65 0.72 '0.90
KcaK 1.1 1.3 2.3 . 3.0 11.0

It seemed impossible to find a constant value for the purpose of determining 
the equilibrium constant as a function of the Ca saturation of the exchanger. 
The activity coefficients of the ions on the exchanger and in the solution do 
not counter-balance the broad variations in the product of the masses.

2.1.3. Studies of equilibria with two ions in macroscopic concentration and a 
radioactive tracer.

Radioactive laboratory wastes always contain chemical impurities (organic 
and inorganic) and various radioisotopes. Preliminary treatment with iron 
chloride will eliminate the organic impurities and such of the radioisotopes 
as are adsorbed by the organic substances or blended with the gelatinous preci
pitate of Fe (O H )3 X  H 20 . Sr90 and Cs137, the two substances in solution,, are

204



not affected by this treatment, being in- solution with the ordinary inorganic 
impurities Ca, К  and Na. To find out how these two radioisotopes behave under 
similar conditions, the equilibria Na-Ca-Srno, Na-Ca-Cs137, K-Ca-Sr90 and 
K-Ca-Cs137 were examined separately. Three equilibria are established simul
taneously in these systems and each equilibrium can be represented by a reac
tion of the following type. In ¡the case of Na-Ca-Sr90:

Ca++ + ¡2  Na R  Ca R 2 +  2 Na+ (8)

Sr90++ +¡;2 Na R  ^  Sr90 R 2 +  2 Na+ (9)

t' Sr90+ + -¡-'Ca R 2 ^  Sr90 R 2 +  Ca+ + . (10)

The equilibrium constants can be written as follows :

S 4

• К Сака =  ( | )  ^ ^ ■ ■ ( l , 6 q c a / 2  +  q Nn) (11)
\ c/Ca\q/Na У± са012

( г 4 * .а Н < Ы  ( 12)

d » )

W hen equilibrium has been established, the tracer is divided between the two 
cationic forms of the exchanger. The amount of tracer fixed on the exchanger is 
in equilibrium with thë “ concentration” of the radioisotope in the solution. 
A  third ion does not interfere with the equilibrium between two ions, as 
D rastoff and L apidus have proved, particularly as the third ion in this case 
is present only in a negligible concentration (12).

The radioactive ions fixed on an exchanger which is already saturated with 
two non-active ions are divided between the two cationic forms. This can be 
written’: ■ ;

/ Q U o t a l  / q \ N a .

I С / tracer I С /tracer \ С /tracer  ̂ >

where Q and q are expressed iñ ¡xcjg and С in /гс/ml.
By inserting equations 12 and 13 in equation 14, the following result is 

obtained for the Na-Ca-Sr90 equilibrium :

■ • ( ■ § ) • =  ( j' Г 4 ‘ , /  +  V K s r "(;a ( I' ) '------ (15)
\ C / S r 90 ' i W l i a f i M  4Na \ С / С а У ± С а Х 2

The respective concentrations; of Ca and Na ions fixed on the exchanger are 
determined by the equilibrium constant (11). Thus we can replace (q/c) Na  
in equation 15 by an equivalent value. Consequently equation 16 contains 
only Sr90 activities and Ca concentrations..

№  =  Ш  I r ^ ! N a  / г Ф 3qcit...  \ V K ¡ ^ 1  (16)
\ C / S r »0 у?±  CaXo Д С IÇa L Ь -CaNa \ . 4 ( Q — ЧСа) /
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The exact value of qca cannot be calculated on the basis of the ion concentration 
in the solution because the activity coefficient of the fixéd ions varies with the 
ion distribution. In order to work out formula 16, the equilibrium shown in 
Fig. 2 has to be plotted on a graph.

A  similar equation can be obtained for the Na-Ca-Cs137 or K-Ca-Cs137 
equilibrium.

( ü , . .  -  T s t :  ( C  + Ш  (17>

The values of (Q/C)Sr90 for the Na-Ca-Sr90 and K-Ca-Sr90 systems have 
been calculated using equation 16, and the theoretical values thus obtained 
compared with experimental results. A  general picture of the results is'given 
in Tables V I and V II.

TABLE VI
VALUES OE (Q/C) Sr9» FOB THE Ca-Na-Sr9 0  EQUILIBRIUM

CNa 
me/ml

CCa
me/ml

^Ca
me/g

(Q/C) Sr90 
experimental K Ca]Sra

(Q/C) Sr»» 
theoretical [ l / r 3± C a C v ( u ) J

0.1 0.00175 0.237 165 2.5 155 152
0.05 0.00188 0.42 267 4.6 267 248
0.01 0.00188 0.48 2 9 6 1 8 340 286
0.001 0.00084 0.56 907 33 917 835

' TABLE VII 
VALUES OF (Q/C) Sr9° FOR THE Ca-K-Sr9 0 EQUILIBRIUM

cK
me/ml

CCa 
me/ml

4Ca
me/g.

(Q/C)Sr8°
experimental K CaK

(Q/c)Srso
theoretical [ l / / ± C ad2 ( - g ) J

0.1 0.00186 0.162 100 1.1 120 97,5
0.05 0.00182 0.235 166 1.3 158 145
0.01 0.00184 0.435 289 3.7 282 . 270

Generally speaking, the theoretical values agree well with the experimental 
results. The most interesting conclusions are:

(1) that the values of (q/c)Ca are very close to the values of (Q/C)Sr90.
(2) that the factor:

Г Ksr»°M /п , 3qCa \ ------ ]
Ы ^ Г  I1 +  W - q C a ) )  +  Sr9°CaJ

containing the equilibrium constants taken from equation 16 is equal to 
1 .0 5 ^ 0 .0 5  where M =  Na or K .

For the Na-Ca-Cs137 equilibria no valid solution explaining the experimen
tal values of (Q/C)Cs137 has been found. The difficulty lies in the fact that the
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equilibrium constant of the Ca-Cs137 system has a very high value and the 
activity coefficient does not sufficiently correct this abnormality. The com
parative results are given in Table V III.

TABLE VIII
VALUES OF (Q/C) Cs1 3 7  FOR THE K-Ca-Cs13’ EQUILIBRIUM

CK
me/ml

CCa 
me /ml

4Ca
me/g

(Q/C) Cs 137 
experimental

(Q/C) Cs137 
theoretical _l/r3±,2CaCl2( ^ ) c'J

0.1 0.00183 0.17 9 182 10.4
0.05 0.00182 0.23 13.7 195 12.2
0.01 0.00181 0.40' 25.5 294 23.9

Once again the values of |̂ 1/у:!̂ 2енС12 (^ fjc ] correspond fairly well with experi

mental results.
To conclude this study of ternary systems one can say that there is a direct 

relation between the saturation of the exchanger with Ca and its capacity 
for Cs137 and Sr90. This can be written:

C . . = K" N “ - - ( C ] (19» md 

K" -  ® S ! V 5 = ; № + ^
In both cases K ’ and K "  have an approximate value of 1 ± 0 .0 5 .

2.2 Saturation capacity of lignite for radioactive, ions.

In order to calculate an exchanger’s capacity for radioactive ions in the pre
sence of other non-active ions in relatively high concentrations, the following 
factors must be known:

(1) The exchange capacity;
(2) The equilibrium constant of the system under consideration;
(3) The apparent density; and
(4) The fraction of void space.
The volume of radioactive water which is needed to saturate the exchanger 

with radioactive ions can be found by the expression :

-  Y - g ^ l + v ! ’  <20)
where
V  =  volume of water
g =  weight of the exchanger
qA =  capacity for the radioactive ion in /лc/g
cA =  radioactive ion concentration in /ic/rn I
v =  volume of the exchanger
fe =  fraction of void space.
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2.2.1. Binary systems with one macroscopic component and a radioactive tracer.

The value of (q/c)A is unknown. However, it can be discovered by using 
equation 7. The formula then becomes

T  -  g ( W ‘ ( C  (21>
[y± вх)

Using the ion-exchange method of processing liquids, the volume for process
ing is often calculated as the number of volumes, of exchanger. The formula 
полу becomes:

nT = rR b (K AB)1/b )а/Ь —  --------------- г  +  fe (22)1 v ' \ с /в (b+l)a (aB qB/b)a/b - l  ^  V ’ ■
(у± вх) b

where R b =  apparent density (0.5) and nv =  the number of volumes of exchan
ger. Lignite’s capacity for Sr90 and Cs137 in the presence of Ca and Na in varying 
concentrations has been calculated with equation 22 (13), and the results are 
given in Figs. 4 and 5.

A  comparison of the two graphs clearly shows that the performance of lignite 
is considerably improved if it is pre-treated with Na and the saturating solution 
contains only a few ppm of Ca.

In addition, examination of Fig. 4 shows that the capacity of lignite for 
Sr90 is much greater than for Cs137. The same is true of lignite in a calcium cycle 
but in this case the difference is less marked (see Fig. 5). a

2.2.2. Ternary systems with two macroscopic components and a radioactive tracer.

W ith the help of equations 16 and 17 the number of exchanger:bed volumes 
needed to saturate lignite can be calculated by inserting these formulae in 
equation 20. Thus, for Na-Ca-Sr90 or K-Ca-Sr90 one obtains :

+ <»>ny — R b 3
У ±  C a X .

where M  =  Na or K .
By using the simplified equations 18 and 19 in conjunction with equation 23 

it is possible to determine the saturation capacity for Sr90 and Cs137 in the pre
sen ce of Ca and Na, or Ca and K . The following expressions are obtained:

(nv)Sr~ =  Rb K ' [ l /y i  ca’ x 2 [ f j c J  (24) K ' =  1.05

(nv)c s - =  R b K "  [l/y £cax , ( ! ) '£ ]  (25) K ' ' =  0.95

The unknown quantity in these two formulae is qCa but by using the equili
brium curve (Fig. 2) qca/Q can be determined for each value of cca/C. 
For instance, in the Na-Ca-Sr90 and Na-Ca-Cs137 systems, if cCa/C =  0.5 and 
С =  0.002 N , then qCa/Q  =  0.985 and consequently qca =  0.568.

In this case the number of exchanger-bed volumes needed to saturate lignite 
will therefore be as follows: (nT) s r 90 =  336 and (nv) c s 137 =  12.
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These theoretical results are fully confirmed by the results obtained in the 
processing of liquid wastes on lignite, where it was found that the exchanger 
allows Cs137 to pass through very quickly, but has a very high capacity for 
Sr90.

3. The kinetics oí adsorption of radioactive ions
The saturation capacity of an exchanger for radioactive ions is much larger 

than the useful capacity, which corresponds to the volume of saturating solu
tion which can be passed through a lignite column before a measurable quan
tity of radioactive ions appears in the effluent. This volume is usually known 
as the breakthrough volume. After breakthrough the activity will gradually 
increase until the effluent concentration is equal to that of the saturating solu
tion. The activity curve of the effluent, known as the saturation curve, has a 
characteristic S shape. The factors which influence the shape of the saturation 
curve are :

(1) The composition of the saturating solution, above all its ion concentra
tion;

(2) The saturation capacity for the solution in question;
(3) The flow rate of the liquid; and
(4) The size of particles in the ion-exchanger.
The mathematical equation of the saturation curve has been deduced by  

T h o m a s  (14) and adapted to ion exchange by V e r m e u l e  and H i e s t e r  (15). 
According to these authors the saturation curve can be described by dimension- 
less parameters which are directly related to the principal factors mentioned 
above.

3.1. Studies of binary systems with one ion in macroscopic concentration and a 
tracer.

3.1.1. The dimensionless parameters of the elution curve (15).

The concentration of a single ion in the solution is reduced to its equivalent 
Сfraction Л д=-£р  the same apphes to the A  ions fixed on the exchanger

«A  =  qAQ- (C:the total concentration of the solution in me/ml and Q = th e  
exchange capacity =  0.58 me/g).

The quantity of ions brought on the column by the solution is expressed by a 
solution capacity parameter t.

t =  kkinC (V~ Vfe) (26)

where R  =  flow rate of the solution in ml/min.
The column capacity parameter is given by

S =  kkinQ R b ^  (27)

where Kkin is the kinetic constant.
The degree of saturation of an exchange column after the passage of a cer

tain volume of saturating solution is expressed by the relation t/S  =  T.

m _ (У vfe)

( § ) л -
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A t the moment of radioactive ion fixation the equilibrium parameter r is 
equal to one, because it is expressed by the following equation

(29)

where К д  is an equilibrium constant (15) of the ion-exchange reaction and
Сд is the concentration of the radioactive tracer, which can be regarded as 
equal to zero.

O p l e k  and H  i e s t e r  (16) have drawn up tables giving the value of Я as a

of curves for which S has various fixed values, and r =  l.

3.1.2. Determination of parameters S and T.

As stated above, the degree of saturation of an exchange column can be 
expressed by the saturation parameter T. This, ranges from 0 to 1 during the 
passage of a unit volume of solution needed to saturate the column. The volume 
can be calculated by means of formula 21. By inserting the value of (q/c)\ 
from equation 7 in equation 28, and bearing in mind that the A  ion is a tracer, 
we obtain

W hat equations 28 and 30 represent is the stoichiometric relation between the 
ions in solution (me/ml) passing through the column and the exchangeable 
functional groups (me/g). Fig. 6 shows that there is a breakthrough of approx
imately 50%  for T =  1, i.e. when a unit volume is passed through the column. 
The parameter S, as defined by equation 27, can be worked out separately 
for each case, provided that the value of the kinetic constant kkm is known.

3.1.3. Discussion of the factors which may influence kkm
Study of the various factors which may influence kkiu leads to the conclu

sion that only physical factors have a noticeable effect (8), in particular the 
size of particles in the exchanger and the flow rate of the solution.

In order to examine the influence of particle size, lignite was graded in diffe
rent sizes. A  solution containing 0.05 N  of sodium chloride and Cs137 
(3,000 cpm/ml) was then passed through various columns at the same flow rate 
(1 m l/cm 2/min). The elution curve of Cs137 was established by sampling the 
effluent. Standardized curves based on the experimental results are shown in 
Fig. 7, together with the corresponding theoretical curves. As the parameter
S is known in each case, it is possible to calculate the value of kkm by using 
formula 27. Fig. 8 shows the value of kkm as a function of the average particle 
diameter.

3.1.3.2. Influence of the flow rate.
A  similar experiment was carried out in order to discover the influence of the 

flow rate. A  graph of the results is given in Fig. 9.

function of T for a series of values of r. The graph А T in Fig. 6 shows a series

T =
(V  — v f e)

(30)
q\a/b (y± A X )(a+l> 1

(y± b x )

(b + 1) a q g ^ a/b 1) 
b

3.1.3.1. Influence of particle size.
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3.1.3.3. Conclusions.

The two experiments showed that:
(1) Particle size is the most important factor and, at first sight there seems to 

be a logarithmic relation between ku¡t, and the average particle diameter ;
(2) The flow rate o f the solution is of less importance. In fact there is only a 

linear relation between the flow rate of the solution and the kinetic 
constant.

The practical conclusions to be drawn from study are that a lignite column 
will give its best yield when the particle size is as small as is compatible with 
a fairly high output (4— 5 m l/cm 2/min).

3.2 Studies of ternary systems.

The kinetics of adsorption of ternary systems have been studied by D ranoff  
and Lapidtjs (17) for the H -A g-N a system. This study has shown that a mathe
matical description of the adsorption of ternary systems by ion exchange can 
only be undertaken with electronic computers (ibm 704).

The present study is less ambitious and merely attempts to explain in quali
tative terms the results obtained in the laboratory. Study of binary systems 
had shown that the size of particles in the exchanger was the most important 
factor influencing the shape of the saturation curves, and consequently the 
breakthrough volume. W e undertook a similar study of the ternary systems 
Na-Ca-Sr90, Na-Ca-Cs137, K-Ca-Sr90 and K-Ca-Cs137, and their elution curves 
are given in Figs. 10, 11, 12 and 13. Our experiments showed that the size 
of particles in the ion-exchanger is less important for ternary than for binary 
systems except in the case of Na-Ca-Sr90. Moreover, due allowance being made 
for measurement errors, the curves of the Na-Ca-Cs137 and K-Ca-Cs137 systems 
coincide.

A  comparison of the Sr90 curves (Figs. 10 and 12) with the Cs137 curves 
(Figs. 11 and 13) shows that the exchange zone on the column is much larger 
for systems comprising Sr90. This fact can be explained by a lower reaction 
rate in the case of Sr90-Ca-Na or Sr90-Ca-K equilibria than in the corresponding 
systems comprising Cs137. Moreover, this is confirmed by the upper limit 
of C/Co in the effluent which stands at 0.75 for Sr90 and 0.90 for Cs137.

In paragraph 2.2.2. we showed that it is possible to calculate the saturation 
volume, of a lignite column for solutions containing three components. For 
Na-Ca-Cs1-37 the experimental saturation volumes are respectively 8.5 and 5 
exchanger-bed volumes (20 ml). These volumes correspond fairly well with the 
values calculated by means of formula 25, which gives 8.6 and 5J5 for a 50%  
breakthrough. The saturation curves of the Na-Ca-Sr90 and K-Ca-Sr90 systems 
do not have the conventional S-shape, being closer to an adsorption isotherm. 
The quantitative study of the kinetics of adsorption by ion-exchange for ter
nary systems is still at the initial stage and a mathematical description will 
only be possible after numerous theoretical studies.

4. Ion exchange in soils

The migration of radioisotopes in the soil is determined by two main fac
tors: water movement in the phreatic stratum and the ion-exchange proper
ties of the soil. W ater movement in sandy soil is approximately 20 to 50 m/year, 
depending on the slope of the phreatic stratum. This slow movement gives
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grounds for believing that there is a state of equilibrium in the soil between 
the water which contains ions in solution and the soil which contains the ion 
exchange functions. On the basis of this hypothesis the speed of migration of 
radioactive ions can be calculated in relation to the water movement.

Ion exchange in soils was tho starting point for all research into ion exchange 
and countless studies on the subject have already appeared. The purpose of the 
work undertaken in our laboratories has been to determine the distribution 
of Sr90 and Cs137 in soils in the vicinity of nuclear installations, so as to enable 
us to predict the speed of migration of the two isotopes concerned, on the basis 
of physico-chemical data.

Study of the equilibria of Sr90 and Cs137 with Ca, Mg, K , Na and H  should 
make it possible to find the distribution coefficient of radioactive ions. Accord
ing to V e r m e u l e n  and H i e s t e r  (1 8 )  this coefficient is related to the speed

of migration by the expression R  11 +  D ’
where Rf =  the relative speed of migration of the ions concerned

D  = th e  distribution coefficient j =  q

As the soil is saturated with various ions, a statistical value for D must be 
found, calculable on the basis of the cationic occupation. This study will allow 

. us to predict the behaviour of Sr90 and Cs137 for other types of soil.

R E F E R E N C E S

(The references used for this paper are to be found at the end of the foregoing 
original paper).



T E M P E R A T U R E  D I S T R I B U T I O N  I N  R A D I O A C T I V E  S O L ID
W A S T E S  

PART I —  BET A-ACTIVE SOLIDS 
Abstract

The paper deals with the calculations for temperature distribution over 
time in a radioactive sphere and in a finite radioactive cylinder buried in 
a medium having the same thermal properties. Formulae are given for such 
calculations. Numerical results on temperature build-up are presented graphic
ally for the cases where the activity is due to beta-emitters such as P 32, Sr89, 
Cs135 and Sr90 +  (Y 90). General graphs for calculation of temperature build-up 
for any long-lived beta-emitter at certain points of interest in a sphere and in 
a cylinder of particular dimensions and diffusivity are presented.

R E P A R T I T I O N  D E S  T E M P E R A T U R E S  D A N S  L E S  D E C H E T S  
R A D I O A C T I F S  S O L I D E S  

PARTIE I —  SOLIDES RADIOACTIFS BETA 
Résumé

Ce mémoire a trait aux calculs servant à évaluer la variation des tempéra
tures en fonction du temps dans une sphère radioactive et dans un cylindre 
radioactif limité enfouis dans un milieü ayant les mêmes propriétés thermiques. 
Les formules utilisées dans ces calculs sont indiquées. Les résultats numériques 
concernant la formation des températures sont représentés graphiquement 
pour les cas où l ’activité est due à des émetteurs bêta tels que 32P, 89Sr, 135Cs 
et 90Sr +  (90Y ). Le mémoire contient des abaques pour le calcul de la formation 
des températures dans les émetteurs gamma de longue période à certains 
points intéressants des sphères et des cylindres ayant des dimensions et une 
capacité de diffusion particulières.

РАСПРЕДЕЛЕНИЕ ТЕМПЕРАТУРЫ  В РАДИОАКТИВНЫ Х  
ТВЕРДЫХ ОТХО Д АХ  

ЧАСТ I -  БЕТА-АКТИВНЫЕ ТВЕРДЫЕ ОТХОДЫ 
Резюме

В этом документе идет речь о вычислении распределения температуры в 
радиоактивной сфере и в конечном радиоактивном цилиндре, погруженном в 
среду, имеющую те же тепловые свойства. Даются формулы для таких вычис
лений. Числовые данные о полученной температуре приводятся в графическом 
изображении для тех случаев, когда активность вызывается бета-излучателями, 
такими как P32, Sr89, Cs135 и Sr90 -|- (Y 90). Приводятся общие диаграммы вычисле
ния полученной температуры для любого бета-излучателя с длительным сроком 
жизни в конкретных точках круга и цилиндра определенных размеров и с 
определенным коэффициентом диффузии.

D I S T R I B U C I O N  D E  L A  T E M P E R A T U R A  E N  L O S  D E S E C H O S  
R A D I A C T I V O S  S O L ID O S

PARTE I —  DESECHOS SOLIDOS EMISORES DE RADIACIONES BETA
Resumen

En la memoria se estudia el cálculo de la distribución de temperaturas 
en función del tiempo en una esfera radiactiva y en un cilindro radiactivo 
finito enterrados en un medio de idénticas propiedades térmicas. Se dan
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fórmulas para efectuar dicho cálculo. En el caso en que la actividad se deba 
a emisores beta, tales como 32P, 89Sr, 135Cs, y 90S r +  (90Y ), se representan 
gráficamente los resultados numéricos relativos al incremento de ]a tem 
peratura. Asimismo, se proporcionan gráficos generales para calcular el incre
mento de la temperatura de cualquier emisor beta de período largo en deter
minados puntos de una esfera y un cilindro de dimensiones y difusividad dadas.

TEMPERATURE DISTRIBUTION IN RADIOACTIVE  
SOLID WASTES

Раит I  —  B eta -A ctive Solids

I). A . KOTEWALE AND A . K . GaNGULY 
A tomic E n e r g y  E stablish m ent , T r o m bay  

In d ia

Introduction

A  satisfactory method has yet to be developed for the ultimate disposal 
of high-level radioactive wastes obtained from the irradiated-fuel processing 
plant. One of the suggested methods is to incorporate the activity in glass 
or ceramic mixtures, or in ion-exchanging clay mineral like montmorillonite, 
and then to bake these. The glass or ceramic body thus obtained fixes the 
activity in non-leachable form, which can then be buried underground or 
disposed of in the sea (1, 2, 3).

It is important that the baked material should be stable in the high radiation 
field and should not undergo undesirable structural changes during the process 
of transmutation of the radioactive elements it contains. It  is also important 
for the success of the method that the temperature rise by self-heating shall 
not melt the solid. These conditions limit the quantities of activity that can 
be incorporated per unit mass of the solid.

Perring  (4) reported approximate calculations on temperature build-up 
with time at the axis of an infinite cylinder of fission products embedded 
in clay and buried underground. Goldenberg  (5) derived expressions 
for the distribution of temperature in and around a spherical source of heat 
buried in a medium having different or the same thermal properties as the 
sphere. He, however, assumed a constant rate of heat generation inside the 
sphere.

The present paper deals with the general case of temperature distribution 
with time (i) in a radioactive solid sphere, and (ii) in a finite radioactive solid 
cylinder, buried in a medium having the same thermal properties as the sphere 
or the cylinder. The heat generation rate is taken to be exponential, as it is 
with radioactive elements. The concept of the instantaneous point source 
of heat has been used to obtain the expressions for temperature distribution. 
Numerical calculations of temperature build-up at the centre and at the surface 
of a sphere of radius 20 cm, and at the four points P, Q, R  and S, as shown 
in Fig. 1, of a cylinder of diameter and height 36 cm are given for the cases 
where the activity is due to beta emitters such as P 32, Sr89, Cs135 and Sr90 +  (Y 90). 
Calculations on P 32 are included only to indicate the temperature build-up 
characteristic in the presence of a short-lived beta emitter. In order to compare
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C Y L IN D E R  D IA G R A M

Fig. 1

the numerical results obtained, with the sphere and the finite cylinder, the 
dimensions of the cylinder are chosen so that it has nearly the same volume 
as that of the sphere and has a minimum of total cylindrical surface area.

Mathematical formulation

The differential equation for heat conduction

has the solution (6)

лт/ 4Л A(t') 1V (x, y, z, t) =  —^  •--------------------- Í7 • exp —
J во 8 [//k (t — t ' ) ] h

—  {(x —  x ')2 +  (У — У ')2 +  (z —  z ')* }/4 k (t  —  t') (1)

where V  is the temperature at (x, y, z) and time t due to A (t') quantity of heat 
instantaneously generated at the time t ' at a point (x ', y ', z ') in a material 
of density q, specific heat с and diffusivity К /о с = k .

For a continuous solid source of heat A (t') per unit volume per unit time 
and constant qo and k, the solution (1) takes the form

t
1 f A(t')dt'Т 7 /  4Л i f  A(t )dt f

V (x . у . t) =  — ,7;  J 7— 7777-, J ■80c  ( Я к )  '* J (t — t ' ) i2 , ,
'  0 V .y .=

— ■ {(x— ^x')2 +  (y —  y ')2 +  (z — z ')2}/4 k  ( t — -t') dx' dy' dz' (2)

(i) Spherical case

Using spherical polar co-ordinates, the temperature at (r, 0, 0) at time 
t due to a spherical source of radius ‘a ’ .embedded in a medium of the same 
qo  and к is given by the expression:
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v(r-4 - 4 - i tgffi)}]"'*■ -

- T ^ r  / A ( t ' )  ( t -  f ) ‘'‘ [ « p  { -  4k ( Î - 1 ')} ~ 6XP { - ï g j ü S )  I ] d t ' +
0

t
+  ̂ - f A ( t ') [ e r f .  . |r + a| - e r f  ld f  (3)

2 gc J L V-4k(t—  t') \ /4 k (t—  t)J

The general expression (3) then gives the dependence of temperature rise
at any point r on t, a, k, go and on the A(t') function.

(ia) Temperatures at the centre and at the surface

V(r, t) values are of special interest at r =  0 and r =  a, and we have from  
the expression (3)

v<0't) -  - 7 ^ / i é S k exi> ■ { щ й т К  +
t

+  ^ | A ( t ' ) . erf { v _ ^ _ - J dt' ' (4)

v (a>*) =  J A (*') ( t - t ' ) 1'2[exP • { -  к (t— ft } - * ] dt' +

t '
+  v M  A  (t') erf • , a dt' (5)

2&o J v ' V k (t— t')

B y partial differentiation of the expressions (4) and (5) with respect to к 
and a, we derive:

Sv a dv A a ¿Ik , л л irtK
 =  -¿rr~ -ô— or —  = ---¡гг- at r =  0 and r =  a (6)3 к 2k da a 2 k v /

Thus a fractional increase in ‘a ’ (i.e. increase in size of the sphere) affects 
the temperature at the centre and at the surface of the active sphere to the
same extent as a decrease in к (i.e. decrease in diffusivity of the material)
by twice the same fraction.

(ib) Temperature build-up for long-lived radioelements:

For long-lived elements (i.e. under the condition 1/Я >  >  t) the expression

V A(0)6 ° ^as ^ lc same se  ̂ ° f  values for different radioactive elements in
corporated in a sphere of particular radius and in a medium of particular 
diffusivity (cf. Fig. 2).
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Vo с

TIM E IN SECONDS

Fig. 2

for the sphere of radius 20 cm at the centre and surfaceA'(o)
(Note: — To get the temperature in degrees centigrade for long-lived isotopes, multiply 

the ordinate by 2,36 x 10-3 Emax)

Maximum temperature V(r) for long-lived elements can be obtained from  
steady-state solutions to the equation

0v
=  К  V 2V A (o)

ôt g с
When the thermal properties in and around the sphere are different, we 

have the following equations for the steady-state solutions
A (o)K , v 2 ^ 0e c

k 2 v 2v 2 =  0 (V
where the subscript 1 is used for conditions inside the sphere and 2 for conditions 
in the medium outside.

The solutions (7)
Y 1 =  A  (o){a2 —  r2 +  2 a2 (KJKg)} 6 K j (o <  r <  a) 

a3
V 2 =  A ( o b3 K ,r (r >  a) (8)

where and K 2 are the thermal conductivities, show that the temperature 
distribution in the medium outside the sphere is independent of the conducti
vity of the material in the sphere. I f  we put K 2 =  К х A K 1; and Л K T <  < K T, 
we get
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In the case where K x =  K 2, this ratio of temperatures at the centre and at
the surface is a constant and is equal to 1.5.

(ii) Cylindrical case
Using the cylindrical co-ordinates, equation (2) takes the form 

t
V  (r, o, z, t) = -------— jr- f A ^  ^d* f exp ■ {—  (r2 +  r '2 —  2 r r ' cos0') —

v ’ ’ ’ ' вос^к)/» J (t — 1')/« J ■' v ' О г o' z
■ (z —  z ')2} /4 k  (t —  t') r' dr' d0' dz' (10)

where У  (r, o, z, t) is the temperature at the point (r, o, z) at time t due to 
a continuous source of heat A  (t') per unit volume per unit time.

t a
J ' (r2 +  r'2) \

0 0
erf • (L — z)

4k(t — t') I V ^ k it  —  t')

erf (L +  z)
\/ i. к (t - (11)

where ‘L ’ is the semi-height and ‘a’ the radius of the cylinder (Fig. 1).
The above general equation (11) then gives the dependence of temperature 

rise at any point on t, L , a, k ,  q  с  and A  (t').

TIME IN SECONDS.

Fig. 3
Temperature against time for a sphere of radius 20 cm at the centre and surface



(iia) Temperature build-up at four points of interest

The values of r and z for the four points of interest on the cylinder are 
r = 0 ,  z = 0  at the point P ;

Н о  Й E  ч
and r =  a, z = L  at the point S.

Y°C
A'(o)

Fig. 4

for the cylinder of diameter and height 36 cm at four points P Q R S
(Note : — To get the temperature in degrees centigrade multiply the ordinate by

2.36 x 10-3 Emax)

For these points, equation (11) reduces to the following forms: 

t

V  <P ' ‘ ) -  7 Ï  j A  <t_> - “ P • (“  4- b(t‘ - f ) )l ert • V 4 b ( t - t-) d V -

t
v  (Q ,t) =  • J a  (t') |l —  exp • (— — — )\ erf — - -  2L — -d t '.4 к (t t') /) V 4 k ( t  — t')

Y  (R, t) =  • f f ^  (t/)-77 j erf • -  L \ X
oo —  л/4 k (t —  t') I
f (a2 +  r'2) 1 ,  T ar' ,  ,  i , (

X exp • j  4k(t _ t ' ) J  Г J_ 2 к (t —  t') ’
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t  a

V (S, t) =  — ¡—  i i f  (t'ï ¡erf 2L  = - } x 
4 e c J J k ( t —1 ) |  -\/4k(t — t') J

X eXP { -  4(k(t+- t - ) } Г' I  ( W ^ 7)) dr' d t'- (12)
0

The expression V g°  l)as the same set of vaines for different long-

lived radioelements incorporated in a cylinder of particular dimension and 
a medium of particular difFusivity (cf. Sect ib and Fig. 4).

Numerical Calculations
W e take A ( t ' ) = A  (o) exp (— A t'), where X is the decay constant of the 

radioactivity.
Specific activity = 1  curie/gramme at t =  0

к =  0.0058 eg 
g = 2 .4  eg 

gc =  0.48 eg
Substituting the above values and putting a =  20 cm, the equations (4) 

and (5) for the spherical case reduce to
t

TT, А (о) Г _ , f  f . 1.724x 1041 dt'
v (°> *) =  - a i r  h 1-482 x 10 Jexp +

0 v '

+  Jexp (—  XV) erf • “ r ^ ~ ^ ¡ - d t ' j .  (13)
о

v  (a> ^  =  [— 2Л 48 x 103JexP (— ■n ') I1 — exp (— 7 ^ 0  )|x
0

t
x ( t — t'J^dt' +  0 .5jexp • (—  X t ') erf X У  dt' j  . (14)

0 (* * )

In the case of a cylinder where L =  18 cm and a =  18 cm, the four equations 
in (12) reduce to

t
T T  / Т )  j \  A (o) f ,  . . .  I 1.3966x 104 \l e  1.1817X 102 T ,  ,

V (P ’ t) ^  ~ o i ^ J exP {— —  exp (------------ -,------- II e r f-------- — ------- dt'
0

(15)
■ t

Т7,л  ,, 0.5-A(o) f r . . .  , ,n L /— 1.3966 x l0 4\l p 2.3634 x 102
V (Q ,t) =  0 4g j exp ■ [ -  Я (t— t ' Щ 1— exp ■ (--------- -,------- j J- erf---------— ------- d t'

о
(16)

t 18
V (R ,t)  =  A (o). ^ gg0g f j"ex p -{-— X (t —  t ')  —  (1.3966x 104 +  43.103 4 4 r '2) /t '}  x

x erf 10 ■ ™  J 1. 552 x 103| dr' dt'. (17)
o'
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V (S , t) =  A(O)04f 810344JJexp{—  X (t —  t') — (1.39,66 x 104 +  43.10344 r '2) /t '}  x

x  e r f  . 2 .3634X  102 1 55 2  x  10gj d r , d t ,_ (1 8 ^

. o"
Table I  gives the characteristics of the beta-active elements taken for cal

culation. Average beta energy is taken as 1/ :i the maximum energy.

T A B L E  I .
CHARACTERISTICS OF BETA-EMITTERS USED

Concentration taken =  1 curie/gramme'
A (o) =  1.134 x 10~3 Emax cal/sec/cc

1 18

Isotope Decay constant 
(sec-1)

Maximum beta 
energy, Em ax(MeV)

A(o)/eo .
(°C/sec) =  A (°>

\ p32 5.64 X 1 0 - 7 1.7 4.03 x 1 0 " 3
Sr89 1.46 x 1 0 - 7 1.46 3.458 x 10~3
Cs135 7.32 x 10“ 9 0.207 4.812 x 10“ 4

Sr90 +  (Y90) 7.93 x 1 0 - 10 2.81 ’ 6.630 x 1 0 - 3

The equations (13) to (16) were numerically integrated using the Newton- 
Cotes formula (9) for different values of t. The double numerical integrations

103 Ю4 I0! )t>6 !07 10®
TIME IN SECONDS

Fig. 5
Temperature against time at the four points of the cylinder incorporated with Sr90 +  (Y 90)
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1 03 1 0 *  l o 5 Ю 6 Í07 1 6 *

TIME IN SECONDS

Fig. 6
Temperature against time at four points of the cylinder incorporated with P32

I 0 3 1 0 *  1 0 5 t o 6 t o 7

TIME IN SECONDS

Fig. 7
Temperature against time at four points of the cylinder incorporated with Sr89



l o 3 l o 4 1 0 5  1 0 *  I07 i o e
TIMF IN SECONOS

Fig. 8
Temperature against time at the four points of the cylinder incorporated with Cs135

for equations (17) and (18) were done separately for r ', and for different values 
of t, using the same formula. The results are graphically represented in Figs. 2 
to 8. Temperatures are plotted in degrees centigrade above the temperature 
of the medium (at r =  oo). To get the temperature for any arbitrary specific 
concentration of the radioactive elements, multiply the temperature by the 
specific activity at t =  о and add to the result the temperature of the medium. 
For very high values of 1/A, general curves for temperature buildup calculations 
are given in Fig. 2 for the sphere and in Fig. 4 for the cylinder.

Summary and Conclusions

Formulae are given for calculations of temperature build-up in a radioactive 
solid sphere and solid cylinder buried in a medium having the same thermal 
properties.

Under steady-state conditions, the temperature obtained at the centre of 
a sphere is 1.5 times the temperature at the surface. A  somewhat similar 
situation is obtained with a finite cylinder having the minimum of surface 
area, though the temperature at individual points on the surface varies (cf. 
Figs. 5 and 8).

It is demonstrated that any fractional increase in the radius of the sphere 
affects the temperature at the centre and at the surface to the same extent 
as a decrease in diffusivity by twice the same fraction.

Numerical results on temperature build-up in beta-active solids are presented 
graphically. Temperature build-up at the centre of a sphere and at the centre
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of a cylinder of the same volume and minimum surface area are approximately 
the same.

General graphs for calculations of temperature build-up at certain points 
of interest in the sphere and cylinder containing long-lived isotopes are pre
sented in Figs. 2 and 4. In a sphere of radius 20 cm, and in a cylinder of height 
and diameter each equal to 36 cm, 9 0%  of the maximum temperature is 
reached in about ten days for long-lived isotopes incorporated in the medium 
(cf. Figs. 3, 5, 6, 7 and 8).

The maximum temperature reached at the centre of the sphere and the 
cylinder having 1 curie/gramme of Sr90 is about 250° C. The temperature 
at the surface of these bodies is approximately 175° C. Thus, if 5 curies of 
Sr90 are present per gramme of solid, the maximum temperature at the centre 
works out to about 1,200° С and to 800° С at the surface. The total activity 
thus contained is about 400 К  curies of Sr90 in 80 kg of material.

Further calculations are in progress for solids containing fission products 
mixture.
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P R O C E S S I N G  A N D  P R E - T R E A T M E N T  O P  S O L I D  R A D I O 
A C T I V E  W A S T E

Abstract
As solid radioactive waste varies in form, dimensions and volume, the Atomic 

Energy Commission first of all reduces the volume by breaking up and com
pressing the waste.

Since the temporary storage of such waste is always attended by the risk 
of contamination, an efficient packing system has been devised and adopted.

This consists of embedding the waste in the heart of a specially-designed 
block of concrete possessing the following characteristics:

Great strength
Maximum insolubility
Resistance to corrosion
Maximum imperviousness
Protection against radiation.
It is thus quite safe to store these blocks with a view to final dumping.

C O N D I T I O N N E M E N T  D E S  D E C H E T S  R A D I O A C T I F S
S O L I D E S

Résumé
Les déchets actifs solides étant de formes, de dimensions et de volumes 

variés, le C.E.A. procède en premier lieu à une réduction de volume par fraction
nement et compactage.

L ’emmagasinage provisoire de tels déchets ne pouvant se concevoir sans 
risques de contamination, un procédé efficace d ’emballage a été étudié et 
réalisé.

Il consiste à noyer les déchets dans un béton spécialement étudié qui présente 
les caractéristiques suivantes:

—  Forte résistance mécanique 
. —  Insolubilité maximum
—  Résistance à la corrosion
—  Etanchéité maximum
—  Protection contre le rayonnement
Il est alors possible de conserver sans danger les blocs formés en vue d ’un 

rejet définitif ultérieur.

О Б Р А Б О Т К А  Т В Е Р Д Ы Х  А К Т И В Н Ы Х  О Т Х О Д О В

Резюме
Поскольку, твердые активные отходы имеют различную форму, размер и 

объем, Центр ядерных исследований уменьшает прежде всего их объем путем 
дробления и уплотнения этих тел.

Поскольку временное складирование таких отходов представляет риск 
загрязнения, был изучен и разработан действенный метод их упаковки.

Этот метод состоит в утоплении отходов в специально подготовленном 
бетоне, имеющем следующие характеристики:

— сильное механическое сопротивление
— максимальную нерастворимость
— сопротивление к коррозии
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— максимальную водонепронецаемость
— защиту против излучения
Таким образом, возможно безопасно сохранять образованные блоки с целью 

их позднейшего окончательного захоронения.

A C O N D I C I O N A M I E N T O  D E  L O S  D E S E C H O S  R A D I A C T I V O S  
S O L I D O S  

Resumen
Como los desechos radiactivos sólidos difieren mucho por su forma, di

mensión y volumen, el Commissariat efectúa en primer lugar una reducción 
de volumen desmenuzándolos y  comprimiéndolos.

E l almacenamiento provisional de esos desechos presenta siempre riesgos 
de contaminación, por lo que se ha estudiado y  llevado a la práctica un sistema 
especial de embalaje.

Este sistema consiste en empotrar los desechos en un hormigón especialmente 
estudiado que ofrece las siguientes características:

—  Fuerte resistencia mecánica
—  Máximum de insolubilidad
—  Resistencia a la corrosión
—  Máximum de estanquidad
—  Protección contra las radiaciones
De esta manera se pueden conservar sin peligro los bloques de hormigón 

para más tarde evacuarlos definitivamente.

CONDITIONNEMENT DES DECHETS RADIOACTIFS  
SOLIDES

P. Cer r é

S e r v i c e  d e  C o n t r o l e  d e s  R a d i a t i o n s  e t  d e  G e n i e  R a d i o a c t i f , 
C o m m i s s a r i a t  a  l ’E n e r g i e  A t o m i q u e , S a c l a y .

F r a n c e

Le problème posé par l ’accroissement des déchets radioactifs solides prend 
une ampleur considérable dans des centres atomiques à superficie limitée.

Un plan d’ensemble pouvant apporter rapidement une solution a été étudié 
à Saclay qui, à partir d ’un emmagasinage protégé provisoirement, passe 
par les stades: de décontamination (quand elle est possible ou payante), 
de réduction de volumes, de protection de longue durée, avant d ’arriver au . 
rejet définitif.

C’est l ’opération de protection de longue durée que nous nous proposons 
de décrire ici.

L ’absence actuelle de solution concernant le rejet définitif nous imposait 
une étude très poussée de cette phase du traitement des déchets.

Nous avions à mettre au point un emballage des déchets solides, répondant 
aux caractéristiques ci-dessous :

1 —  forte résistance mécanique
2 —  insolubilité maximum
3 —  résistance à la corrosion
4 —  étanchéité maximum
5 —  protection contre le rayonnement.
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L ’enrobage dans dn béton nous a semblé être la solution la moins chère 
et, à priori, répondant le mieux aux exigences. Toutefois le béton ordinaire 
n ’assurant pas la totalité des qualités requises, nous avons fait appel à l ’Entre
prise Industrielle spécialisée dans les travaux en mer et en rivière qui a, en 
liaison avec le Centre d ’Etudes et de Recherches de l ’Industrie des Liants 
Hydrauliques, étudié un béton pouvant répondre aux conditions posées.

Les objectifs de cette étude étaient:
—  la fixation de la chaux, fibre ou libérée à la prise du ciment,,par addition 

de pouzzolane, en l ’espèce un oxyde magnétique de fer.
—  l ’occlusion d’air en quantité suffisante pour éviter la microfissuration 

naturelle du béton par addition d ’un mouillant.
—  la recherche du retrait minimum en provoquant une légère expansion 

par addition de poudre d ’aluminium.
— , enfin, l ’utilisation de la quantité d ’eau minima compatible avec la mise 

en œuvre pour éviter un ressuage important.
Nous ne donnerons pas ici le détail et la succession des essais relatifs aux 

différents matériaux et à leur dosage, mais nous pouvons toutefois donner 
la composition du mortier choisi et les résultats des essais correspondants:

—  Ciment H TS (L afarge)............  50 K g
—  Sable ................................................ 76 K g
—  O xydo-cim ent............................... 25 K g
—  M ou illan t........................................  0,300 K g
—  Poudre d ’a lu m in ium ................. 0,005 K g
—  E a u ....................................................  30 litres

Après 28 jours de prise, la résistance de ces mortiers est, pour un retrait 
et un ressuage minimum, d ’environ:

—  570 K g/cm 2 en compression
—  95 K g/cm 2 en flexion
La composition des mortiers étant déterminée, il restait à concevoir un 

procédé d’enrobage des déchets, à l ’aide de ce mortier.
Les buts à atteindre étaient essentiellement:
—  formation d ’un bloc compact de béton contenant les déchets.
—  non contamination extérieure du bloc après prise du mortier.
Nous allons donner maintenant la solution que nous avons adoptée après 

de nombreux essais. Dans un coffrage métallique rapidement démontable 
est placé un panier sur un fond d ’agrégats. Des agrégats sont également 
disposés autour du panier. Une tubulure d’injection pénètre jusqu’au fond 
du coffrage. Le panier étant rempli de déchets contaminés est recouvert 
d ’une couche d’agrégats.

Une pompe injecte-alors un coulis de mortier par la tubulure. Le mortier 
pénètre dans tous les intervalles, y  compris ceux que peuvent former les 
déchets, pour constituer une sorte de monolithe.

Le principe est très souple, car il permet, en choisissant l'es dimensions 
du panier, de faire varier l ’épaisseur de béton en fonction de l ’activité des 
déchets à traiter.

Toutefois, pour tenir compte des autres facteurs (résistance mécanique, 
étanchéité), l ’épaisseur de protection n ’est jamais inférieure à 16 cm.

Les blocs cylindriques ainsi constitués pèsent environ 4 tonnes. Leurs 
dimensions sont dé 1,30 m de diamètre sur 1,30 m de hauteur. La plus grande 
capacité en déchets de ces blocs est 750 litres.

La principale difficulté rencontrée dans la réalisation pratique a été d’éviter
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que le coulis injecté se retrouve vers l ’extérieur du bloc après contact avec 
les déchets radioactifs, contaminant ainsi la surfacè des blocs.

Une étude très poussée du mode d ’injection et du cheminement du coulis 
à l ’intérieur du coffrage a permis de mettre au point le dispositif présenté 
sur la figure ci-dessous.

Le panier repose sur une plaque perforée à sa périphérie. La tubulure

Fig. '2
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d ’injection terminée en sifflet arrive au centre du coffrage, sous la plaque.
La répartition du coulis se fait alors le long des génératrices du coffrage 

dont il lèche les parois, avant de remplir les intervalles constitués par les 
déchets. «■/ °-, . . v - •

Si nous avions éliminé un problème, il restait à résoudre celui de l ’eau 
de ressuage. Cette exsudation, bien que faible (2 mm) et constante, pouvait 
présenter un danger. Nous l ’avons écarté par projection de ciment sec en 
quantité convenable pour absorber l ’eau de ressuage.

Il restait encore une dernière crainte: la non étanchéité dû béton, soit 
en cas d’immersion des blocs, soit au cours de la prise du ciment, par migration 
des ions actifs dans le coulis.

Des essais préalables en laboratoire sur des matériaux contaminés nous 
avaient pleinement rassurés. Néanmoins, nous avons voulu pousser l ’expérience 
plus loin:

700 litres de déchets très contaminés (essentiellement en produits de fission) 
et constitués de boues, de terre, de métaux ont été enrobés dans un bloc 
de béton de 16 cm d ’épaisseur, confectionné par injection, selon le principe 
ci-dessus. Le bloc, après prise du ciment, a été immergé dans une cuve remplie 
d’eau. L ’activité de l ’eau est mesurée chaque quinzaine depuis le mois de 
décembre 1958. Aucune contamination n ’a été décelée à ce jour.

Nous pouvons ajouter à cette rapide description quelques petits détails 
pratiques :

La jonction de la tubulure d ’injection aux. pompes se fait par un raccord 
rapide, dont une partie est vissée sur la tubulure avant introduction des 
déchets. Au décoffrage cette partie est dévissée.

Des fers ancrés dans le béton et terminés par des anneaux permettent 
la manutention des blocs au moyen d ’engins de levage classiques.

Les paniers contenant les déchets peuvent être remplis soit à l ’installation 
annexe de traitement des résidus (réduction de volumes) soit directement

Fig. 3
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sur les lieux de production. Ils sont alors enfermés dans des conteneurs de 
protection.

L ’installation d’enrobage permet de traiter environ 10 m 3 . par jour de 
déchets solides.

Nous avons décrit jusqu’ici le principe de confection de blocs, mais dans 
certains cas il ne peut être question d ’utiliser ce procédé. Une autre méthode 
est alors employée, qui consiste à mettre dans des conteneurs en béton pré
fabriqués les résidus trop encombrants et dont l ’activité est telle qu’elle 
interdit des manutentions en vue d ’en réduire le volume.

Une injection de coulis remplit les intervalles et scelle le couvercle dont 
la partie inférieure est préalablement munie de fers d ’ancrage. Les garanties 
offertes par ce deuxième procédé sont les mêmes, mais le prix de revient 
en est plus élevé.

Dans l ’un comme dans l ’autre cas, nous sommes donc arrivés à confiner 
des résidus très actifs dans des blocs de béton pouvant résister à l ’agressivité 
de tous milieux, à des pressions importantes et offrant des garanties réelles 
contre la contamination ou le rayonnement.

I)e tels blocs peuvent alors être stockés sans danger en tous lieux en attendant 
qu’une décision soit prise, concernant leur rejet définitif.
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PROCESSING AND PRETREATMENT OF SOLID 
RADIOACTIVE WASTE

P. Cerré 
H e a d , T echnical Studies  Section ,

A tomic E n e r g y  Commission , Sa c l a y ,
F rance

(Translation of the foregoing paper)

A t nuclear centres where space is limited, the question of how to dispose of 
a growing quantity of radioactive solid waste is becoming acute. An overall 
plan has been prepared at Saclay which may quickly solve the problem. It  
covers all stages in the treatment of waste up to final disposal, i.e. provisional 
storage under safeguard, decontamination (where possible or economic), 
volume reduction, and long-term conservation.

This paper deals with long-term conservation. In the absence of a method 
of final disposal, we had to go into that aspect of waste treatment very tho
roughly. W e had to design a solid-waste pack with the following properties:

1. Great structural strength,
2. Minimum solubility,
3. Resistance to corrosion,
4. Minimum permeability,
5. Protection against radiation.
Concrete shielding seemed to us the cheapest and, a priori, the most satis

factory method. Since ordinary concrete has not all the requisite properties, 
we consulted the “ Entreprise Industrielle” , a firm specializing in sea and 
river construction work which, in conjunction with the “ Centre d ’Etudes et 
de Recherches de l ’Industrie des Liants Hydrauliques” , has been developing 
a concrete to meet the required conditions.

The aims of its studies have been— ■
The fixing of lime, whether free or released on the setting of cement, by the 

addition of a pozzolana, in this case a magnetic iron oxide;
The occlusion of air, by the addition of a binder, to an extent sufficient to 

obviate the natural micro-fissuration of concrete;
Reduction of contraction to a minimum by adding powdered aluminium and 

so causing slight expansion;
Use of the smallest possible quantity of water in mixing, to minimize sweat

ing.
Details of the experiments conducted with various materials, the quantities 

used and the order in which the experiments were carried out will not be given 
here ; but the composition of the mortar finally selected and the results of the 
tests carried out with it were as follows:

HTS cement (Lafarge) .....................  50 kg '
Sand ....................................................... 76 kg
Oxidizing cement ............................. 25 kg
Binder ....................................................  0.300 kg
Powdered aluminium .....................  0.005 kg
Water ....................................................  301

After 28 days’ setting the strength of this mortar, with minimum shrinkage 
and sweating, is about:
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Compressive ....................................... 570 kg/cm2
Bending .............................: .............. 95 kg/cm2

W hen the composition of the mortar had been settled, a method had to be 
devised for enclosing wastes in it. The main objects were—

Formation of a compact concrete block to contain the waste;
Avoidance of contamination of the outside surface of the block after setting. 
The method adopted after numerous experiments was the following. A  

basket set on an aggregate base is enclosed in an easily removable metal shutter
ing. The space between the basket and the shuttering is also filled with aggre
gate. An injection pipe is inserted down to the bottom of the shuttering. The 
basket with its contaminated waste contents is covered with a layer of aggre
gate. The mortar grout is then injected through the pipe by a pump and pene
trates all interstices, including those in the waste itself, to form a solid block. 
This system is very flexible, since the size of the basket and the thickness of 
the concrete can be varied according to the degree of activity of the waste. 
However, because of the other factors (structural strength and gas-tightness), 
the thickness of the shield should never be less than 16 cm. The weight of the 
cylindrical blocks so constructed is about 5 tons. They are. 1.30 m in diameter 
and 1.30 m long, and hold up to 7501 of waste.

The main difficulty encountered in practice was to prevent the injected 
grout from oozing out after contact with the radioactive waste and thereby 
contaminating the outside of the block. After a very thorough study of the 
injection method and the path taken by the grout inside the shuttering, the 
device shown in Figs. * 1 and 2 (p. 228) was evolved. The basket rests on a plate 
with holes round its circumference, and the injection pipe with its end cut slant
wise reaches down to the centre point of the shuttering underneath the plate. 
The grout is injected from the bottom, and laps the walls of the shuttering 
before filling the interstices in the waste itself.

One problem was thus solved, but sweating had still to be prevented, for the 
exuded water, though slight (2 mm) and uniform, could be a source of danger. 
The difficulty was overcome by applying a quantity of dry cement sufficient 
to absorb the moisture from sweating.

One possibility had still to be feared: that the blocks might not be imper
meable on immersion, or that active ions might have passed into the grout 
while the cement was setting. Preliminary laboratory tests on contaminated 
materials were completely reassuring, but even so we thought it advisable 
to make further experiments. A  700-1 lot of highly-contaminated waste 
(consisting mainly o f fission products), in the form of sludge, earth or 
metal was encased in a concrete block 16 cm thick made by injection as des
cribed above. After the cement had set, the block was immersed in a tank of 
water. The activity of the water has been measured every fortnight since 
December 1958, and so far no contamination has been found.

A  few small practical details can be added to the foregoing brief description. 
The injection pipe is joined to the pumps by a quick-action coupling, one end 
of which is screwed on to the pipe before the waste is pumped in. After removal 
of the shuttering, this connexion is unscrewed. Iron rings set in the concrete 
enable the blocks to be handled with ordinary lifting gear. The waste-containing 
baskets can be filled either at the neighbouring residue treatment (volume 
reduction) plant or on the production site itself. They are then enclosed in

* For figures please see foregoing original paper.
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protective casing. The casing plant can handle about 10 m3 of solid waste 
per day.

Where the block formation method hitherto discussed cannot be used, it is 
replaced by another. Very bulky residues which are too active for volume 
reduction are enclosed in prefabricated concrete containers. The interstices 
are filled with grout, which also seals the lid, in the lower part of which anchor
ing irons have already been embedded. This system gives the same protection 
as the other but is more costly.

B y both methods we have succeeded in confining very hot waste in concrete 
blocks capable of withstanding assault from any environment and great pres
sure, and effectively preventing contamination and radiation. The blocks can 
be safely stacked anywhere pending a decision on their final disposal.



A  S O L U T I O N  F O R  T H E  S T O R A G E  O F  R A D I O A C T I V E  
S L U D G E  I N  T H E  G R O U N D  A T  M A R C O U L E

Abstract
This paper deals with radioactive sludge from the radioactive effluents of 

the plant at Marcoule. The sludge is stored in drums, and the authors have 
investigated the hazard created at Marcoule by the seepage of this radioactive 
sludge through the soil with the gradual deterioration of the drums. This 
economic solution may be applicable in certain cases.

U N E  S O L U T I O N  D E  S T O C K A G E  D A N S  L E  S O L  D E S  B O U E S  
R A D I O A C T I V E S  D E  M A R C O U L E  

Résumé
Il s’agit de boues radioactives en provenance de la station des effluents 

radioactifs de Marcoule: ces boues sont stockées dans des fûts, et nous 
avons étudié le danger présenté par la percolation à travers le sol de Mar
coule de ces boues radioactives après dégradation progressive du fût. Cette 
solution économique peut être applicable dans certains cas.

Р Е Ш Е Н И Е  П Р О Б Л Е М Ы  З А Х О Р О Н Е Н И Я  В З Е М Л Ю  
Р А Д И О А К Т И В Н Ы Х  Г Р Я З Е Й  В М А Р К У Л Е  

Резюме
В данном докладе рассматриваются радиоактивные грязи, исходящие из 

станции радиоактивных жидких отходов в Маркуле. Эти грязи захороняются 
в цистернах; в связи с этим изучалась опасность, вызываемая перколяцией 
через почву Маркуля этих радиоактивных грязей после постепенной порчи 
цистерн. Это экономическое решение может применяться в отдельных 
сотучаях.

S O L U C I O N  P A R A  E L  A L M A C E N A M I E N T O  D E  L O D O S  
R A D I A C T I V O S  E N  E L  S U E L O  D E  M A R C O U L E  -

Resumen
Se trata de los lodos radiactivos procedentes de la estación de efluentes 

radiactivos de Marcoule: los lodos se depositan en toneles, y  el autor ha 
estudiado el peligro que ofrece la infiltración de los lodos radiactivos a través 
del suelo de Marcoule a causa del deterioro progresivo del tonel. Esta 
solución económica se puede aplicar en determinados casos.

UNE SOLUTION DE STOCKAGE DANS LE SOL 
DES BOUES RADIOACTIVES DE MARCOULE

P. C o h e n  et C . G a il l e d r e a t t  
S e r v i c e  d e  C o n t r o l e  d e s  R a d i a t i o n s  e t  d e  G e n i e  R a d i o a c t i f , 

C o m m i s s a r i a t  a  l ’ E n e r g i e  A t o m i q u e , S a c l a y  
F r a n c e

I —  Introduction

I. 1 —  Les effluents liquides radioactifs en provenance des installations 
atomiques peuvent être classés en deux catégories:
—  Les liquides très actifs. Leur radioactivité est trop importante
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pour qu’on puisse s’en débarrasser par dilution ; pour l ’instant on les 
stocke sous forme liquide. Des études sont entreprises pour tenter 
de les fixer quasi irréversiblement dans une céramique ou un verre 
(1), (2), (3), (4) (5).

I. 2 —  Les liquides moyennement ou peu actifs. Leur volume est trop
élevé pour qu’on puisse les stocker longtemps. On préfère les éliminer 
en les dispersant par dilution. Auparavant on décontamine générale
ment l ’effluent par un traitement convenable:
—  passage sur une résine échangeusè d ’ions (6),
—  évaporation (7),
—  coprécipitation (8). '
On aboutit, dans les trois cas, à concentrer la plus grande partie 
de la radioactivité dans un résidu solide. Le liquide décontaminé 
est alors rejeté dans le sol (9), dans un fleuve (10), ou dans la mer (11) : 
il est ainsi dilué par les. eaux naturelles. L ’élimination d’un grand 
volume d’effluents liquides peu radioactifs est ainsi facilitée. Mais 
il reste à résoudre en particulier le problème de l ’élimination des 
résidus solides concentrés ainsi obtenus.

1 .3  —  A  Marcoule les effluents liquides de faible activité spécifique sont 
traités par coprécipitation (12). A  la sortie de la chaîne de traitement 
les boues sont chargées dans des fûts de 200 litres du type fût à 
huile, en tôle d’acier galvanisé, revêtus intérieurement d ’une en
veloppe de polyéthylène. Le couvercle du fût est serti automatique
ment. Ces conteneurs sont étanches et résistants; leur manutention 
ne peut soulever qu’un problème d ’irradiation externe.

I. 4 —  La cadence de production de ces fûts nous a amenés à envisager 
diverses solutions pour leur stockage définitif:
—  le stockage sur place, en un lieu convenable,
—  l’entassement des fûts dans des cavités souterraines, naturelles 

ou artificielles, ''
—  l ’immersion en mer, à grande profondeur, sur des fonds immobiles. 
Le présent rapport traite de la possibilité de stocker ces boues 
radioactives dans le sol, dans une fosse de profondeur rédüite, située 
à proximité de l ’usine de traitement.

II —  Le stockage sur place: La solution “ alvéole”

II. 1 —  Le terme “ alvéole”  désigne l ’ouvrage dans lequel seront stockés
les résidus solides. Le principe de sa construction est le suivant: 
on creuse dans le sol une fosse de faible profondeur dans laquelle 
on empile les fûts de boue; l ’ensemble est alors recouvert d’un 
dôme argileux ayant pour double but:
—  de protéger contre l ’irradiation,
—  de réduire les infiltrations de l ’eau de pluie.
Les fûts se détérioreront tôt ou tard, et des radioéléments seront 
libérés. La porosité du sous-sol et sa capacité d ’échange d ’ions 
interviendront. pour retarder la progression de cette radioactivité, 
déjà limitée par la lenteur du mouvement des eaux souterraines. 
Si toutes ces conditions sont convenablement satisfaites les radio
éléments décroîtront jusqu’à une activité suffisamment faible en 
dehors des zones d ’exploitation des eaux naturelles.
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II. 2 —  Description de l ’alvéole (13).
Une cavité est creusée dans le sol; son aire utile a pour dimensions 
40 x  30 mètres environ; elle est prévue pour contenir la production 
d’une année (Fig. 1). Les talus, de pente suffisante pour éviter

MURETTE

Fig- 1
Croquis de l’alvéole —  Vue de dessus

les éboulis, sont renforcés par de petites murettes de béton. Ils 
peuvent aussi être taillés à la verticale et avoir des parois bétonnées. 
Un caniveau contourne l ’ouvrage extérieurement, il est destiné à 
détourner les eaux de ruissellement.
Le fond de l ’alvéole est constitué par une dalle de roulement en 
béton. Un chariot de transport, protégé, y  placera les fûts. Le chariot 
accède à l ’alvéole par un des angles, à partir d ’une plate-forme 
raccordée au réseau routier. L ’exploitation d ’un second alvéole, 
à droite du premier (Fig. 1), est prévue à partir de la même plate
forme.
Les eaux de pluie tombant sur l ’aire de roulement, ainsi que sur 
les fûts déjà en place, s’écoulent en direction de la plate-forme 
d’entrée grâce à la pente de la dalle; elles sont collectées par un 
caniveau qui les achemine à un puisard de contrôle, puis à une 
cuve de stockage. Ces eaux seraient traitées au cas accidentel où 
elles seraient actives.
Le chariot de transport empile les fûts en trois couches, suivant 
l ’ordre indiqué (Fig. 3). Voir l ’alvéole en cours de chargement (Fig. 2). 
L ’espace vide entre les fûts est rempli de graviers dont les interstices

3 COUCHES DE FÛTS CHARIOT DE TRANSPORT

Croquis de l’alvéole —  Vue de profil
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peuvent être comblés par un coulis composé, soit de ciment Portland, 
soit d ’un mélange de ce ciment et de bentonite sous forme Calcium. 
L ’acier est ainsi passive. Dans ce dernier cas la bentonite, très 
peu perméable, freinerait aussi, par échange d’ions, les fuites radio
actives.
Le coulis de remplissage est injecté à partir de canalisations con
venablement disposées. Il est plus dense que les fûts, mais la couver
ture de l ’alvéole empêche ces derniers de flotter. La couverture 
est constitué par un tapis argileux compact pris en sandwich entre 
deux couches d’alluvions. La couche supérieure protège l ’argile 
contre la fissuration par dessication.
La couche inférieure réduit l ’irradiation > reçue par le personnel 
chargé du compactage. Ce sandwich est capable de se déformer 
sans fissuration en cas d ’eifondrements locaux, dûs à la corrosion 
d’un fût. Voir l ’ensemble terminé, en coupe, (Fig. 4).

Fig. 4
Coupe longitudinale de l’alvéole terminé

II. 3 —  Corrosion des fûts (14).
Les boues, alcalines, sont enfermées dans un sac de polyéthylène 
qui ne sera pas chimiquement attaqué.
On relève à l ’encontre de l ’alvéole les facteurs d ’agressivité suivants :
■—  Présence d ’argile: L ’argile, dans le coulis, aura un pH  élevé, 
de l ’ordre de 11. Or le zinc résiste bien à des pH  allant de 7 à 13.
—  Présence d ’humidité: L ’eau est difficile à éliminer totalement 
de l ’alvéole si l ’on veut se limiter à une solution simple. La bonne ' 
tenue du zinc s’en trouvera diminuée, celle de l ’acier aussi.
—  Couples électriques: Ils sont favorisés par un milieu ambiant 
humide et à forte conductivité. Ils peuvent entraîner la corrosion 
électrochimique des fûts.
—  Bactéries : Bon nombre de corrosions se développent par processus 
bactérien mais il est difficile de les prévoir à la ligne.Ces différentes
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considérations ont permis d ’évaluer la vie moyenne des fûts à une 
vingtaine d’années.

II . 4 —  Etude hydrogéologique du sous-sol de Marcoule (15).
Nous avons étudié la possibilité d’enfouir les boues radioactives 
de Marcoule à proximité de l ’usine de traitement des effluents. 
La nature du sous-sol a été précisée par quatre sondages de 60 mètres. 
On a rencontré les horizons suivants:
—  de 0 à 1 m. : terre végétale remaniée,
—  de 1 à 30— 40 m. : sable fin stratifié horizontalement par de
minces couches d ’argile et de marne dont la capacité d ’échange 
est sensiblement 5,0 meq/100 g. Un échantillon prélevé à 5 m. de 
profondeur a donné les caractéristiques suivantes (16) en laboratoire: 
%  d ’humidité: 75
Perméabilité verticale: K v = 4 .1 0 “ 9m/s
Perméabilité horizontale: K h  =  1,6-10-® m/s
Ces valeurs ont été vérifiées par des essais en place.
—  au dessous de 40 m .: marne bleutée constituant le. substratum  
imperméable.
Une nappe phréatique a été mise en évidence dans les sables sur 
le substratum marneux; son niveau statique s’établit entre 20 et 
40 m., suivant le nivellement des têtes de sondage.
Il est probable que cette nappe appartient au réseau hydrographique 
individuel de la colline. Elle diffère de la nappe du Rhône par sa 
salinité: 7 m eq/1. en Calcium au heu de 4 m e q /l . Elle serait donc 
alimentée exclusivement par les eaux d’infiltration de la colline, 
ce qui suppose un débit extrêmement faible. L ’observation de la 
topographie générale du lieu et des cotes absolues des niveaux 
statiques de la nappe dans les différents sondages suggèrent que 
la nappe de la colline se déverse dans les nappes alluviales du Rhône 
et de la Cèze qui l ’entourent partiellement : ces dernières nappes 
ont un débit très élevé ce qui assurerait une dilution importante. 
Les durées de traversée de la colline seraient de l ’ordre du siècle 
pour les produits de fission les moins retenus. Cette estimation 
pourrait être précisée par une étude plus approfondie.

III — Définition des essais

III . 1 —  Deux types de traitement peuvent être mis en œuvre, à Marcoule, 
suivant l ’activité du liquide à traiter (8), (12).
Les liquides peu actifs sont traités de la manière suivante : on amène 
l ’effluent à pH  12 par addition de chaux, et on forme un précipité 
de phosphate de calcium. Les boues contiennent essentiellement 
95Zr, 95Nb et terres rares.
Si ce traitement est insuffisant le double traitement suivant est 
utilisable: on amène le pH  du liquide à 10,8 avec de la soude et 
forme un précipité de phosphate de strontium, dont on améliore 
la floculation par du tanin. Les boues contiennent alors la plus 
grande partie du 90Sr, les terres rares et le 9SZr —  9SNb.
Le liquide surnageant peut être encore décontaminé par un précipité 
de ferrocyanure de nickel; le pH  optimum est de 8,5. Les boues 
contiennent alors essentiellement du 137Cs.
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III . 2 —  Aspects de la contamination par les boues stockées.
Léchage —  On peut admettre que les eaux d ’infiltration viendront 
lécher la boue des fûts .détruits et se polluer à son contact.. Nous 
avons essayé d’étudier ce phénomène en tentant de le simuler en 
laboratoire ; ceci bien que l ’alvéole soit conçu de manière à le limiter. 
Eau libre —  La boue telle qu’on l ’obtient sur le filtre ne contient 
pas d’eau libre, mais il est nécessaire de la mouiller pour la fluidifier, 
ce qui permet de la couler dans les fûts. La boue proprement dite 
sédimente rapidement, laissant au sommet du fût une lame d’eau 
libre, radioactive, de 5 cm environ. En cas de rupture du conteneur, 
cette eau est libérée. Remarquons que le coulis argile-ciment, puis 
la dalle de roulement bétonnée, retiendront fortement cette eau 
dont le volume est faible.
Nous avons cherché à apprécier la valeur de la pollution d ’une eau 
d ’infiltration dans le cas accidentel où le coffrage de l ’alvéole viendrait 
à se fissurer ou bien si l ’on envisageait de stocker les boues dans le 
sol sans conteneur.
Trois types de boues ont été analysés et testés:
—  une boue au phosphate de calcium,
—  une boue au phosphate de strontium,
—  une boue au ferrocyanure de nickel.
Dans chacun des cas nous analyserons séparément les pollutions 
dues à la boue et à l ’eau libre.

IV — Conteneurs “ Phosphate de Calcium”
A  —  Boues

IV . 1 —  Les études ont porté sur un fût de boues contenant 50 me de produits
de fission dans 100 kg de boue (fût de fin de journée). Une quantité 
convenable de boue est séchée au bain de sable puis pesée et dissoute 
dans C1H; il reste un résidu insoluble de diatomées, qui provient du 
filtre. Après lavage, il est pratiquement inactif.
La composition de la solution est alors la suivante:

89Sr —  90Sr —  90Y  0 ,9 %
137C s  _ 1 3 7 B a  l  0/o

106Ru —  106Rh 1 ,4%
M4Ce —  114Pr 57 %
95Zr —  95Nb 40 %

Son activité totale est de 0,49 /¿c/g.
IV .f 2 —  Essais de léchage en tube.

Une certaine quantité de boue, de l ’ordre du gramme, est déposée 
au fond d’un tube à centrifuger de 50 ml. La boue est agitée 15 minu
tes avec 30 ml d’eau distillée. Le mélange est alors centrifugé et 
filtré. Sur le filtrat:
1. on mesure la radioactivité,
2. on prend le pH,
3. on dose le Calcium.
L ’opération est renouvelée jusqu’à ce que l ’excès de chaux libre de 
la boue soit épuisé. On obtient ainsi deux caractéristiques:
—  Le volume d ’eau nécessaire au lessivage de la chaux libre. Cette 

donnée est importante car en milieu acide la boue' se dissout.
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—  L ’activité éluée eu fonction de la teneur en Calcium et du pH  
de l ’eau de léchage.

Quand la chaux libre est épuisée, on fait barboter C 02 dans le mélange 
eau-boue, pour étudier l ’effet dissolvant de l ’acide carbonique con
tenu dans le sol.
La boue est alors dissoute dans C1H et son activité initiale calculée 
en tenant compte de> ce qui est passé en solution en cours de mani
pulation.
Ces opérations sont répétées avec de l ’eau du robinet, de Saclay, 
contenant 7 meq de Calcium par litre.

Tests de léchage: boues au phosphate de calcium

Les résultats sont consignés (Fig. 5), on définit:
. . , activité contenue dans les 30 ml d ’eau
traction eluee = -------- . ; ,------- .— .---------------

Activité contenue dans la boue
On observe que:
—  Il faut plus de 300 ml d ’eau pour éliminer la chaux libre de 1 g. 

de boue. Mais ce gros excès de chaux est susceptible de se car- 
bonater.

—  L ’eau de robinet élue plus de radioéléments que l ’eau distillée 
pour même p H  et une même teneur en Calcium. L ’effet de l ’acide
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carbonique, très important avec l ’eau distillée, est plus réduit 
avec l ’eau de robinet.

—  Les fractions éluées sont de l ’ordre du pour cent ; le phénomène 
réel a été simulé avec sévérité. /

IV . 3 —  Essai en Cuve.
Une caisse grillagée cubique de 40 cm d’arête est remplie de boue 
soigneusement égouttée. Le grillage en acier inoxydable, très fin, 
ne laisse passer que l ’eau. Cette caisse est immergée dans un bac en 
lukoflex de 100 x 85 X 85 cm contenant 285 litres d ’eau.
L ’eau du bac est prélevée à intervalles réguliers, après homogénéisa
tion. Sa radioactivité croît et se stabilise rapidement. Après un 
mois, on retrouve:
36 me dans la boue,
2,2 ЦС dans 2851. d ’eau soit 8.10_ 6 |мс d ’un mélange de produits 
de fission par ml. d ’eau; cette activité est inférieure à la L .M .A . si 
l ’on considère qu’il s’agit surtout de 144Ce et de 95Zr.

В —  Eau libre

C’est une eau de Rhône saturée en chaux; on a donc trouvé:
Cca =  0,040 meq/ml
les autres éléments: Mg, K , Na, sont négligeables.
L ’activité de cette eau est faible: 7 ,5 .10~4 ¡wc/ml.
Le mouvement des ions radioactifs dans un sol peut être apprécié 
suivant la méthode empruntée à M. W . J. K au fm an  (17)*.
Dans notre cas, nous avons chargé une colonne d ’un échantillon repré
sentatif du sous-sol; elle est alimentée par un dispositif à charge 
constante; ses caractéristiques sont:**

V£?b =  248 g.
Qb =  1,22
vf = 1 0 5  ml.
Q =  5m eq /100g .

Le volume des vides v f de la colonne a été mesuré en faisant percoler 
de l ’eau tritiée. Les résultats sont consignés (Fig. 7).
On trouve ainsi, pour la porosité de la colonne, la valeur f= 0 ,5 1 .  
En outre tracer la courbe de fuite du tritium présente un autre intérêt ; 
elle est analogue à la courbe de fuite d’un radioélément non retenu 
par le sol.
Rétention des différents produits de fission.

СL ’effluent de la colonne est compté en /3 totaux. On porte rapport
Ц>

des activités instantanée et initiale, en fonction du paramètre -----------v o b
(Fig. 6).

Les coefficients de partage du 90Sr, du 144Ce, et du 137Cs ont

été déterminés par essais en bains et contrôlés par colonne pour 
le 90Sr.
Les essais en bains ont été réalisés de la façon suivante : 3 g. de 
sable ont été équilibrés par 5 agitations avec 30 ml. d ’eau de boue.

* Exposé sommaire en appendice.
**Voir lexique des symboles, page 250.

IV . 4 —  

IV . 5 —

IV . 6 —  

IV . 7 —
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Fig. 6 Fig. 7
Courbe de fuite de l’eau de boue calcique Courbe de fuite de l’eau tritiée

Dans une 6ème agitation, on ajoutait une quantité de radioélément 
pur suffisante pour masquer complètement le bruit de fond des 
produits de fission de l ’eau. Le coefficient de partage était alors cal
culé par comptage de la quantité de radioisotope adsorbée.
Les divers résultats sont indiqués dans le tableau ci-dessous. La va
leur, pour le 90Sr, coincide avec celle obtenue en traçant la courbe 
de fuite sur colonne. Les courbes des autres produits de fission n ’ont 
pu être tracées; le volume d’eau nécessaire eût été trop grand.

№
d ’ordre

Les ordres de passage des 
radioéléments sont : O|

*o 1!

1 ■“«Ru —  106Rh 0,0 m l/g
2 89Sr , —  90Sr —  90Y 0,5
3 95Zr —  95Nb 1,5
4 13,Cs —  137Ba 17,0
5 144Ce —  144Pr 1450

Le 106Ru n’est pas adsorbé; sa courbe de fuite sera celle, précédem
ment déterminée (Fig. 7), de l ’eau tritiée. Il ne représente pas le 
danger maximum car:
—  sa période est courte (un an). Si les fûts tiennent 10 ans, il aura 

décru d ’un facteur 103.
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Fig. 8
Courbe de fuite de l ’eau de boue sodique

—  sa L .M .A . est élevée (ÎO 4̂ ¡uc/ml) et son pourcentage dans les 
boues réduit (1% ).

De façon générale, la vitesse de circulation du front idéal non diffusé 
I1 d ’un cation peut être comparée à la vitesse de circulation S de l ’eau 
qui le véhicule par la formule donnée par W . J. Kaufman (17):

F /S  =
1 + m

gb
f

On trouve ainsi: F /S  =
90Sr —  Y 90 0,45
95Zr —  N b95 0,22
137Cs —  Ba137 0,024
144Ce —  Pr144 0,00028

Remarques :
1. L ’adsorbabilité des substances filles n ’est pas la même que celle 

des substances mères quand la nature chimique est différente. 
Ainsi l ’90Y  est beaucoup plus retenu que le 90 Sr. Mais les dé
placements de l ’eau dans le sous-sol sont en général si lents que
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l ’équilibre de filiation est atteint en chaque point. Ceci autorise 
à parler, dans ce cas, du déplacement simultané d ’une famille de 
radioéléments.

2. La concentration en Calcium de l ’eau étudiée est 0,040 meq/ml. 
Ce calcium est à l ’état de (OH)2Ca; il précipitera certainement 
dans le sous-sol sous forme de C 0 3Ca. D ’autre part cette eau de 
boue se diluera assez vite dans les eaux souterraines. Il en résulte 
que la concentration en Calcium de l ’eau polluée se stabilisera 
à une valeur certainement inférieure à 0,01 meq/ml. Dans ce cas, 
les valeurs de F /S  seront plus faibles. Prenons par exemple le cas 
du 90Sr :

Qca étant la capacité d’échange du sol et ksi-ca la constante 
d ’équilibre de Sr-Ca; on voit alors que:

(^ p o u r C c a - 0 , 0 1  Q)04 ^

("S")srP°Ur Cca = 0,04 °'01

(~Ü~)sr = 2 1,0UT' Cca = °’°1

d’où: (-£-) =  0,17 au lieu de 0,45
\ S /sr

La rétention du 90Sr est donc bien meilleure. Il en va de même 
pour les autres produits de fission, notamment le 137Cs, qui sont 
par ailleurs beaucoup moins gênants que le 90Sr en raison de leur 
L.M .A . plus élevée et de leur rétention plus forte.

Y  — Conteneurs “ Phosphate de Strontium”

Y . 1 —  L ’activité totale de la boue-était de 3,97 ¡лс/g  dont 6%  sont fixés 
sur les diatomées de façon pratiquement irréversible. La composition 
de la boue est la suivante: j

95Zr —  95Nb 53%
144Ce —  144Pr 42 ,5%
137Cs —  137Ba 1%
89g r  - j -  »0gr _  90Y  3 ,5%
106R.u - 1(№Rh 1%

V. 2 —  Tests de léchage :
Nous n ’avons fait que le test en tube à l ’eau du robinet, le plus 
défavorable; les résultats sont indiqués (Fig. 9). Le pH  tombe très 
rapidement à une valeur de l ’ordre de 8, par suite de l ’effet tampon 
du phosphate; les fractions éluées sont de l ’ordre du pour mille, 
nettement moins élevées que pour la boue au phosphate de calcium.
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F ig . 9
Tests de léch age : boues au  ph osph ate de stron tium

V. 3 —  Eau libre :
Cette eau est sodique : 0,6 m eq/m l; et il peut être intéressant d ’étudier 
l ’influence des ions sodium sur le cheminement des radioéléments. 
Néanmoins, les eaux naturelles dilueront très vite le sodium des 
fuites de l ’alvéole et nous serons ramenés aux conditions précédentes. 
L ’effet spécifique du sodium a été étudié sur une colonne du même 
sable, dont les caractéristiques sont: 
vgb =  5 g.
v f = 2 ,5  ml (apprécié)
volume mort (vf+tubulures) =  5,9 ml.
L ’activité totale de l ’eau de boue est 4,95.10-2 /.¿c/rnl. Elle contient
0,6 meq/ml de sodium; calcium et magnesium ne sont pas décelables. 
Des analyses radiochimiques ont été faites sur les fractions successi
ves d ’eau percolée. Comparons la courbe obtenue (Fig. 8) et celle 
obtenue avec l ’eau de boue calcique (Fig. 6).
Dans les deux cas : le 106Ru et le 90Sr passent à peu près en même 

temps. Leur a été difficile à préciser avec les moyens dont nous 
disposions.
Les passages du 95Zr et du 144Ce ont été repérés par dosage radiochi- 
mique. Le 95Zr passe également en même temps. Le 144Ce passe 
beaucoup plus rapidement. Le passage du 137Cs n ’a pas été repéré.

YI — Conteneurs “ ferrocyanure de Nickel”
V I. 1 —  La boue a été comptée en la dissolvant dans O H N H 4 concentré.

Dans ces conditions, il reste un résidu insoluble, constitué par les 
diatomées. Une fraction importante de radioactivité restait sur cet
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insoluble. Après 6 lavages des diatomées avec C1H concentré, l ’ac
tivité totale (0,91 (icjg) se répartissait comme suit:

69%  dans la partie dissoute 
31%  dans l ’insoluble.

Ces 3 1%  peuvent être considérés comme fixés de façon irréversible 
(144Ce et 137Cs ont été caractérisés qualitativement), et inoffensifs 
dans notre cas.
La partie dissoute de la boue et les acides de lavage sont rassemblés. 
La composition du liquide est la suivante:

137Cs 12,0%
95Zr 32 ,5%
144P e  54. ft0/
90S r + 90Y  et 106R u <  1 % °

Le test de léchage est identique à celui décrit en IV . 2. Les résultats 
sont donnés (Fig. 10). La fraction éluée n ’atteint pas un pour cent:
cette boue est donc stable. L ’effet de C 02 est également sènsible. Il
provoque une élution importante.

Fig . 10
Tests de léchage : boues au  ferrocyanure de n ickel

VII — Conclusions

Les divers essais de laboratoire présentés n ’ont pas de signification absolue 
si on les considère individuellement. Ils doivent constituer un ensemble de 
données permettant d’apprécier, dans chaque cas particulier, la contamination 
présentée par cette solution de stockage et de pouvoir ainsi la comparer à 
d’autres solutions de stockage définitif.

On peut en conclure que dans le cas de Marcoule:
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—  La conception de l ’alvéole, étanche, à l ’abri des précipitations, est telle 
que les produits de fission ne devraient pas s’en échapper.

—  Pour le cas où l ’alvéole serait détruit par un accident particulièrement 
important, les eaux d ’infiltration viendraient lécher la boue et percoler 
à travers. Dans ce cas, la radioactivité de la boue ne s’en dégagerait que 
très lentement, passée une première phase d’égouttage et de rinçage qui 
ne représente que le millième de l ’activité totale. Le gaz carbonique aurait 
une action dissolvante, mais pas avant d ’avoir neutralisé l ’excès de base 
de la boue et de l ’alvéole. Les boues au phosphate de strontium et au 
ferrocyanure de nickel sont relativement plus stables que les boues au 
phosphate de calcium. Un tel léchage de la boue serait très faible car le 
mouvement des eaux souterraines est très lent.

—  Les produits de fission qui trouveraient leur chemin jusqu’au circuit des 
eaux naturelles seront dilués par celles-ci et freinés par adsorption dans 
le sol lorsque l ’emplacement de l ’alvéole est convenablement choisi. Le 
danger maximum est présenté par le 90Sr, qui est assez mal fixé. Mais sa 
période (25 ans) est malgré tout assez faible à l ’échelle des vitesses de 
circulation souterraines dans le site étudié.

—  Lorsque l ’on compare cette solution de stockage définitif des boues 
radioactives à d’autres solutions telles que le rejet en mer e tc . . .  il appa
raît que la solution alvéole peut être avantageuse du point de vue écono
mique pour certains sites atomiques.

Remerciements:

Nous tenons particulièrement à remercier M. Vladimir Mackrle pour 
l ’aide efficace qu’il nous a apportée au cours de ce travail.

A P P E N D I C E

Exposé sommaire de la méthode utilisée par W a r r e n  J. K a u f m a n  et ses
collaborateurs (17)

Soit une colonne chargée d ’un volume v  de sol dont la densité en place est 
gb et la porosité f. Un volume V 2 de solutionna traverse. La solution est 
définie par:

Cm : cette concentration peut être considérée comme invariante si le sol est, 
au départ, sous forme monocationique M.

C t :  concentration du traceur à l ’origine. Par suite de la rétention du traceur 
par le sol, Ct varie le long de la colonne; recueillons des fractions successives 
de liquide et mesurons chaque fois C t ,  elle croît progressivement jusqu’à la 
valeur C t, la colonne est dite alors “ saturée” car si l ’on continue à faire couler 
la solution, aucune modification n ’apparaît. Les ions T contenus dans le volume 
V 2 ont :

1. amené les vides à Ct,
2. saturé les positions échangeables disponibles pour le traceur, qui ne re

présentent qu’une faible fraction de la capacité d ’échange puisque le 
macrocomposant représente l ’essentiel de la charge ionique de la solu
tion,

3 fui hors de la colonne.
Traduisons cette répartition des ions T.

248



Appelant qÇ la concentration du traceur dans ¡ ’échangeur à saturation, 
on a :

C£V2 =  C£vf+q¥ví )b +  Oí J - J - d V

O U

V 2— vf  +  V Q b  +  J Ct d V

C t
Portons =  f  (v), nous obtenons la courbe de fuite, ci-contre du traceur.

La courbe (A) est la courbe de fuite d’un élément non échangé, donc corres
pondant au seul remplissage des vides.

F ig . 10

L ’aire 1 à gauche de (A) a pour mesure vf.
La courbe (B) est la courbe de fuite d ’un traceur. 
L ’aire 2 comprise entre (A) et (B) a pour mesure:

/ qT \
M vpb

Enfin l ’aire 3 à droite de (B) représente les fuites du traceur; sa mesure 
est évidemment:

/ - a f - d v
o

Coupons les courbes (A) et (B) par des verticales telles que les aires hachurées 
de part et d ’autre de ces droites soient égales. Nous obtenons trois rectangles 
dont les aires sont respectivement:

vf, У  et J -£¡5- d V

V  étant défini par la relation: .

V =  v f  - Чоо -T J
QT Q ь
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C’est le volume de solution théoriquement nécessaire à la saturation du
sol. Il est fonction de la porosité f  de la formation géologique, mesurable par

/ / QTdes méthodes hydrogéologiques, ainsi que de que l ’on tire de la valeur

de la constante d ’équilibre.

L E X I Q U E  D E S  S Y M B O L E S  
concentration d’un radioélément dans le liquide avant son entrée dans 
une colonne
concentration d ’un radioélément dans le liquide à la sortie d’une colonne 
concentration radioactive dans le sol 
volume de liquide 
volume de sol 
porosité du sol 
densité en place du sol 
perméabilité du sol
capacité d ’échange de cations d ’un sol 
constante d’équilibre traceur-macrocomposant

coefficient de partage d’un radioélément entre liquide et sol. 
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A SOLUTION FOR THE STORAGE OF 
RADIOACTIVE SLUDGE IN THE GROUND AT 

MARCOULE
P. C o h e n  a n d  C . G a il l e d r e a t j  

R a d i a t i o n  M o n i t o r i n g  a n d  R a d i o a c t i v e  E n g i n e e r i n g  S e r v i c e  
A t o m ic  E n e r g y  C o m m i s s i o n , S a c l a y  

F r a n c e

(Translation of the foregoing paper)
I. Introduction

I. 1. Radioactive effluents from atomic facilities may be divided into two 
classes :
High-activity liquids, too radioactive to be disposed of by dilution. 
For the time being these are stored in liquid form. Research with a 
view to their practically irreversible fixation in ceramic or glass is in 
progress (1), (2), (3), (4), (5).

I. 2.. Medium-activity or low-activity liquids. The volume of this waste 
being to great for it to be stored for any length of time, we prefer to 
disperse it by dilution. The effluent is usually decontaminated before
hand by whichever of the following processes is most suitable: 

Passing over an ion-exchange resin (6).
Evaporation (7).
Coprecipitation (8).

The outcome in all three cases is the concentration of most of the radio
activity in a solid residue. The decontaminated liquid is then discharged 
into the ground (9), into a river (10), or into the sea (11), being thus 
diluted by natural waters. Such treatment facilitates the disposal 
of a large volume of low-activity liquid but there still remains the pro
blem of how to dispose of the concentrated solid residues thus obtained.

I. 3. A t Marcoule effluents of low specific activity are treated by copreci
pitation (12). On issuing from the processing chain, the sludges are
packed into 200-litre containers of the oil-drum type made of galvanized 
sheet steel with a polyethylene lining. The lids are sealed on the drums 
automatically. The drums are leak-proof and robust, and the only 
problem that can arise in handling is that of external irradiation.

I. 4. The rate at which such drums are piling up has forced us to consider
various methods of final storage:

Storage on the spot at a suitable point.
Stacking the drums in natural or artificial underground cavities. 
Dumping in the sea at great depth on a firm bottom.

This report is concerned with the possibility of burying radioactive 
sludges in shallow pits near the treatment plant.

II. Storage on the spot: The pit (or “ alveolus” ) method

II. 1. The term “ alveolus” has been used to describe the earthwork in which 
the solid residues will be stored. The principle of it is as follows: a 
shallow pit is dug in the ground, and when this is stacked full of sludge 
drums the whole is covered with a dome of clay for the two-fold purpose of : 

Shielding from irradiation, and 
Reducing the infiltration of rainwater.
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Sooner or later the drums will deteriorate and radioisotopes will be 
released. However, the spread of this radioactivity, already limited by
the slowness with which underground water moves, will be further
retarded by the porosity and the ion-exchange capacity of the subsoil. 
I f  these conditions are properly satisfied, the radioisotopes will decay 
to a sufficiently low level of activity before reaching the areas where 
natural waters are put to use.

II . 2. Description of the storage pit (13).
A  cavity is dug in the ground with a useful floor-space of approximately 
40 x 30 m, designed to house one year’s output of waste (Fig. 1*). The 
sides, sloping at a gradient sufficient to prevent caving in, are streng
thened by low concrete retaining walls. They can also be cut sheer and 
have concrete walls of full height.
A  gutter runs around the pit to carry away any water that drains to 
the bottom. ^
The floor of the pit is paved with a concrete slab on which a vehicle 
can operate, as the drums will be stored by a shielded fork-lift truck. 
The truck will run down into the pit at one of the corners from a plat
form linked to the road network. It is planned to open up a second pit 
to the right of the first (Fig. 1) working from the same platform. As 
the floor slopes somewhat, rainwater falling on it and on the drums 
already stacked will run down in the direction of the access platform, 
where it will be caught in a gutter, flow into a monitoring well and from 
there to a storage tank. The water will be treated, in the rather unlikely 
event of its being found to be radioactive. The forklift truck will stack 
the drums in three layers one on top of the other in the order shown 
(Fig. 3). (See also Fig. 2 showing the pit in process of filling.)
The gaps between the drums will be packed with gravel and the empty 
space between the stones can be filled by grouting either with Portland 
cement alone or a mixture of this and bentonite in calcium form. In 
this way the steel will be passivated. I f  bentonite, which is of very low 
permeability, is used, radioactive seepage will also be slowed down by 
ion exchange.
The grout will be injected through a system of pipes conveniently 
spaced. It will be denser than the drums, but the covering of the pit. 
consisting of a compact blanket of clay sandwiched between two 
alluvial layers, will prevent them from floating. The upper layer will 
prevent the clay from drying and cracking. The lower layer will reduce 
the irradiation hazard for the staff filling in the pit. In case of local 
subsidence due to the corrosion of a drum, the sandwich roof may sag 
without cracking. (See section of a full pit covered in— Fig. 4).

II . 3. Corrosion of drums (14).
Alkaline sludges are enclosed in polyethylene sacks which do not corrode. 
Factors conducive to corrosion in the pit are:

Clay. Clay in the grout will have a high pH  of the order of 11 ; but 
the zinc galvanization stands up well to pHs ranging between 7 and 13. 
Moisture. It will be difficult to keep the pit entirely free of water 
if the intention is to keep the design simple. The galvanization will 
not stand up so well, nor will the steel, if moisture is present.

* For Figures, please see foregoing original paper.
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Electrolytic action. The humid and strongly conducting environment 
will be conducive to the formation of electrolytic couples and this 
may lead to electro-chemical corrosion of the drums.
Bacteria. Much corrosion is due to bacterial activity, the nature of 
which is difficult to' forecast.

On the basis of these considerations the average life of a drum is esti
mated at 20 years.

II. 4. Hydrogeological study of the subsoil at Marcoule (15).
W e have explored the possibility of burying the Marcoule radioactive 
sludges near the effluent treatment plant. The nature of the subsoil 
was ascertained by four 60 m borings and the following horizontal layers 

' were encountered:
0 to 1 m : disturbed mould.
1 to 30/40 m : fine sand stratified horizontally by thin layers of clay 
and marl the ion exchange capacity of which is roughly 5.0 m eq/100g. 
A  sample taken at a depth of 5 m gave the following laboratory 
results (16):

Moisture: 75% .
Vertical permeability: K v  =  4.10-3 m/s.
Horizontal permeabihty: K h = 1 . 6  • 10- 6 m /s.

These figures have been confirmed by in situ tests.
Below 40 m : bluish marl forming the impermeable substratum.

An underground watertable was found in the sand on the marlaceous 
substratum ; its static level was between 20 and 40 m down depending 
on the level of the mouth of the bore-hole. This watertable is probably 
part of the hill’s own hydrographic system. It differs from the water- 
table of the Rhone by its salinity: 7 meq/litre of calcium as opposed 
to 4 meq/litre. It is probably fed therefore entirely by infiltrating water 
from the hill— which suggests an extremely small flow. A  study of the 
general topography of the site and of the absolute height in relation to 
sea-level of the static levels of the watertable in the various borings 
suggests that the hill watertable flows into the alluvial watertables of 
the Rhone and of the Cèze which partly surround it. The latter water- 
tables have a very high rate of flow which would ensure rapid dilution. 
It would probably take the least readily retained fission products about 
a hundred years to pass through the hill. This estimate could be verified 
by more thorough study.

III. Description oí tests

I II . 1. Two types of treatment can be used at Marcoule, according to the acti
vity of the liquid to be treated (8), (12).
Low-activity liquid is treated in the following manner: the effluent is 
brought to pH  12 b y ‘the addition of lime, calcium phosphate being 
precipitated. The sludges then contain mainly Zr95, N b95 and rare 
earths.
I f  this proves insufficient the following double treatment may be used : 
the pH  of the hquid is brought to 10.8 by adding soda. This gives a 
strontium phosphate precipitate, the flocculation of which is improved 
by tannin. The sludges will then contain most of the Sr90, the rare 
earths and the Zr95— N b95.
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The supernatant liquid may be further decontaminated by a precipitate 
of nickel ferrocyanide, the optimum pH  of which is 8.5. The sludges 
will now contain mainly Cs137.

II I .  2. Problems connected with contamination from stored sludges.
Leaching. It may be assumed that infiltrating water will leach the 
sludge in disintegrating drums and become polluted by contact. W e  
have sought to study this phenomenon by attempting to reproduce it 
under laboratory conditions, despite the fact that the pit is designed to 
prevent its occurring as far as possible.
jFree water. The sludge obtained on filters contains no free water, but 
moisture has to be added to make it fluid enough to pour into the 
drums. The sludge proper settles quickly, leaving a layer of about 5 cm
of free radioactive water at the top of the drum. I f  the drum breaks,
this water is released. It should be pointed out, however, that the 
amount of water involved is small and that the clay-cement grout and 
later the concrete flooring will have a strong retaining effect.
W e have attempted to estimate the contamination that would be caused 
by infiltrating water if the lining of the pit were accidentally to crack or 
if the sludges were stored loose in the ground. Three kinds of sludges 
were analysed and tested:

Calcium phosphate sludge.
Strontium phosphate sludge.
Nickel ferrocyanide sludge.

In each case we will analyse the contamination due to sludge and that 
due to free water separately.

IY . “ Calcium phosphate”  drums

A. Sludge:

IV . 1. Tests were made on one drum of sludge containing 50 me of fission
products in 100 kg of sludge (an “ end-of-the-day” drum). An adequate 
amount of sludge was dried on a sand bath, weighed and dissolved in 
HCI. This left an insoluble residue of diatoms coming from the filter, 
which, after washing, was practically inactive.
The composition of the solution was then as follows:

Sr89— Sr90— Y 90 0 .9%
Cs137— Ba137 1 %
Ru106— Rh106 1 .4%
Ce144— Pr144 5 7 %
Zr95— N b95 40 %

Its total activity was 0.49 /ic/g.
IV . 2. Tube leaching tests.

About 1 gramme of sludge was placed at the bottom of a 50 ml centri
fuging tube. The sludge was shaken up for 15 minutes with 30 ml 
of distilled water, and the mixture then centrifuged and filtered. The 
filtrate was then measured for the following:

1. Radioactivity.
2. pH .
3. Calcium content.

The process was repeated until all excess free lime in the sludge was 
eliminated. Two characteristics were thereby obtained:
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The volume of water necessary to leach out the free lime (this is im 
portant since the sludge dissolves in an acid medium.); and 
The leached-out activity in relation to the calcium content and the 
pH  of the leaching water.

After elimination of th&| free lime, Co2 was bubbled through the mixed 
water and sludge to study the dissolving effect of the carbon dioxide 
in the soil.
The sludge was then dissolved in HC1 and its initial activity calculated, 
with due regard to what had happened in solution during handling. 
The whole experiment was repeated with Saclay tap water containing 
7 meq calcium per litre. The results are given in Fig. 5, the leached-out 
fraction being defined thus:
_ . , .  ,. activity contained in the 30 ml of water
Leached-out traction =   -------------------------------- :— —— ,----------.---------

activity contained in the mud.
The following facts were observed:

More than 300 ml o f1'water are required to eliminate the free lime
from 1 g of sludge. However, this heavy excess of lime can be
carbonated. For the: same pH  and calcium content, tap water
leaches out more radioisotopes than distilled water. The C 0 2 effect,
very strong in the case of the distilled water, is less marked with
tap water.
The leached-out fractions can be expressed as a percentage. Natural 
conditions were faithfully reproduced.

IV . 3. Tank test
A  cubical box of gauze with 40 cm edges was filled with carefully drained 
sludge. The stainless-steel gauze, being of very fine mesh, lets only 
water through. The box was immersed in a 100 x 85 x  85 cm lukoflex 
tank containing 285 litres of water. Samples were taken from the 
water at regular intervals after it had been homogenized. Its radioacti
vity increased and rapidly stabilized. After one month we found: 

36 me in the sludge; and
2.2 [xс in 285 litres of water; that is to say, 8.10-6 /л с of mixed 
fission products per ml of water. This activity is lower than the 
MPC, considering that mainly Ce141 and Zr95 were involved.

B. Free water

IV . 4. The water was Rhone water hard to saturation point. W e accordingly 
found Cca =  0.040 meq/ml. and negligible quantities of the other elements, 
Mg, К  and Na. The activity of the water was low, being 7.5 • 10~4 цc/ml.

IV . 5. The movement of radioactive ions in the ground can be estimated 
by a method borrowed from W . J. K aufm an  (17)*. In our case we 
filled a column with a representative sample of the subsoil. Liquid 
was run into the column by a device ensuring a steady flow. Its cha
racteristics w ere**:

vpb =  248 g 
gb ; =  1.22 
v f =  105 ml 
Q = 5  meq/100 g

* See Appendix for brief description.
* * See Symbol Glossary, page 260.
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IV . 6. The volume of voids v f  of the column was measured by percolating 
tritiated water through it. The results obtained are set out in Fig. 7. 
For instance, the porosity of the column was found to be f = 0 .5 1 .  
Tracing the seepage curve of the tritium is of interest for another 
reason, namely that it is analogous to the seepage curve of a radio
isotope not retained by the soil.

IV . 7. Retention of various fission products.
СThe effluent of the column was counted for total B. - ,  the relation 

between the instantaneous and the initial activity was plotted in relation 

to the parameter ^  —  (Fig. 6).

The distribution factors -9¡- for Sr90, Ce144 and Cs137 were determined

by tank tests and, in the case of Sr90, were checked in the column. 
The tank tests were carried out in the following manner: 3 g of sand 
were first equilibrated by 5 shakings with 30 ml of sludge water. A t 
the sixth shaking, enough pure radioisotope was added to drown 
completely the background from the fission products in the water. 

' The distriction coefficient was then calculated by counting the amount 
of absorbed radioisotope.
The various results are given in the table-below. The value for Sr90 
coincides with that obtained when tracing the seepage curve in the 
column. It was impossible to plot curves for the other fission pro
ducts, as too much water would have been needed.

Serial No. Order o f passage o f the 
various radioisotopes :

q
С

1 Ru106— Rh106 0.0 ml/g
2 gj.89---gr9°---Y 90 0.5
3 Zr95—Nb93 1.5
4 Cs137— Ba137 17.0
5 Ce144— Pr144 1450

The Ru106 was not adsorbed. Its seepage curve will be that previously 
determined (Fig. 7) for tritiated water. It does not constitute the 
greatest danger since:
It is short-lived (1 year). I f  the drums hold out for 10 years, it will 
have decayed by a factor of 103.
Its MPC is high (10- 4JMc/ml) and represents only a very small 
percentage of the sludge (1% ).
Generally speaking, the rate of movement of the non-diffused ideal 
front F  of a cation may be compared with the rate of movement S of 
the water which carries it, according to W . J. K a u f m a n ’s formula 
(17), i .e .:



W e therefore find that 
Sr9o— y 90 i,

F /S  =  
0.45 
0.22 
0.024

Zr95— N b95 ¿ 
Cs137— Ba137 ' 
Ce144— Prf44 0.00028

IV. 8. Remarks
1. The adsorbability of daughter substances is not the sa nr : as that 
of parent substances when their chemical nature differs. For example 
Y 90 is much more readily retained than. Sr90 ; but water movements 
in the subsoil are generally so slow that filiation equilibrium is achieved 
at each point. This permits us to speak, in this case, of simultaneous 
displacement of a family of radioisotopes.
2. The calcium concentration in the water under investigation was
0.040 meq/ml. The calcium was in the form of Ca(OH)2 and would 
undoubtedly be precipitated in the subsoil as CaC 03.
On the other hand, this sludge water would quite quickly be diluted 
in the underground waters. This means that the calcium concentra
tion in the polluted water would stabilize at a value certainly lower 
than 0.01 meq/ml. Such being the case, the F /S  values would also 
be lower. Taking strontium-90 as an example:

The retention rate for Sr90 is thus much better. The same applies 
to the other fission products (Cs137 in particular), which in any case 
are less troublesome owing to their higher MPC and their greater 
retention rate.

Y . “ Strontium Phosphate”  Drums

V . 1. Total activity of the sludge was 3.97 /tc/g, 6%  of which was virtually 
irreversibly fixed on the:diatoms. The composition of the sludge was:

Qca being the exchange capacity of the soil and k sv_ca  the Sr-Ca 
exchange constant, we then see that:

0.04
0.01 =  4

Sr
for Cca =  0.04

Hence
Sr

=  0.17 instead of 0.45

Zr95— N b 95 
Ce144— Pr144 
Cs137—  Ba137

53%
42.5%
1%
3.5%
1%

Sr89— Sr90— Y 90 
Ru106— Rh106
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V. 2. Leaching tests:
Only the tube test with tapwater— the most unfavourable test— was 
performed. The results are shown in Fig. 9. The pH  fell very rapidly 
to a value of the order of 8, owing to the buffer effect of the phosphate. 
The leached-out fractions were expressible only as so much per mille, 
being markedly less than in the case of the calcium phosphate sludge.

V . 3. Free water:
This water contained sodium salts (0.6 meq/ml) and it might be in
teresting to study the influence of the sodium ions on the course of 
the radioisotopes. However, the natural waters would very soon 
dilute the sodium in the seepages from the storage pit, thus bringing 
things back to the same position as in the previous case. The specific 
effect of sodium was analysed in a column of the same sand with the 
following characteristics :

• vgb =  5 g
v f = 2 .5  ml (estimate)
Dead volume (vf +  feed pipes) =  5.9 ml.

The total activity of the sludge water was 4.95 x 10-2 мс/ml. It con
tained 0.6 meq/ml of sodium, but no detectable calcium and magnesium. 
Radiochemical analyses were made of successive fractions of per
colated water. This curve (Fig. 8) was compared with that for the calcium 
sludge water (Fig. 6). In both cases, the R u106 and the Sr90 took 
about the same time to seep through. It was difficult to determine

their —  with the means 'at our disposal.

The passages of the Zr95 and Ce144 were traced by radiochemical tests. 
The Zr95 likewise took the same time to pass through but the Ce144 
travelled much more rapidly. The passage of the Cs137 was not traced.

VI. “ Nickel îerrocyanide”  containers

V I. 1. The sludge was counted by dissolving it in concentrated N H 4O.H An  
insoluble residue composed of diatoms remained. A  large proportion 
of the radioactivity was left behind in this residue. After six leachings 
of the diatoms with concentrated HC1, total activity (0.91 '¡ic/g) 
was distributed as follows:

69%  in the dissolved part 
31%  in the insoluble part.

The 3 1%  may be regarded as being irreversibly fixed (Ce144 and Cs137 
were qualitatively defined) and as being, for our purpose, harmless. 
The dissolved part of the sludge and the leaching acids were collected. 
The composition of the liquid was as follows:

Cs137 12.0%
Zr95 32 .5%
Ce144 54 .0%
gr9o _j_ у 90 and Ru106 <  1%

This leaching test is the same as described in IV . 2. The results are
shown in Fig. 10. The leached-out fraction was less than 1% ; the
sludge in question is therefore stable. C 02 likewise had an appre
ciable effect, leaching out quite a large amount.

528



VII. Conclusions
The various laboratory tests described here have no absolute validity, 
taken individually. They must be treated as a body of data enabling 
the contamination involved in this method of storage to be estimated 
in each specific case and then compared with that involved in other 
solutions to the problem of final storage. It may, be concluded that 
as far Marcoule is concerned:

(a) The design of the storage pit, leak-proof and protected from rain, 
is such that no fission products should escape. Should a particularly 
serious accident destroy the pit, infiltrating water would leach the 
sludge and seep through. In such case the radioactivity in the sludge 
would be released very slowly, once an initial stage of dripping and 
rinsing, which would account for only a thousandth part of total 
activity, was over. The carbon dioxide would have a dissolving effect, 
but not until it had neutralized the excess of alkaline in the sludge 
and the pit.

(b) The strontium phosphate and nickel ferrocyanide sludges are relatively 
more stable than the calcium phosphate sludge. Such leaching of the 
sludge would be slight since underground waters travel very slowly. 
Any fission products which find their way to the natural water system 
will be diluted by them and their progress checked by ground adsorp
tion, if the site of the pit has been well chosen. Sr90, which does not 
fix very readily, constitutes the greatest danger. However, its half- 
life (25 years) is, after all, short when one considers circulation velo
cities underground in the site studied. I f  this scheme , for permanent 
storage of radioactive sludges is compared with other solutions, such 
as disposal into the sea, it is evident that the pit method may be 
economically attractive for certain atomic plant sites.
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A P P E N D I X

Brief description of the method used by W a r r e n  J. K a u f m a n  et al. (17).

Take a column filled with a volume v of earth with an in situ density o\, 
and a porosity f. A  volume V 2 of solution is run through the column. The 
solution is defined by:

C ¿  ; this concentration can be considered invariable if the earth at the 
outset is in monocationic form M.

Ct ; initial concentration of the tracer. Owing to retention of the tracer 
by the soil, Ct varies throughout the column. Successive fractions of the 
liquid are collected and the Ct measured each time. It steadily increases 
to Ct , whereupon the column is said to be “ saturated” , as further running 
through of the solution brings about no change.
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The ions T contained in the volume V 2 have:
1. Brought the voids up to Ct
2. Saturated the exchangeable positions available for the tracer.
These are only a small fraction of the exchange capacity since the macro

component constitutes the bulk of the ion charge in the solution.
3. Escaped from the column.
Let us now interpret the distribution of the ions T. I f  is the concen

tration of the tracer in the exchanger at saturation point, we have:

v2
- C ^V2 =  C ^ v f + q ¥ v { ? b +  C* j  Щ -d V

0
0Г с  V,

V 2= v f + - ^ - v p b +  J -§ | -d V  
т о

О
Plotting —î -  =  f(v) we obtain the following seepage curve for the tracer: oT

Curve (A) is the seepage curve of a non-exchanged isotope, and therefore re- 
represents only the filling in of voids. Area 1 to the left of curve (A) has 
as measure vf. Curve (B) is the seepage curve of the tracer. Area 2 be-

/  Чт Ntween (A) and (B) has as measure : f ■ I von

Finally area 3 to the right of (B) represents the seepages of the tracer. Its 
measurement is clearly:

Г CT

0
CO ¿ V

I f  curves (A) and (B) are cut by vertical lines so as to have equal hatched 
areas on both sides of the lines, we obtain 3 rectangles with the following 
respective areas:

v2
v f, V  and J -^ i -d V ,

о T
V  being defined by the equation:

V = v f + - ^ v №
'-'O

This is the volume of solution theoretically necessary for saturating the 
soil. It is a function of porosity f  of the geological formation, measurable

by hydrogeological methods, and of which is derived from the equilibrium 
constant. T

S Y M B O L  G L O S S A R Y

C0 The concentration of a radioisotope in the liquid before it enters the . 
column.

С The concentration of a radioisotope in the liquid on issuing from the 
column.
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q Radioactive concentration in the soil.
V  Volume of liquid,
v Volume of soil,
f  Porosity of soil, 
ou in situ density of the soil.
К  Permeability of the soil.
Q Cation-exchange capacity of a particular soil, 
к Tracer/macrocomponent equilibrium constant.

Distribution factor of a radioisotope between liquid and soil.О

(The references used for this paper are to be found at the end of the foregoing 
original paper)





S T O R A G E  A N D  D I S P O S A L  O F  S O L I D  R A D I O A C T I V E
W A S T E

Abstract
This paper deals with solutions for the problem of final disposal of solid 

radioactive waste.
I. It  is first essential to organize a proper system of temporary storage.
II. Final Storage

In order to organize final storage, it is necessary to fix, according to the 
activity and form of the waste, the site and the modes of transport to be used 
within and outside the nuclear centre. The choice of solutions follows 
from the foregoing essentials. The paper then considers, in turn, final 
storage, on the ground, in the sub-soil and in the sea.

Economic considerations are an important factor in determining the choice 
of solution.

S T O C K A G E  E T  E V A C U A T I O N  D E S  D E C H E T S  
R A D I O A C T I F S  S O L I D E S

Résumé
La présente communication a pour objet les solutions envisagées pour une 

destination finale des déchets radioactifs solides.
I —  Il est tout d’abord nécessaire de prévoir un stockage provisoire 

organisé.
II  —  Stockage définitiî:
La réalisation d’un stockage définitif rend nécessaire, en fonction de l ’ac

tivité et du conditionnement des déchets, la définition:
—  du site et des modes de transports envisagés à l ’intérieur et à l ’extérieur 

des Centres Nucléaires.
Le choix des solutions découle des impératifs ci-dessus et on examine suc

cessivement le stockage définitif:
—  sur le sol,
—  dans le sous-sol,
—  en mer.
Les considérations d’ordre économique constituent un facteur important 

dans le choix de la solution.

Х Р А Н Е Н И Е  И У Д А Л Е Н И Е  Т В Е Р Д Ы Х  Р А Д И О А К Т И В Н Ы Х
О Т Х О Д О В

Резюме
В настоящем документе рассматриваются решения относительно окончатель

ного предназначения твердых радиоактивных отходов.
1 — Прежде всего необходимо предусмотреть организованное временное 

захоронение.
II — Окончательное захоронение :

Ввиду активности и специфики отходов, при окончательном захоро
нении требуется установить:

— Место и вид транспортировки как внутри, так и вне ядерных центров. 
Выбор решения вытекает из вышеуказанных соображений ; далее после

довательно рассматривается окончательное захоронение:
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— На поверхности земли
— В земле
— В море
Соображения экономического порядка являются важным фактором в 

выборе решения. ■

A L M A C E N A M I E N T O  Y  E V A C U A C I O N  D E  D E S E C H O S  
R A D I A C T I V O S  S O L I D O S

Resumen
El autor de la memoria estudia las diferentes soluciones previstas para la 

evacuación definitiva de los desechos radiactivos sólidos.
I —  Antes que nada hay que preparar un almacenamiento provisional 

organizado.
II  —  Evacuación definitiva :

Para organizar la evacuación definitiva es necesario definir antes, 
en función de la actividad y acondicionamiento de los desechos:
—  el emplazamiento y la forma de transporte que se piensa utilizar en el 

interior y  en el exterior de los centros nucleares.
La elección de las diversas soluciones depende de las dos condiciones 

mencionadas; el autor examina sucesivamente la evacuación definitiva:
—  en la superficie;
—  en el subsuelo;
—  en el mar.

Un importante factor para elegir una u otra solución lo constituyen 
las consideraciones de tipo económico.

STOCKAGE ET EVACUATION DES DECHETS  
RADIOACTIFS SOLIDES

J. POMAROLA
C h e f  d u  B u r e a u  t e c h n i q u e  

S e r v i c e  d e  C o n t r ô l e  d e s  R a d i a t i o n s  e t  d e  G é n i e  r a d i o a c t i f  
C o m m i s s a r i a t  a  l ’E n e r g i e  A t o m i q u e , S a c l a y  

F r a n c e

L ’attention des utilisateurs de l ’Energie d ’origine nucléaire a toujours été 
retenue par les résidus radioactifs gazeux, liquides ou solides. Cependant, les 
déchets ont pris depuis peu une importance croissante due évidemment à leur 
quantité, mais provoquée aussi par l ’intérêt que le public a manifesté soudaine
ment pour ce genre de résidus. C’est pourquoi une confrontation des moyens 
mis en œuvre dans divers pays, pour assurer l ’emballage, le stockage et 
l ’élimination des déchets, contribuera certainement à faciliter la tâche des 
responsables de ces opérations.

Cet exposé traitera seulement des déchets solides, parmi lesquels seront 
rangées les boues issues des divers traitements des liquides radioactifs. On peut 
remarquer tout d ’abord qu’il n ’y a pas actuellement de solution universelle 
économique, susceptible de résoudre les problèmes de traitement de stockage 
et d ’élimination des déchets et que, en fait, chaque organisme producteur 
s’efforce de résoudre au mieux les difficultés qui se présentent. Les solutions
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adoptées sont déterminées par les conditions locales et en particulier la position 
géographique du site, le voisinage de mers ou d’océans, la nature des sols, la 
proximité des cours d’eau et des nappes phréatiques, la densité des populations 
avoisinantes. . .

Par ailleurs, la variété infinie des déchets radioactifs solides rend plus difficile 
encore la définition d’une solution unique, mais si l ’on ne veut pas que le déve
loppement de l ’Industrie Atomique soit limité par l ’abondance des résidus 
radioactifs, il est nécessaire d ’organiser leur stockage.

Pour mener à bien les études et réalisations nécessaires, le C.E.A.  a fait appel 
à des Sociétés ou à des organismes spécialisés avec lesquels des contrats ont 
été conclus et parmi lesquels nous citerons plus spécialement:

—  l’Entreprise Industrielle (E.I.) 29, rue de Rome, Paris (V IIIe),
—  la Société Générale d ’Exploitation Industrielle (S.0 . G.E.I.)  —  4, rue 

d’Aguesseau, Paris (IV e),
—  le Centre de Recherches et d ’Etudes Océanographiques —  1, quai 

Bran]y, Paris (V IIe).
Nous avons pu ainsi traiter parallèlement et simultanément un certain 

nombre de problèmes posés par l ’évacuation des déchets.
On peut classer ces derniers en deux catégories selon leur provenance:
Dans la première, les déchets très variés et accidentels provenant surtout 

des laboratoires, des installations d’Etudes et de Recherches des Centres 
Nucléaires et aussi ceux qui se produisent accidentellement dans les installa
tions à caractère industriel.

Dans la deuxième catégorie, la plus importante, les déchets normaux géné
ralement de grande activité qui sont issus en majeure partie de l ’élaboration 
des combustibles nucléaires et des divers traitements des mêmes combustibles 
usés.

Une classification des déchets doit aussi mettre en évidence:
leur nature (combustibles ou non), la facilité de leur conditionnement (com

pressibles, tronçonnables) de leur mise sous emballage et naturellement leur 
activité; ces divers aspects intervenant lorsqu’il s ’agit d ’étudier un stockage 
provisoire et un stockage définitif.

I. Nous dirons que, en principe, il est nécessaire de réaliser dans chaque 
Centre Nucléaire un stockage provisoire organisé.

II paraît logique de permettre le vieillissement des résidus afin que l ’activité, 
au moment de leur blocage définitif, soit la plus réduite possible. Si la variété et 
la complexité des déchets ne permettent pas toujours de les classer systématique
ment en fonction de la période des éléments radioactifs qu’ils contiennent, il 
est cependant souhaitable qu’un tri préalable soit effectué afin de diminuer au 
maximum le prix de revient du conditionnement et du stockage définitif.

Plusieurs types de stockage provisoire peuvent convenir et coexister sur une 
même aire:

—  stockage sur le sol,
—  stockage en bâtiment,
—  stockage en sous-sol.
Le stockage sur le sol impose évidemment l ’aménagement d’une aire bétonnée 

enduite comportant :
une couverture, un bardage et la mise des déchets en “ conteneurs” , en cuves,

en fûts et tout au moins en emballages légers pour les déchets peu actifs, afin
d ’éviter la contamination. Ce mode de stockage permet éventuellement, au 
moyen de panneaux en béton, de dresser des murs mobiles de protection à
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l ’épaisseur souhaitée autour des déchets très actifs. On peut aussi utiliser comme 
stockage provisoire sur le sol, des blocs fixes en béton de forme rectangulaire, 
avec alvéoles horizontaux cylindriques gainés intérieurement de tubes en fer.

COUPE a

Fig. 1
—  Stockage sur le sol —  Bloc tubulaire

COUPE ' A — B‘

Bloc pour 3 fûts

Ces blocs peuvent abriter des déchets très actifs de grande longueur, tels que 
les bouchons ou les cellules. Leur prix de revient est assez élevé: un bloc de 
longueur: 6m, largeur: 4 m, hauteur: 2 m, avec 32 alvéoles de diamètres diffé
rents revient à: 2 millions de francs.
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—  Stockage sur le sol —  Bloc hexagonal 
Perspective au début du chantier pendant l’opération “ 9”

—  Stockage sur le sol —  Bloc hexagonal 
Perspective échancrée

Le stockage en bâtiment est ]e plus onéreux car il réclame une construction'' 
soignée, des enduits de murs et de sols, une ventilation avec filtration, une sur
veillance constante et naturellement la mise en fûts ou sous emballages des
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déchets. Par ailleurs, il n ’évite pas les protections mobiles pour les déchets 
très actifs. Cependant, il peut être très intéressant pour les productions de 
grande série, par exemple les boues et les stériles très actifs, dont on peut at
tendre une décroissance importante. Dans le cas de production identique les 
séparations sont mutiles, mais il est nécessaire d ’utiliser un engin spécial pour 
le transport et la manutention.

Le stockage en sous-sol permet d ’obtenir une meilleure protection biolo
gique et s’il est organisé en alvéoles spécialisés, il facilitera certaines classi
fications.

L ’appareil de manutention sera choisi en fonction du conditionnement défi
nitif.

I l est possible, en eifet, de concevoir deux types d ’alvéoles:
Le premier consisterait en fosses de béton (avec enduit spécial) et de grandes 

dimensions :
hauteur minimum 2 m, longueur 10 m, largeur 2 m. Elles seraient recouvertes 

de dalles en béton ou fonte et divisées à la demande. Ces fosses auraient une 
capacité suffisante pour contenir les déchets de grande activité produits pen
dant un an et qui seraient repris ensuite pour blocage définitif.

Le deuxième type d ’alvéoles consisterait en cuves préfabriquées et enterrées 
en béton que l ’on scellerait ultérieurement après décroissance des déchets 
enfermés, qui ne seraient donc manipulés qu’une seule fois.

Nous croyons utile de faire ici une digression sur les manutentions des rési- - 
dus radioactifs.

Le stockage provisoire et le blocage définitif dépendent souvent de la manière 
dont le déchet est emballé au départ de l ’installation. Il convient donc en pre
mier lieu de définir rigoureusement les types d’emballage à utiliser pour les 
transports jusqu’au stockage provisoire et en vue du blocage définitif. Il faut 
toujours imposer un emballage étanche pour éviter la contamination.

Il semble, d ’autre part, que l ’on doit s’efforcer de créer partout où cela est 
possible dans un Centre, un stockage provisoire en fosses et aussi en cuves 
préfabriquées enterrées qui seraient enlevées et scellées après remplissage, 
on supprimerait ainsi un nombre considérable de fûts métalliques qui, dans 
certains cas, rendent plus onéreux et plus compliqué le stockage définitif.

II . Le stockage définitif, ultime étape des déchets, devrait spécialement 
supprimer toute contamination ou irradiation par ceux-ci.

Il y a donc nécessairement entre les deux stockages, provisoire et définitif, 
un stade intermédiaire de préparation et de mise en conditionnement aboutis
sant à un blocage définitif des déchets. Tous les moyens seront évidemment 
employés pour réduire au maximum les volumes: découpage, cisaillage, com
pactage, calcination. . .

Ces diverses opérations précèdent le blocage et pour cette dernière opération 
le meilleur matériau paraît être actuellement le béton, parce qu’il répond le 
mieux et le plus économiquement aux exigences de la protection biologique du 
confinement des résidus. Des études particulières ont été faites ou sont en cours, 
sur les coulis et mortiers destinés à la confection d’un béton spécial présentant 
des caractéristiques mécaniques correctes, ne se fissurant pas par retrait, 
résistant au gel et à la dissolution.

Les résultats de ces études sont concrétisés dans la confection de certains 
blocs de béton*, confectionnés à partir de cuves ou par enrobage, permettant

* Ils seront décrits dans d’autres exposés et dans la suite de celui-ci.
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un conditionnement garanti. Le choix du mode de stockage définitif en devient 
ainsi plus aisé, ainsi que les impératifs qui en découlent.

La réalisation d’une solution dépend de la définition du site et du mode de 
transport.

En ce qui concerne le site, il semble qu’un dépôt de résidus radioactifs con
ditionnés et répondant aux conditions définies plus haut, ne présente pas plus 
de danger que celui provenant de certaines installations elles-mêmes. On 
peut donc penser qu’il est plus commode de stocker les résidus à l ’intérieur ou 
à côté des Centres de production sans que soient sensiblement modifiés les 
problèmes posés par l ’exploitation de ce Centre.

Par ailleurs, les transports seront d’autant plus onéreux qu’on voudra éloi
gner davantage les déchets et pour les très radioactifs, le coût serait prohibitif 
sur de longues distances en raison des conditions spéciales de ces transports. 
Il y aurait donc intérêt à faire voyager les déchets les moins actifs.

Le choix des solutions adoptées est guidé par ces considérations et nous 
allons examiner successivement les modes de stockage définitif —  sur le sol —  
dans le sous-sol —  en mer.

Sur le sol:

—  Les blocs en béton spécial, réalisés à partir de “ conteneurs” , cuves ou 
par enrobage, peuvent demeurer indéfiniment sur une aire qui par pré
caution supplémentaire pourrait être couverte en toiture légère. Un tel 
stockage ne serait limité que par les surfaces disponibles, même si avec 
une bonne résistance au sol on superpose les blocs. Ce mode de stockage 
a l ’avantage de permettre la reprise éventuelle des déchets vers une 
autre destination.

—  Une autre méthode peut permettre un stockage définitif sur le site même, 
ou à proximité immédiate, en partant de fûts nus contenant des déchets 
très actifs: par exemple des boues.

En prenant pour base une production annuelle de 6.000 fûts, de 570 mm  
de diamètre et de 930 mm de hauteur et dont l ’activité maximale serait de 
20 c, on peut construire un bloc de béton hexagonal (voir schéma en annexe) 
permettant un stockage de trois ans. On réalise préalablement une semelle 
hexagonale légèrement armée de 30 cm d ’épaisseur inscrite dans un cercle de 
18 m de rayon. On dresse sur le radier des cloisons verticales qui forment 6 
compartiments triangulaires, chacun d ’eux pouvant recevoir 333 fûts par cou
che. Les fûts les plus actifs seront disposés vers le centre de l ’ouvrage ou vers le 
centre de l ’alvéole. Dès qu’un alvéole est plein on recouvre les fûts d’un béton 
fluide, qui par vibration assurera un remplissage complet des vides entre les 
fûts ; on poursuit le bétonnage jusqu’à ce qu’on ait réalisé une couche uniforme 
de 30 cm au-dessus du couvercle des fûts et on constitue ainsi un plancher per
mettant de supporter une couche supplémentaire ; on passe ensuite au deuxième 
alvéole et on complète tout le rez-de-chaussée de l ’ensemble, on peut empiler 
successivement de cette manière 9 couches de fûts et assurer un stockage 
définitif de 18.000 fûts soit la production de 3 ans, à 20 fûts par jour, la der
nière couche de béton formant toit, sera armée et enduite comme la semelle 
pour assurer une étanchéité parfaite (cas de boues fluides).

Toutes lés opérations de manutention des fûts et de coulée de béton sont 
effectuées à distance au moyen d’une grue se déplaçant sur une voie étroite 
circulaire autour de l ’hexagone.

La hauteur au-dessus du sol peut être limitée à l ’étage désiré, ou au con
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traire augmentée si on veut utiliser au maximum la surface du terrain occupé; 
il faut dans ce dernier cas un sol à plus grande résistance. L ’ensemble de l ’ou
vrage aurait les dimensions suivantes:

—  hauteur totale (avec les pentes): 12,20 m
—  côté de l ’hexagone: 18 m.
La terrasse sera conique avec une faible pente vers le centre pour évacuer 

les eaux de pluie par une descente de 200 mm de diamètre au centre de l ’ou
vrage et mise en place au fur et à mesure de la progression des travaux. Cette 
descente sera reliée au réseau général d’évacuation des eaux; un contrôle est 
donc possible.

Cette réalisation présente les avantages suivants:
—  faible superficie: environ 1.000 m 2, avec les accès, pour 3 ans de stockage.
—  résistance mécanique excellente ; un tel ensemble est insensible aux mou

vements de terrain.
.—  aucune contamination éventuelle des eaux avoisinantes n ’est à craindre 

si on prend les précautions voulues dans la construction, qui au fur et 
à mesure de son avancement fournit la protection biologique suffisante.

—  économique; le prix de revient pour un fût est de 6.600 frs; si ce bloc 
était enterré le prix pour un fût serait de 9 à 10.000 frs.

—  Un autre procédé permettant une reprise éventuelle consiste en un em
pilement de blocs de béton contenant 3 fûts (voir schéma en annexe). 
Ces blocs de béton vibré auront une épaisseur minimum de 22 cm et 
un poids de 5,6 tonnes; on les empilera les uns sur les autres sur une aire 
circulaire dont le centre sera occupé par un derrick qui servira: au dé
chargement des fûts, à la coulée du béton et à la manutention des blocs 
de béton. L ’installation qui comporte, une centrale à béton avec bivreuse 
a pour dimensions:

—  Diamètre de l ’aire circulaire : 50 m
—  Nombre de couches : 6
—  Hauteur totale : 8 m

Nombre de fûts: 6.000
—  Prix de revient par fût : 13.000 frs.

On remarquera que le prix de revient est double du précédent, de même 
qu’il faut deux fois plus de surface pour un stockage limité à un an seule
ment au lieu de 3.

Dans les deux cas ce prix comprend l ’achat du matériel, la fourniture des 
matériaux et de la main d ’œuvre mais exclût le transport des fûts à pied 
d’œuvre, la fourniture de l ’eau et de l ’électricité.

L ’avantage sur la solution bloc hexagonal est la facilité de reprise éventuelle 
et c’est pourquoi le poids des blocs est limité à 5,5 tonnes ce qui est commode 
pour les manutentions et transports.

Stockage dans le sol

Nous décrirons dans ce mode de stockage les solutions faisant appel à des 
fouilles dans les terrains naturels.

Alvéàles

On fouille des tranchées sur le site même ou à proximité immédiate, en 
recherchant un terrain de formation géologique appropriée pour éviter les 
infiltrations. On crée ensuite une rétention par le sol en rapportant du sable 
et une argile fine.: Enfin, on donne au volume bonne résistance en complétant
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par des empierrements cylindres, on ajoute des drains avec puisards permettant 
l ’évacuation des suintements éventuels (cas des boues).

Un alvéole de dimensions:
—  Longueur totale : 56 m
—  Largeur 10 m
—  Profondeur 5 m,

permet le stockage suivant: les fûts sont empilés sur quatre couches de 16 fûts, 
avec 64 rangées soit: 4.000 fûts par alvéole. Le vide entre fûts est comblé 
avec les déblais au fur et à mesure; on peut recouvrir le dessus d’une dalle de 
béton ou d ’une couche d’argilè pour assurer la protection contre la pluie. 
Estimation'de la dépense: 8.500 à 11.900 frs par fût.

Si on veut manipuler des fûts nus lés précautions classiques mais impor
tantes sont à prendre : utilisation de semi-remorques avec blindages importants 
pour l ’acheminement vers l ’alvéole et de chariots élévateurs blindés pour les 
opérations de manutention: chargement, déchargement, empilement.

D ’autre part, ce mode de stockage doit être considéré comme définitif, car 
les fûts, malgré les précautions prises, ne peuvent être garantis indéfiniment 
contre l ’oxydation et les crevaisons. Ces dernières pouvant être causées par 
des tassements différentiels au cours de remblaiement.

Il semble, au contraire, qu’il soit avantageux de protéger le fût lui-même 
par un “ conteneur” préfabriqué en béton avec injection de béton pour blocage 
de fût. Une estimation du coût des opérations de passivation comprenant la 
station de bétonnage (amortissement 10 ans), la fourniture des matériaux et 
l ’exploitation peut être chiffrée de 13.000 à 16.400 frs par fût selon leur activité. 
Dans le cas de fûts contenant des boues, on a intérêt à utiliser des alvéoles 
mieux aménagés, comportant ün radier et des murs latéraux en béton, on peut 
y ranger soit les fûts nus, soit les fûts enrobés de béton. L ’aménagement peut 
admettre les fûts empilés sur trois rangées, les vides (25 % du volume total) 
étant remplis avec du sable graveleux d ’alluvions. Une couverture doit être 
réalisée avec des matériaux imperméables, on peut aussi, au lieu de remblayer 
des fûts nus, injecter du béton spécial ce qui donnerait un monolithe enterré 
de 4.000 fûts. On grouperait les alvéoles par quatre autour d ’un poste de déchar
gement commun.

Les prix de revient seraient de: '
—  Alvéole non injecté, fût galvanisé +  poche plastique: 5.480 frs par fût.
—  Alvéole injecté, fût tôle ordinaire nu: 7.100 frs par fût.
—  Alvéole non injecté, fût ordinaire passivé: 10.000 frs par fût.
Ces diverses solutions en alvéoles ne permettent des reprises dans les con

ditions requises de sécurité que si on emploie des “ conteneurs” en béton pour 
protéger les fûts.

Une remarque en ce qui concerne les boues: il y a intérêt à les transformer 
en un bloc compact non léchable, ce qui facilite leur stockage provisoire et leur 
conditionné ment pour un stockage définitif. Une solution se présente avec les 
mélanges boues ciment, pour lesquelles des études nombreuses ont été faites.

Tunnels —  Mines —  Carrières

Nous abordons ici un stockage éloigné des Centres de production. Im m é
diatement s’accroissent les difficultés d ’ordre économique et psychologique. 
En ne tenant compte que de l ’aspect économique, il y a lieu de considérer: le 
transport qui doit être conforme aux réglementations (doses au contact et 
à 1 m), les manutentions et l ’aménagement du stockage définitif.
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Nous n ’avons pas étudié suffisamment le stockage, très intéressant, dans 
les mines et carrières pour en faire état ici, mais il sera question de l ’utilisation 
des galeries souterraines disponibles que sont les tunnels de voies ferrées 
désaffectées. S’ils sont choisis convenablement ils assurent une protection 
efficace contre les intempéries et même dans une certaine mesure contre 
des mouvements importants de terrain. On doit rechercher les tunnels sans 
humidité et dont la maçonnerie est en bon état; se préoccuper des accès, 
de l ’état des routes en hiver car l ’accès normal par la voie ferrée est le plus 
souvent exclu aux abords du tunnel.

On peut songer à utiliser ces ouvrages pour un stockage provisoire mais 
en fait il n ’y a pas intérêt à procéder à des manipulations et à des reprises 
successives en dehors des centres de production. Il faut considérer réellement 
le tunnel comme un dépôt définitif de résidus, en remplissant les intervalles 
entre les “ conteneurs” de déchets au moyen d ’un coulis spécial qui donnerait 
toute garantie après durcissement. On doit rendre le radier aussi étanche 
que possible et traiter localement les parois pour pallier les défectuosités 
constatées. De toute façon, l ’entrée se ferait au point bas du tunnel de telle 
sorte que la collecte et le contrôle des eaux s’effectuent dans un puisard.

Pour l ’exploitation on obturerait le tunnel à un bout par un mur en béton 
armé à partir duquel on commencerait le remplissage. Le transport à l ’intérieur 
se ferait par monorail, pont roulant ou fenwick, selon la largeur du tunnel. 
Pour protéger le personnel contre le rayonnement on réaliserait des cloisonne
ments en blocs préfabriqués. Après l ’injection de chaque alvéole on régresserait 
vers l ’entrée où serait placé le groupe électrogène assurant l ’éclairage et le 
fonctionnement du matériel électrique, ainsi que les ventilateurs équipés 
de filtres pour assainir le tunnel pendant la durée de l ’exploitation. Tout 
le matériel serait récupérable.

Dans le prix de revient d ’une telle réalisation le transport intervient pour 
une part importante. Il est naturellement fonction de l ’éloignement et du 
mode de conditionnement au départ. On utilisera au maximum la voie ferrée 
à partir du point de production, mais le camion sera souvent nécessaire pour 
parvenir jusqu’au tunnel. Une estimation a été faite pour divers tunnels 
éloignés de 150 kilomètres environ du lieu de production: pour des fûts de 
200 1. couchés et empilés jusqu’aux 2/3 environ de la hauteur: on peut disposer 
40 à 50 fûts par mètre linéaire soit: 8 à 10 m 3. Le prix de revient serait de 
15.000 à 22.000 frs par fût, en tenant compte des conditions de transport 
et d ’exploitation.

Stockage en mer —

Parmi les solutions proposées pour le stockage définitif, la question de 
reprise éventuelle a été soulevée et peut apparaître comme une contradiction. 
En fait, une destination finale était encore envisagée : le rejet en mer. Les 
difficultés d’ordre économique ou psychologique évoquées à propos des tunnels 
prennent en général plus d ’ampleur lorsqu’il s’agit d ’immersion marine.

Sous l ’angle économique, c ’est le problème des transports qui est le plus 
important; on peut envisager tout d ’abord le transport par voie d’eau de 
bout en bout (sans transbordement) s’il existe un port fluvial ou si le Centre 
est au bord de la mer. Dans la plupart des cas, il faut passer par l ’intermédiaire 
de la route ou du rail et quelquefois de tous les deux. Il s’ensuit des transbordements 
onéreux et la nécessité d’un conditionnement parfait répondant aux con
ditions de sécurité de ces divers transports. Nous avons déjà insisté sur l ’im
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portance du blocage des déchets et sur la réalisation des “ conteneurs”  
définitifs.

Par ailleurs, le choix du site est d ’une grande importance et cette question 
a été abondamment étudiée, débattue et a fait l ’objet de nombreuses com
munications ou publications.

Comme il ne peut être question d ’immerger des déchets radioactifs dans 
n ’importe quel emballage et n ’importe où sans polluer le milieu marin, nous 
avons recherché dans les études que nous avons menées, avec les organismes 
précités, à définir:

U n “ conteneur” susceptible d’être immergé sans danger pour le milieu 
environnant, un lieu d ’immersion favorable et les conditions de cette réali
sation.

Le “ conteneur” sera un bloc compact de béton répondant à certaines 
caractéristiques et en particulier celles à la compression et à la dissolution. 
Son poids doit permettre les facilités de manutention et de transport.

Le choix du site d ’immersion dépend essentiellement des études et analyses 
complexes du fond sous-marin envisagé : plateau ou vallée, vitesse des courants, 
sédiments, faune et flore etc . . . Ces examens sont en cours.

Aucun essai d ’immersion en actif n ’a été effectué jusqu’à présent et seuls 
ont été entrepris et sont poursuivis des essais d’immersion jusqu’à 2.300 m 
de fûts ou “ conteneurs” absolument inactifs.

Nous avons essayé de chiffrer les dépenses occasionnées par ce genre de 
stockage définitif.

En prenant pour, référence un bateau automoteur de 450 tonnes, type 
LCT, coûtant d ’occasion 28 millions de francs, amorti en 10 ans, le prix de 
transport par fût en “ conteneur” béton est de 9.000 à 15.000 frs selon le 
mode de transport utilisé, c ’est-à-dire route-fleuve-mer ou route-mer 
ou encore route-rail-mer sur une distance de 400 kilomètres, jusqu’au point 
d ’immersion, dont 120 km par route-fleuve ou rail et 280 km en mer. Le moins 
cher est le transport route-port fluvial-mer et le plus cher le transport 
par route-, rail-, mer.

De plus, il faut naturellement tenir compte du prix du “ conteneur” béton 
qui est de 40.000 frs environ pour 5 tonnes avec une contenance utile de 
700 litres. Le prix d ’un rejet en mer serait de 100.000 frs environ par m 3 
de déchets.

Conclusions:

Sous l ’angle psychologique les transports et les stockages radioactifs en 
dehors des centres de production soulèvent une certaine méfiance auprès 
des populations, qui voient pourtant circuler ou stocker, de manière permanente, 
des produits extrêmement dangereux: solides, liquides ou gazeux, explosifs 
inflammables ou toxiques.

On peut dire que le transport par voie ferrée est celui qui rencontrera 
le moins de difficultés parce que le moins spectaculaire.

Les réactions du public sont certainement dues à une méconnaissance 
des conditions de transport, de stockage et de tous les essais qui permettent 
de prendre telle ou telle décision.

Les divers modes de stockages envisagés ici et dont certains sont déjà 
utilisés dans quelques pays, semblent offrir des solutions acceptables au point 
de vue de la protection biologique. '
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Nous avons essayé de définir quelles étaient les conditions d ’établissement 
d’un dépôt de déchets radioactifs, le choix étant déterminé par la géographie, 
l ’économie et la sécurité des populations. Il est indispensable de prévoir les 
emballages et le conditionnement. Dans les évaluations des dépenses de 
transport et de stockage, on remarque combien il est intéressant d’avoir un 
matériel réduit, compacté au maximum. Pour les boues, il faut songer aussi 
à les bloquer, ce qui facilitera finalement les manipulations et la protection.
Il est aussi du plus grand intérêt d ’utiliser au maximum la décroissance 
radioactive en organisant le stockage provisoire.

Enfin, au moment du blocage définitif, comment faire un choix entre les 
“ conteneurs” , les blocs enrobés, les monolithes, les alvéoles, les tranchées 
injectées ou non, les tunnels, les carrières, la mer enfin ?

L ’esprit humain se satisferait peut-être mieux d ’un stockage sur le sol 
bien visible et facilement surveillé.

Par ailleurs, l ’idée d ’une reprise éventuelle en vue d’une utilisation possible 
n ’est pas à écarter, non plus, en ce qui concerne certains déchets.

En France, jusqu’à présent, il n ’y a eu ni stockage définitif dans le sol, 
ni immersion dans les mers, car en Europe il n ’est pas toujours facile de réaliser 
tout ce qui est devenu routine, ailleurs, en matière d’élimination des déchets; 
comme exemple, les pays non maritimes, pour effectuer leurs rejets en mer, 
devront faire transiter leurs résidus chez les voisins et embarquer dans des 
ports étrangers.

Ceci ne sera possible qu’avec l ’application d ’une réglementation définissant 
aussi bien les normes de ces transports spéciaux et les emballages, que les 
conditions d ’immersion en mer.

STORAGE AND DISPOSAL OP SOLID 
RADIOACTIVE WASTE

J. P o m a r o l a  

H e a d  o f  T e c h n i c a l  S e c t i o n ,

M o n i t o r i n g  a n d  P r o t e c t i o n  D i v i s i o n  

A t o m i c  E n e r g y  C o m m i s s i o n , S a c l a y  

F r a n c e

(Translation of the foregoing paper)

Gaseous, liquid or solid radioactive waste has always been a matter of 
concern to users of nuclear energy. However, waste has recently been acquiring 
enhanced importance, due not only to its volume, but also to the sudden 
increase in public interest in the matter. Thus, a comparison of the methods 
used in various contries for the packaging, storage and disposal of such waste 
will certainly be of assistance to those responsible for these operations.
• This paper is concerned only with solid waste, including sludges resulting 

from the treatment of radioactive liquids. It  may be said at once that no 
universal and economically acceptable answer to the problems of the pro
cessing, storage and disposal of waste has as yet been found; the various 
producers of nuclear energy are in fact acting independently in their efforts 
to overcome the difficulties involved. The methods adopted are determined
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by local conditions, including the geographical situation of the site, its close
ness to sea or ocean, the nature of the soil, proximity to waterways and ground 
water and the density of the neighbouring population, etc.

The finding of a universally applicable solution is, moreover, rendered 
more difficult by the infinite variety of solid radioactive waste; but if the 
development of the nuclear energy industry is not to be restricted by the 
volume of radioactive residues, proper arrangements must be made for their 
disposal.

For organizing the necessary studies and practical work the French Atomic 
Energy Commission (CEA) has invoked the services, on a contractual 
basis, of various undertakings or specialized bodies, amongst which mention 
may be made of :

L ’Entreprise Industrielle (El),
29, rue de Rome, Paris (V IIIe);
La Société Générale d ’Exploitation Industrielle (SOGEI),
4, rue d’Aguesseau, Paris (IV e) ;
Le Centre de Recherches et d ’Etudes Océanographiques,
1, Quai Branly, Paris (V IIe),

In this way we have been able to make simultaneous correlated attacks 
on a number of the problems raised by waste disposal.

W aste may be divided into two groups according to its origin. The first 
group includes the highly varied and accidentally occurring waste from  
laboratories and nuclear study and research centres and accidental waste 
from industrial plants.

The second and larger group includes normal and generally highly active 
wastes, resulting for the most part from the manufacture of nuclear fuels 
and from application of the various spent-fuel processing methods.

The following characteristics must also be taken into account in classi
fication of wastes:

Their nature (whether combustible or not), their ease of treatment (com
pressibility, suitability for cutting into sections) and of packaging, and, 
naturally, their level of activity. These are all factors in arriving at decisions 
on temporary and permanent storage.

In general all nuclear centres should be provided with planned temporary 
storage facilities.

Provision should be made for the ageing of residues with a view to a reduc
tion in their activity to as low a level as possible, before their final enclosure 
in blocks. While, owing to the variety and complex nature of wastes, their 
systematic classification according to the half-life of the radioisotopes con
tained therein is not always possible, a preliminary rough sorting is never
theless desirable in order that the cost of treatment and permanent storage 
may be reduced to a minimum.

Several types of temporary storage may be suitable and be used con
currently on the same site: 

storage above ground, 
storage in buildings, 
storage below ground.

Storage above ground obviously requires the provision of a lined concrete 
area with roofing and supports and the enclosure of waste in containers, 
tanks or drums (or at least in light packaging materials in the case of low-
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level waste), with a view to avoiding contamination. W ith this method of 
storage it may be possible to erect around the high-level wastes movable 
shielding walls consisting of concrete panels of the necessary thickness. 
Rectangular concrete blocks, anchored to the ground and having horizontal 
cylindrical compartments lined with iron tubing, may also be used for tem 
porary above-ground storage. Such blocks can be used to house very hot 
items of waste of great length, such as plugs. Their cost is quite high, amount
ing, in the case of a block 6 m long, 4 m wide and 2 m high with 32 compart
ments of varying diameter* to 2 millón francs.

Storage in a building proper is more costly, since a carefully-built structure 
is required, with linings for walls and floors, ventilation and air-filtering, 
constant supervision, and naturally the storage of the waste in drums or 
in another form of packaging. Furthermore, movable shielding is still required 
for very high-level wastes. It  may, however, be of great value for the storage 
of wastes produced in large quantities, as for instance very hot sludge a 
considerable decay in the activity of which is to be expected. In the case 
of identical products, separations are not necessary, but special equipment 
must be used for transport and handling.

Storage below ground affords better biological protection, and the provision 
of special types of container makes for easier classification.

The choice of handling apparatus is governed by the form in which the 
waste is finally treated for disposal.

Two types of container could be used:
1. A  specially lined concrete pit of large dimensions (minimum height, 

length and width— 2 m x 10 x 2 m ): Such pits would be covered in with 
concrete slabs or cast-metal plates, and could be subdivided at will. They 
would be capable of containing up to a year’s production of high- level waste 
which would then be removed for permanent enclosure in blocks.

2. This type of container would consist of prefabricated tanks, buried 
in concrete and sealed off after the activity of the enclosed waste had decayed. 
The waste would in this way be handled only once.

An incidental reference to the question of the handling of radioactive 
waste would seem to be appropriate at this stage.

The manner of temporary storage and of final enclosure in blocks often 
depends on the way in which the waste is packed on leaving the plant. The 
types of packaging to be used in transport to the temporary storage site and 
for the purpose of final enclosure in blocks should therefore first be clearly 
defined. In order to avoid contamination, leak-proof packaging should always 
be used.
. Again, nuclear centres should wherever possible be equipped with pro
visional storage facilities in the form of trenches and of buried prefabricated 
tanks, which would be removed and sealed when full. It would then be possible 
to eliminate the use of a considerable number of metal drums, which in some 
cases make permanent storage more difficult and complex.

Permanent storage, the last stage in the handling of the waste, should ensure 
its total elimination as a source of contamination or radiation.

Hence, between the two types of storage, temporary and permanent, 
there must be an intermediate stage of preparation and treatment terminating 
in the permanent enclosure of the waste in blocks. Everything possible must

* For illustrations, please see Figures in the foregoing original paper.
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of course be done to reduce the volume of the waste to a minimum, e.g. by  
cutting, shearing, compressing, calcination, etc.

All these various processes precede enclosure in blocks, for which final 
purpose concrete would at the present time seem to be the most suitable 
material, providing as it does the best and most economical means of meeting 
the need closely to confine waste for purposes of biological protection. Special 
studies have been made, or are at present in hand, on the grout and mortar 
required for preparation of a special type of concrete, possessing the requisite 
mechanical properties, i. e. not cracking or shrinking and frost and water 
resistant.

The results of these studies have taken practical form in the manufacture 
of a special type of concrete block* prepared in moulds or by means of 
shuttering, enabling the waste to be treated in a manner conforming to re
quirements. The choice of the method of permanent storage is thus made 
easier and the requirements deriving therefrom are more easily satisfied.

The choice of solution to be followed depends on the properties of the 
site and the method of transport adopted. As regards the site, it would appear 
that a storage depot for treated radioactive waste, complying with the require
ments described above, is no greater source of danger than some of the plants 
themselves. Should it therefore be considered more convenient to store residue 
within or in close proximity to production centres, this could be done without 
any appreciable modification of the problems raised by the operation of the 
centres themselves.

A  further consideration is that, the greater the distance over which the 
waste has to be transported, the more troublesome the operation becomes; 
and, in view of the special conditions attending the transport of highly radio
active substances, the cost of long hauls would be prohibitive in this case. 
Hence, it is preferable to restrict movement to the less active forms of waste.

The choice of the method to be adopted is governed by the above-mentioned 
considerations, and the various forms of permanent disposal, above ground, 
below ground and at sea, will now be examined in turn.

Above ground: The special concrete blocks, which are constructed by means 
of containers, moulds or shuttering, can be left indefinitely on a site, which 
may be provided with a light roof as an additional precaution. The capacity 
of such a storage depot would be limited by the size of surface area 
available, even where the bearing strength of the ground is sufficient to 
permit blocks to be stacked on top of one another. The advantage of this form 
of storage is that the blocks can, if necessary, be removed subsequently to 
another site.

Another method providing permanent storage on the site itself, or in its % 
immediate vicinity, is used where plain drums containing very hot waste 
(sludge, for example) have to be accommodated.

On the basis of an annual waste production of 6,000 drums, 750 mm in 
diameter and 930 mm long, and with a maximum activity of 20 c, a hexagonal 
coñcrete block (see diagram) can be constructed which will permit 
storage over a period of three years. A  hexagonal sole-piece of lightly rein
forced concrete, 30 cm thick, is inscribed in a circle of radius 18 m. On this 
bed, vertical partitions are erected, which form six triangular compartments,

* They will be described in another paper and in the continuation of the present 
paper.
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each of which can accommodate 333 drums per layer. The drums containing 
the hottest waste are placed at the centre of the structure or at the centre 
of the compartments. As soon as the floor of a compartment is covered with 
drums, liquid concrete is poured on to them and, by vibration, ensures that 
all spaces between drums are completely filled up. Concrete is added until 
the drums are covered by a uniform layer 30 cm thick, thus forming a flooring 
on which another layer of drums can be stacked. The next compartment 
is then taken into service, and so on until the whole floor space is covered. 
Further layers can then be added up to a maximum of nine, the whole repre
senting permanent storage for 18,000 drums, or three years’ waste production 
at 20 drums per day. In order to ensure complete gas-tightness (in the case 
of liquid sludge), the top layer of concrete, like the sole-piece, is reinforced 
and lined.

All work involved in handling drums and concrete pouring is performed 
by remote control with the aid of a crane running round the structure on 
a narrow-gauge track.

The height above ground can be restricted to any given number of layers 
of drums, or it can be increased if it is desired to make maximum use of the 
surface area; in that case ground of greater bearing strength is required. 
The dimensions of the structure as a whole are as follows:

Total height (with slopes): 12.20 m 
Length of side of hexagon: 18 m.
The roof slopes gently inwards towards the centre to enable rain water 

to drain off through a 200 mm drainpipe, built in section by section as the 
work proceeds. This drainpipe connects with the general drainage system  
and supervision is therefore possible.

The advantages of this structure are the following:
A  small surface area only, amounting to some 1,000sq.m. including approach 

ways, is sufficient for three years’ storage;
Excellent structural stability, unaffected by earth movements;
No chance contamination of neighbouring waters is possible provided 

the requisite precautions are taken in building, adequate biological protection 
being afforded at each stage of construction;

Economy, the cost per drum amounting to 6,600 frs. ; if the block were 
buried, the cost per drum would be between 9,000 and 10,000 frs.

Another process, which allows for possible removal, consists in the stacking 
o f concrete blocks, each containing three drums (see diagram). These 
blocks of vibrated concrete should be at least 22 cm thick and weigh 
5.6 tons. They are stacked one on top of the other on a circular area, the centre 
of which is occupied by a derrick which serves for unloading the drums, 
pouring the concrete and handling the blocks themselves. The installation, 
which includes a concrete-making plant with vibrator, has the following 
dimensions : .

Diameter of the circular area : 50 m
Number of layers : 6
Total height : 8 m
Number of drums : 6,000
Cost per drum: 13,000 frs.
It will be noted that the cost per drum is double that incurred in the case 

of the hexagonal structure; furthermore, double the surface area is required 
and the method provides for only one year’s storage instead of three.
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In both bases the cost includes purchase and delivery of the materials, 
and labour, but excludes the cost of transporting the drums to the site, and 
of water and electricity supplies.

The great advantage over the hexagonal block method is the ease with 
which the three-drum blocks can be transferred elsewhere if necessary; for 
this reason their weight is limited to 5.5 tons, a convenient weight for handling 
and transport.

Storage below Ground

This method of storage will now be described, and refers to excavation 
in natural terrain.

Trenches

Trenches are dug on the site or in its immediate vicinity; geological for
mations resistant to infiltration are chosen, and retention capacity is increased 
by an admixture of sand and fine clay. Bearing strength is improved by a 
tamped-down layer of small stones at the bottom of the trench, and drains 
with sumps are provided for; the removal of any possible seepage (in case 
of sludges, for instance).

A  trench of 56 m overall length, 10 m wide and 5 m deep provides storage 
for 4,000 drums, stacked in four layers, 16 drums wide by 64 long. The space 
between the drums is filled with as much of the spoil earth as may be required. 
The trench may be covered with concrete slabs or a layer of clay for pro
tection against rain. The estimated cost is from 8,500 to 11,900 francs per 
drum.

I f  unprotected drums are to be handled, the normal, but important, pre
cautions must be taken— use of strongly-shielded semi-trailers for transport 
to the trench, and of shielded fork-trucks for handling operations, i.e. loading, 
unloading and stacking.

Again, since the drums are, despite the precautions taken, liable to eventual 
corrosion and splitting, this form of disposal should be considered per
manent. Splitting may be caused by unequal compression at the time of 
stowage.

Hence, it may be advisable to protect the drum itself by means of a pre
fabricated concrete container, the whole being transformed into a solid block 
by the injection of concrete. The total cost of passivation, including the 
concreting (amortization period 10 years), the supply of materials and labour, 
may be estimated at between 13,000 and 16,400 francs per drum, depending 
on their level of activity. For accommodation of drums containing sludge, 
it is advisable to use more elaborate trenches with concrete floors and walls 
in which drums, either unprotected or concrete-clad, can be stacked. In these 
trenches the drums can be stacked in three layers, the spaces between them  
(2 5 % of total volume) being filled with alluvial, gravelly sand. The trenches 
should be covered over with water-tight materials and, instead of filling up 
the space between unclad drums with spoil, a special type of concrete might 
be injected, thereby provided a solid buried block of 4,000 drums. The trenches 
would be located in groups of four around a common unloading point.

The costs would be as follows:
Non-injected trench, galvanized iron drums, plus plastic envelope: 5,480 

francs per drum;
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Injected trench, ordinary sheet- iron drum, unprotected: 7,100 francs per 
drum;

Non-injected trench, ordinary passivated drum: 10,000 francs per drum.
W ith these various types of trench, removal of the waste under safe con

ditions is possible only with the use of concrete containers to protect the 
drums.

Sludges, in particular, are best converted into compact, non-leachable 
blocks, to facilitate temporary storage and preparation for permanent dis
posal. One way of doing this is to mix the sludge with cement— a method 
which has been the subject of numerous studies.

Tunnels, Mines and Quarries

W e are concerned here with storage at a distance from production centres, 
whereupon the economic and psychological difficulties are immediately 
increased. From the economic viewpoint alone, account must be taken of 
transport, handling and treatment for permanent disposal; transport must 
be carried out in conformity with regulations (contact dose and 1 m distance 
dose).

Insufficient study has as yet been made of a very useful form of storage— in 
mines or quarries— -for us to deal with it here; but it would be a matter of 
making use of the underground galleries available in the form of the tunnels 
of disused railway lines. I f  carefully chosen, they provide efficient protection 
against bad weather, and even to some extent against earth movements. 
They must be dry, and their masonry in good condition. Attention must 
be given to ways of approach, and also to the state of the roads in winter, 
since normal access by the railways is usually impossible at the tunnel ap
proaches.

Such facilities might be suitable for temporary storage, but it is inadvisable 
to undertake successive handling and removal operations outside the centres 
of production. Tunnels should definitely be regarded as permanent storage 
areas, the interstices between the waste containers being filled in with special 
grout which, after hardening, would meet all safety requirements. The floor 
should be made as gas-tight as possible, and the walls treated locally where 
defects have been found. In all cases, the point of entry should be at the 
lowest point of the tunnel, so that collection and inspection of water may 
be possible by provision of a sump.

The tunnel would be closed at one end by a reinforced concrete wall, behind 
which the depositing of waste would commence. Transport of waste within 
the tunnel would be effected by means of a monorail, travelling cranes or 
“ fenwicks” , depending on the width of the tunnel. Partitions consisting of 
prefabricated blocks would be erected at intervals to protect workers against 
radiation. After filling each compartment, the work would progress in the 
direction of the exit, where the lighting and power plant required for the 
electrical equipment would be located, together with the fans and air-filters 
for providing fresh air during the operations. The equipment could all be 
recovered after use in the tunnel.

Transport is a major item in the cost of such a scheme. It naturally depends 
on the distance to be covered and on the method of packaging adopted at 
the point of departure. As much use as possible will be made o f  the railway 
from the production point onwards, but lorries will often bè required in order 
to reach the tunnel. Cost estimates have been prepared for various tunnels
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I l11
at a distance of about 150 km from the production point: using 200- 1 
drums stacked on their sides to a height of approximately 2/3 of that of the 
tunnel, 40-50 drums per linear metre or 8 drums per ou m could be 
accommodated, and the cost ! would be between 15,000 and 20,000 frs per 
drum, depending on transport and operating .conditions.

Disposal at Sea

In discussing permanent storage, the question of possible subsequent 
removal has been raised, and may appear to be a contradiction in terms. 
Actually, another method of final disposal has been considered, namely 
disposal into the sea. The economic and psychological difficulties of storage 
in tunnels are, in general, still more serious in case of disposal into the sea.

From the economic viewpoint, the transport problem is the most important. 
W ater transport all the way (without trans-shipment) may be a possibility, 
should a river port be available or the centre be located on the coast. In  
most cases, however, recourse to road or rail transport, and sometimes to 
both, will be necessary. Troublesome trans-shipment operations will then 
ensue, together with a need to prepare and pack the waste so as to comply 
with the safety requirements ¡of each of the various forms of transport. W e 
have already stressed the importance of formation of the waste into blocks 
and the provision of containers suitable for permanent disposal.

Again, the choice of site is óf great importance, and this question has been 
exhaustively studied and discussed, forming the subject of numerous papers 
and other publications.

Since there can be no question of sinking radioactive waste in the sea 
at any given point or in any jgiven container without giving thought to the 
likelihood of contamination of the water, we have attempted, in studies 
carried out in conjunction with the bodies mentioned above, to design 
a container that could be sunk in the sea without risk of pollution of the 
surrounding water, to find suitable localities for the operation and to define 
the conditions which should govern the latter.

The container should take the form of a compact concrete block possessing 
certain properties, particularly resistance to compression and disintegration. 
Its weight should make for ease in handling and transport.

The choice of the disposal area should be guided essentially by thorough 
study and analysis of the local sea- bed, account being taken of its depth 
or shallowness, the speed of ¡the currents, the nature of any sedimentary 
deposits, and of its fauna and flora, etc. Such research is in hand.

No experiments with radioactive materials have yet been made, but tests 
involving the sinking of completely inactive drums or containers to depths 
of up to 2,300 m have been carried out and are continuing.

An attempt may be made as follows to estimate the cost of this method 
of permanent disposal. !!

Using an LCT-type self-propelled ' vessel of 450 tons burden, costing 
28 million francs second- hand and allowing amortization over 10 years, the 
cost of transporting a drum enclosed in a concrete container over a distance 
of 400 km to the point of immersion (120 km by road, river or rail and 280 km  
by sea) amounts to between 9,000 and 15,000 francs, depending on the mode 
of transport used, i.e. road-river-sea, road-sea, or road-rail-sea.

The cheapest combination is road-river- port-sea and the dearest, road-rail- 
sea.
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In addition, account must naturally be taken of the cost of the concrete, 
container, which amounts to approximately 40,000 francs per 5-ton container 
having an effective capacity of 700 1. The total cost of disposal at sea 
would be approximately 100,000 francs per eu m of waste.

Conclusions

From the psychological point of view, the transport and storage of radio
active materials outside production centres gives rise to a certain amount 
of apprehension on the part of the public, despite the fact that it is a constant 
witness to the transport or permanent storage of extremely dangerous sub
stances, in solid, liquid or gaseous form, and of an explosive, inflammable 
or toxic nature.

Rail transport perhaps raises the least difficulties, since rail consignments 
are less in evidence.

The public’s reactions undoubtedly stem from ignorance of the fact that 
transport and storage are properly regulated, and of the extensive experiments 
carried out before any decision is arrived at.

The various methods of disposal considered in this paper, some of which 
are already in use in certain countries, appear to be satisfactory from the point 
of view of biological protection.

W e have attempted to define the prerequisites for the establishment of a 
radioactive-waste storage depot, and the choice is determined by geographical 
and economic factors and by considerations of public safety. Standards of 
packaging, treatment and preparation must be laid down. Calculation 
of transport and storage costs shows the importance of reducing the volume 
of the waste material to a minimum. In the case of sludges, consideration 
should be given to the possibihty of enclosing them in blocks, a process which 
greatly facilitates handling and affords increased protection. In organizing 
temporary storage, full advantage must also be taken of the natural decay 
of radioactivity.

For permanent disposal, consideration must be given to the comparative 
advantages of containers, enclosed blocks, monoliths, compartments, 
trenches— with or without concrete injection— tunnels, quarries and, lastly, 
the sea.

Storage above ground, which is clearly visible and easily supervised, prob
ably represents the most satisfactory solution from the point of view of the 
average individual.

As regards certain waste materials, the possibility of subsequent removal 
with a view to further use should not be dismissed.

In France, permanent disposal into the ground or sea, has not yet been 
resorted to, for, in Europe, it is not always easy to carry out waste disposal 
procedures which have become routine elsewhere. Inland countries, for example, 
will have to send their waste products across neighbouring countries for 
embarkation at foreign ports in order to dispose of it at sea.

Without regulations laying down standard conditions governing both the 
special transport and packaging required and disposal at sea itself, this will 
be an impossibility.



H A N D L I N G  A N D  T R A N S P O R T  P R O B L E M S

Abstract

I. The handling and transport of radioactive waste involves the risk of 
irradiation and contamination. It is necessary to draw up special re
gulations governing thé removal and transport of waste within the 
centres or from one centre to another, and to entrust transport to a 
group in charge of specialized teams. The organization, equipment 
and efficiency of such teams is then considered.

II. Certain types of transport operation are particularly dangerous and 
require special transport units and fixed installations. This applies, 
in particular, to the disposal of highly radioactive liquids.
A  description is given of a composite transport unit, consisting of a 
towing vehicle, semi-trailer and tank holding 500 1 of liquid with 
an activity of up to 1,000 c/1. The drawing-oif of the liquid waste, 
routing of the transport ¡unit and precautions to be taken are discussed.

P R O B L E M E S  D E  M A N I P U L A T I O N  E T  D E  T R A N S P O R T

Résumé

I  —  La manipulation et le j transport des déchets radioactifs présentent 
des dangers d ’irradiation et de contamination.
Il est nécessaire:
—  d’édicter des consignes spéciales applicables à l ’enlèvement et au 

transport des déchets dans les centres ou de centre à centre.
—  de confier les transports à un groupe dont relèvent des équipes

spécialisées. 'I
On examine l ’organisation, les moyens, le rendement de ces équipes.

II  —  Certains transports sont particulièrement dangereux et nécessitent des 
engins spéciaux et des installations fixes. C’est le cas, notamment, de 
l ’évacuation des liquides très actifs.
On décrit : ¡
—  un engin de transport composé d ’un ensemble : tracteur, semi- 

remorque et d’un récipient qui contient 500 litres de liquide dont 
l ’activité peut atteindre 1.000 c/l.

—  les opérations de transvasement, l ’acheminement de l ’engin, les 
précautions prises.

П Р О Б Л Е М Ы  О Б Р А Щ Е Н И Я  С О Т Х О Д А М И  И И Х  
Т Р А Н С П О Р Т И Р О В К А

Резюме
j

I. — Обращение и транспортировка радиоактивных отходов представляет 
опасность облучения и загрязнения.
Необходимо : j
— Издать специальные инструкции относительно изъятия и транспорти

ровки отходов как внутри центров, так и между центрами.
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— Поручить транспортировку группе, которой подчинены специальные 
бригады.
Рассматривается организация, средства и производительность этих 
бригад.

II. — Некоторые виды транспортировки являются особенно опасными и тре
буют специальных машин и стационарных установок. В частности, это 
касается удаления жидкостей с очень высокой активностью. 
Описываются:
— Транспортные средства, состоящие из трактора, полуприцепа и 

сосуда, содержащего 500 литров жидкости, активность, которой может 
достигать 1000 кюри на литр.

— Операции по переливанию жидкостей, транспортировка и принятые 
меры предосторожности.

P R O B L E M A S  D E  M A N I P U L A C I O N  Y  D E  T R A N S P O R T E

Resumen

I —  La manipulación y  el transporte de desechos radiactivos ofrecen 
riesgos de irradiación y  de contaminación.
Es necesario:
—  dictar consignas especiales para retirar los desechos y  para su 

transporte en un centro determinado o de un centro a otro.
—  encargar del transporte a un servicio que cuente con equipos 
especializados. Los autores examinan la organización, medios y  rendi
miento de dichos equipos.

II  —  Determinadas formas de transporte son especialmente peligrosas y  
requieren aparatos especiales e instalaciones fijas. Así sucede, por 
•ejemplo, con la evacuación de líquidos de elevada actividad. Los 
autores describen:
—  un tren de transporte compuesto de un tractor, de un remolque 
y  de un recipiente de 500 litros de capacidad cuya actividad puede

alcanzar 1,000 C/ l.
—  las operaciones de transvase, el recorrido del tren de transporte 

y precauciones tomadas.

PROBLEMES DE MANIPULATION ET DE 
TRANSPORT

J. POM AROLA ET J. SaVOUYATJD
S e r v i c e  d e  C o n t r o l e  d e s  R a d i a t i o n s  e t  d e  G é n i e  r a d i o a c t i f  

C o m m i s s a r i a t  a  l ’E n e r g i e  A t o m i q u e , S a c l a y  
. F r a n c e

I —  Organisation et moyens

Les transports spéciaux et dangereux empruntant la voie publique, imposés 
par l ’activité du Commissariat à. l ’Energie Atomique, sont organisés par le 
Service des Travaux et Installations qui est en contact avec le Service de
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Contrôle des Radiations et dë Génie Radioactif chaque fois que le transport 
a pour objet des matières ou des appareils radioactifs.

La manutention et le transport des substances radioactives, comprenant 
aussi les déchets, présentent !j des risques d ’irradiation et de contamination 
qui ont conduit à créer une équipe spécialisée de “ Transport et de Stockage” 
complétant les équipes “ Intervention-Décontamination” .

•  _  ¡ i

Fonctionnement de VEquipe '
J

- Elle comprend : I
—  Un chef d ’équipe, dirigeant plusieurs groupes composés chacun d’un 

chef décontamineur et dé trois décontamineurs. Tous les agents possèdent 
le permis de conduire ¡et ont obtenu de l ’Administration Générale 
l ’autorisation de conduire les véhicules appartenant à cette équipe. 
Le personnel reçoit la même formation théorique et pratique que celle 
des agents des équipes ¡“ Intervention-Décontamination” .

La mission est de transporter toutes les sources radioactives à l ’intérieur 
des centres de la région parisienne, d ’enlever dans les différents services 
le matériel contaminé devant; être traité au Bâtiment de Décontamination,
de rapporter après traitement ce même matériel dans les services et enfin
d ’assurer l ’enlèvement des dechets radioactifs dans les installations et de 
procéder à leur stockage dans des emplacements aménagés à cet effet.
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M oyens:
L ’équipe de transport dispose du matériel suivant:
—  un camion Berliet de 7 tonnes,
—  une semi-remorque métallique de 20 tonnes de charge utile avec tracteur,
—  deux Jeeps avec remorques,
—  deux tractogrues avec remorques,
—  deux chariots élévateurs, 3 et 4 tonnes.

Exécution des transports: \
Au cours des. opérations de transport, les agents appliquent d’une part 

la réglementation officielle en vigueur concernant les transports de matières 
dangereuses (Classe IV  B) et d ’autre part les consignes spéciales visant les 
transports des matériels ou déchets radioactifs dans les centres ou de centre 
à centre rapprochés. Dans ce dernier cas, l ’opération s’effectue par délégation 
du Service Travaux et Installations.

Tout transport exceptionnel effectué par l ’équipe, à l ’intérieur comme à 
l ’extérieur des centres, fait l ’objet d’un bon de transport établi en trois 
exemplaires par le service demandeur.

On utilise le même modèle de bon pour le transport de sources, l ’enlèvement 
de matériels à décontaminer et de déchets. Chaque service ou section dispose 
d ’un carnet spécial pour cet usage. Deux des trois volets: un blanc et bleu 
détachables sont envoyés:

—  le blanc, après visa de l ’agent de surveillance, à l ’ingénieur responsable 
des transports et,

—  le bleu à l ’équipe de transport qui, dès lors, peut préparer son travail. 
Cependant, ce n ’est qu’après réception du bon blanc visé par l ’ingénieur 
que l ’exécution du transport est effectuée.

Le Chef de l ’Equipe “ Transport” prend contact dans les meilleurs délais, 
avec l ’agent chargé de la surveillance auprès du service demandeur et avec 
le service lui-même. Il demande les précisions qui lui sont utiles. Lorsqu’il 
a reçu le bon blanc signé de l ’ingénieur, il lui envoie le bon bleu en mentionnant 
au verso:

“ Opération prévue pour le. . . à : . et signe.
Il constitue son groupe de transport et fait l ’opération selon les consignes 

prescrites. Dans tous les cas une étiquette doit accompagner le colis et elle 
indique :

—  la nature du contenu,
—  l ’état physique,
—  l ’activité en curies,
—  le rayonnement au contact,
—  le mode d ’emballage,
—  l ’épaisseur de protection,
—  le rayonnement à 1 mètre.
Cette étiquette doit recevoir le visa de l ’agent de surveillance SCllGR, 

chargé de la surveillance du service demandeur.
Chaque véhicule transporte en permanence l ’équipement suivant:
—  1 appareil de détection autonome (babylog ou atomat),
—  1 équipement de balisage nécessaire pour une longueur de 100 mètres 

au moins et une lampe à éclairage intermittent,
—  20 m 2 au moins de feuilles de polyvinyle,
—  1 pelle, 1 pioche.
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De plus, si le véhicule emprunte la voie publique, l ’agent emporte une trousse 
de convoyage constituée ainsi:

—  une pelle, une pioche, :
—  un ou deux appareils de "mesure de rayonnement, 4 stylos de capacité

appropriée, ■
—  du matériel de balisage: bande rouge (20 m), bande jaune (20m), une 

corde (longueur: 20 m, 0 : 8 mm).
—  du polyvinyle en feuille 1(20 m 2),
—  une lampe torche, <
—  des panneaux de signalisation de la radioactivité,
—  deux triangles de stationnement.
En outre, l ’agent prendra son équipement personnel:
—  combinaison,
—  calot,
—  bottes, I
—  masque
—  gants. ' ;
En cas d ’accident au cours íd’un transport automobile, à l ’extérieur des 

centres, les mesures à prendre sont de deux types:

1 —  Consignes de police : alerte, balisage,
2 —  Mesures d’urgence afin d’éviter l ’extension de la contamination et de

ses dangers pour les usagers de la route.

Parmi les rôles que remplit; l ’équipe de “ Transport” et de “ Stockage” , 
reste celui de répartir dans les ¡dépôts provisoires les déchets radioactifs. Ce 
travail de classement et de misé en place des résidus s’effectue avec le même 
personnel que celui des transports mais l ’équipement individuel est susceptible 
de modifications:

—  utilisation de combinaisons spéciales étanches et de masques ou d ’appa
reils à alimentation air comprimé.

Enfin le chef de cette équipe de “ Transport et de Stockage” tient à jour 
l ’état de tous les matériels qu’elle transporte par le relevé des bons de trans
port en sa possession. <

Par ailleurs, en raison de la formation reçue et des travaux qu’ils exécutent 
les agents s’intégrent en cas de besoin dans les équipes d ’ “ Intervention- 
Décontamination ” .

II — Certains transports sont particulièrement dangereux et nécessitent des 
engins spéciaux — (CIRCE)

L ’évacuation d ’une quantité importante de liquide très radioactif pose des 
problèmes complexes, tant par Дев dangers courus lors de chaque manipula
tion que par les risques d ’accident en cours de transport.

L ’acheminement de plusieurs’ centaines de litres d’une solution nitrique à 
haute densité pouvant contenir ¡plusieurs milliers de curies de produits radio
actifs a été réalisée en construisant un engin spécialement adapté à ce type de 
transport et de manipulation. ,

Il était en effet difficile, étant donné les risques courus lors de chaque 
opération, de procéder à une évacuation totale par fractions de quelques 
litres. En outre, l ’immobilisation en personnel et en matériel aurait atteint 
dans ce cas des valeurs importantes.
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En tenant compte de l ’activité maximale contenue dans le “ concentrât”  
de solutions nitriques, des possibilités des constructeurs de cuves hémisphéri
ques monobloc et des règlements régissant les transports routiers, nous sommes 
arrivés à un récipient sphérique de contenance totale de 600 litres, destiné 
au transport de 500 kg de solution avec une protection totale équivalant 
à 27,5 cm de plomb, pour des rayonnements d’énergie 1 MeV.

La solution de la sphère de transport a été adoptée parce qu’elle présente 
le poids mort minimum pour un volume utile déterminé. En outre, il fallait 
réduire au strict minimum les opérations mécaniques (travail et soudure) sur 
tôle d’acier inoxydable NS 22 S adoptée pour constituer la cuve; une seule 
soud'ui’e circulaire effectuée à l ’arc électrique sous jet d ’Argon a permis d ’obte
nir la cuve interne.

Devant les risques de corrosion extrêmement importants dus au fait de la 
concentration élevée de l ’acidité et de la présence de produits radioactifs, une 
sécurité supplémentaire jointe à un contrôle d’étanchéité étaient nécessaires.

Ils ont été obtenus grâce à une deuxième enceinte sphérique identique à la 
première, entourant celle-ci, en réservant un volume hémisphérique servant 
à la circulation d’un fluide de refroidissement qui permet: l ’évacuation des 
calories dues à l ’énergie des rayonnements absorbés dans le liquide, et le con
trôle de l ’activité de ce fluide qui apporte les renseignements sur l ’étanchéité 
de la première cuve.

Nous faisons remarquer que le liquide destiné au refroidissement est en sur
pression par rapport au liquide actif et que la diffusion qui pourrait' se produire 
en cas d’avarie de la cuve interne, serait suffisamment faible pour ne présenter 
pendant un laps de temps important aucun danger d ’irradiation pour le per
sonnel approchant le circuit de refroidissement.

Dans le transport de liquide, un des problèmes essentiels réside dans le con
trôle du volume du liquide transporté. Il est évident qu’un appareil pouvant 
contenir jusqu’à 500.000 curies exige un dispositif de sécurité tel qu’en aucun 
moment il ne puisse constituer, en cas d ’accident, un danger pour les popula
tions des régions traversées.

Les moyens classiques de contrôle de niveau de liquide (flotteur, renvoi 
extérieur, etc . . . ) étaient de ce fait prohibés car il fallait réduire les voies d ’accès 
à l ’intérieur de la cuve. Après beaucoup de recherches nous avons décidé 
d ’effectuer une pesée de la double enceinte sphérique. Pour des raisons de sé
curité d ’emploi du matériel il était important de mettre à l ’extérieur de l ’en
ceinte de protection contre le rayonnement l ’ensemble des dispositifs de pesée 
et des dispositifs de jonction.

L ’ensemble “ mobile” contenant le liquide se présente extérieurement sous 
la forme d ’une sphère en acier inoxydable portant en ses parties supérieure 
et inférieure deux colonnes de protection destinées aux passages des canalisa
tions de jonction et à l ’appui sur les dispositifs de pesée. Les décrochements de 
ces colonnes permettent d ’éviter tout défaut de perte annulaire de rayonnement.

La protection en plomb est constituée par deux demi-sphères assemblées 
par chevrons, dans laquelle viennent se loger la sphère intérieure munie de ces 
colonnes, des galets accessibles de l ’extérieur et des dispositifs de blocage per
mettant de régler le jeu nécessaire à la pesée et d ’assurer le blocage total de 
l ’élément intérieur pendant les opérations de transport.

Les demi-sphères de protection en plomb ont été coulées entre deux demi- 
coques en fonte GS destinées à assurer la tenue mécanique tout en respectant 
la précision d’usinage nécessaire.
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L ’ensemble constituant le récipient pèse 27 tonnes; il est supporté par une 
semi-remorque dont la structure a été dessinée de manière à présenter la 
stabilité maximum; la sphère repose sur un cadre supportant la collerette de 
jonction des deux demi-sphères de protection. L ’intérieur mobile prend appui 
sur un étrier placé à la partie inférieure par l ’intermédiaire des capsules de 
pesée. î

Un double train d ’essieux supporte cet ensemble, la partie avant attelée à 
un tracteur par un attelage conventionnel.

Une série de sécurité fonctionnant sur le circuit de dépression et sur les sys
tèmes de pesée suppléerait, le cas échéant, à une défaillance accidentelle d ’un 
opérateur.

La mise en œuvre de l ’engiñ qui est dénommé “ CIR CE” est effectuée par 
une équipe spécialisée bien que les sécurités interdisent en principe les opéra
tions contradictoires; les manœuvres de mise en place, de branchement des 
jonctions, d ’ouverture des vannes, de mise en dépression s’effectuant selon un 
programme rigoureux.

Le contrôle de la quantité de liquide est effectuée par deux dispositifs de 
pesée indépendants. Toute divergence dans les indications du système de 
contrôle entraîne l ’arrêt de l ’opération. L ’enlèvement du système de jonction 
constitue l ’un des points délicats et là encore on a codifié les opérations à 
effectuer.

Là “ cassure” du vide est effectuée par l ’intermédiaire d ’un bac à trois cuves 
assurant les nettoyages successifs nécessaires avant le démontage des raccords. 
L ’efficacité est telle que les mêmes raccords ont pu être utilisés sans déconta
mination pour seize remplissages successifs. Une grande discipline est néces
saire pour éviter des manœuvres accidentelles.

Les jonctions avec les cuves'de rétention sont effectuées par des dispositifs 
présentant un maximum de sécurité pour l ’opération, les structures et les for
mes adoptées ayant permis d’éviter la contamination et facilitant la déconta
mination. L ’ensemble de ce matériel est soumis à un rinçage interne avant le 
débranchement. '

La cuve comporte:
a) trois voies d ’accès, deux voies d ’arrivée ou d’évacuation de liquide et une 

voie de mise en dépression.
b) une série de vannes placées dans la cheminée supérieure assure une 

étanchéité totale de la sphère intérieure.
Les orifices de jonction sont [obturés par des bouchons assurant une protec

tion supplémentaire. En cas de renversement accidentel de l ’ensemble de trans
port, il ne peut pas y avoir d’épandage des produits radioactifs se trouvant 
à l ’intérieur. ;

Les déplacements de CIRCE sont soumis à la réglementation officielle des 
transports empruntant la voie publique et aux consignes spéciales rédigées en 
commun par les services compétents du Commissariat à l ’Energie Atomique:

—  Service des Travaux et Installations,
—  Service de Contrôle des Radiations et de Génie Radioactif,
—  Service de Sécurité.
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HANDLING AND TRANSPORT PROBLEMS

J. Po.MAROLA 
H e a d  o f  T e c h n i c a l  S e c t i o n  

J. S a v o u y a u d  
H e a d  o f  E l e c t r o -M e c h a n i c a l  S u b -D i v i s i o n  

A t o m ic  E n e r g y  C o m m i s s i o n , S a c l a y  
F r a n c e

(Translation of the foregoing paper)

I. Organization and equipment

Arrangements for special or dangerous transport operations by road arising 
out of the activities of the Atomic Energy Commission are made by the Works 
and Installations Division which acts in concert with the Monitoring and Pro
tection Division (MPD) whenever radioactive substances or appliances are 
involved.

In view of the risk of irradiation and contamination entailed in handling 
and transporting radioactive substances, including waste, a specialized trans
port and storage team has been formed as a complement to the emergency 
and decontamination teams.

How the team works

The team comprises:
A  leader ha charge of several squads, each consisting of a head decontaminator 

and three decontaminators. All team members hold driving licences and permits 
from the Administration to drive the team’s vehicles. They receive the same 
theoretical and practical training as the members of the emergency and 
decontamination teams.

The team is responsible for moving all radioactive sources within the centres 
in the Paris area, collecting contaminated equipment from the various services 
for treatment at the decontamination plant, and returning it to them after 
treatment; and, finally, for the removal of radioactive waste from plant 
and storing it at sites fitted out for the purpose.

Equipment

The team has the following equipment:
One 7-ton Berliet lorry,
One metal semi-trailer of 20 tons’ carrying capacity, together with a towing 

vehicle,
Two jeeps with trailers,
Two tractor-cranes with trailers,
Two lift trucks (one 3-ton and one 4-ton).

Transport operations -

In operation the squads comply, according to the case, either with the 
official regulations for the transport of dangerous goods (Class IV  В ) or with 
the special instructions for the carriage of radioactive equipment or waste 
within centres or between neighbouring centres. This latter type of transport 
is performed on the authority of the Works and Installations Division.
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A  transport requisition is made out in triplicate by the requesting depart
ment for all special transport operations performed by the team within or 
outside centres.

The same type of form is used for the transport of sources and for the 
removal of both equipment for decontamination and waste. Each division 
or section is provided for this purpose with a special book of forms consisting 
of a counterfoil and two detachable parts, one white and the other blue. 
O f these:

The white one, after endorsement by the Health and Safety Officer, is sent 
to the engineer in charge of transport, and
the blue one is sent to the transport team, which can then begin its pre
parations.
However, no transport job is performed until the white slip has been re

ceived from the engineer in charge of transport, duly countersigned.
The transport team leader promptly gets in touch with the Health and 

Safety Officer attached to the requesting division and with the division itself. 
H e asks for any further information he may require, and, on receipt of the 
white slip countersigned by the engineer in charge of transport, sends him 
the blue slip with the following endorsement on the back:

“ Operation to take place on. .,..................... at and his signa
ture.
He forms his transport squad and carries out the transport operation 

in accordance with instructions. The package must in all cases be accompanied 
by a tag showing:

Nature of contents
Physical condition
Activity in curies
Dose rate of radiation at contact
Kind of packaging
Thickness of the protective shell
Dose rate of radiation at onè metre.
This tag must bear the stamp of the M PD Health and Safety officer 

responsible for the requesting division.
The vehicles carry the following as standard equipment:
One self-contained monitor (babylog or atomat),
Marking-out gear sufficient for a length of at least 100 metres, and a winking 

light,
A t least 20 sq m of polyvinyl sheets 
A  pick and shovel.

W hen the vehicle is on the road, the drivèr also carries the following tool kit : 
Pick and shovel
One or two radiations counters, four fountain-pen-type dosimeters of 

suitable capacity
Marking-out gear: red tape (20 m), yellow tape (20 m) and rope (20 m long 

and 8 mm thick)
Polyvinyl sheets (20 sq m),
An electric torch 
Radiation warning signs 
Two triangular parking signs.
In addition, the team members take their own personal equipment : Overalls, 

cap, boots, respirator and gloves.
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There are two types of measure to be taken in case of accident during 
transport by road outside centres:

1. Measures prescribed by traffic ̂ regulations : warning police and marking 
out of danger area.

2. Emergency measures to avoid the spread of contamination with its 
hazards for other road users.

Another job of the transport and storage team is to distribute radioactive 
waste among the various provisional dumps. This work of classifying and stow
ing waste is carried out by the same staff as is responsible for transport but 
the personal equipment may be somewhat different, i.e. special impermeable 
overalls and respirator or compressed-air breathing apparatus. '

Lastly, the leader of the transport and storage team keeps a record of 
all.material moved, which he compiles from his copies of the transport forms.

In case of need, members of the transport team are drafted into the emer
gency and decontamination squads as their training and the work they do 
qualifies them for these duties.

II. Some particularly dangerous transport operations requiring special equipment 
(CIRCE)

The removal of large quantities of highly-radioactive liquid raises complex 
problems both because of the risks run at each stage in handling and because 
o f the possibility-of accident en route.

Provision for the transport of several hundreds of litres of high-density nitric 
acid solution, which may contain several thousand curies of radioactive 
products, has been made by designing special equipment for this type of 
transport and handling.

It would have been difficult to remove all this quantity in small lots of 
a few litres at a time, owing to the risks attending each operation. Further
more it would have meant tying up quite a large amount of staff and equip
ment.

Working on the basis of the maximum level of activity in the concentrate 
of nitric acid solutions, of what the makers of one-piece hemispherical tanks 
are able to produce, and of the regulations governing road transport, we 
finally evolved a spherical container of a total capacity of 600 litres designed 
to carry 500 kg. of solution and affording overall protection equivalent to 
27.5 cm of lead for radiation energies of 1 MeV.

A  spherical type of transport container was adopted because it entails 
a minimum amount of dead weight for a given holding capacity. In addition, 
it was necessary to keep to a minimum the metal-working operations (shaping 
and welding) on the NS 22 S stainless steel sheeting used for the tank. W e  
were able to produce an inner tank with only a single circular joint electric- 
arc welded under Argon jet.

The extreme danger of corrosion due to the high concentration of the acid 
and the presence of radioactive substances made it essential to have an ad
ditional safeguard and a means of checking whether the tank was leak-proof. 
These were obtained by enclosing the spherical tank in another of identical 
type and leaving a hemispherical space in between for the circulation of a coolant. 
This provided a means of conducting away the heat coming from the radi
ation energy absorbed in the liquid and also of checking whether the inner 
tank was leak-proof (by monitoring the coolant for radioactivity).
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W e would like to point out that as the coolant is at a higher pressure than 
the radioactive liquid inside the tank, any diffusion resulting from damage 
to the inner tank would be so limited that for a long time it would not involve 
any radiation hazard for persons approaching the cooling system.

In moving liquids from place to place one of the major problems is how 
to measure the volume of liquid carried. Obviously, a tank which may be 
carrying as much as 500,000 curies of activity needs to be fitted with a safety 
device so as to obviate any possibility of ' danger to the public in case of 
accident.

The traditional methods of controlling the level of the liquid (by ball- 
cocks, overflow pipes, etc), were ipso facto excluded, since access to the inside 
of the tank had to be reduced to a minimum. After a great deal of research, 
we decided to measure the amount of liquid by weighing the double spherical 
container. To ensure safe operation, it was essential for all the weighing 
apparatus and connecting gear to be fitted on the outside of the protective 
casing.

The “ floating” inner tank which holds the liquid has the external appearance 
of a steel globe, fitted with two protective columns at the top and bottom, 
through which the connecting tubes pass, and resting on the weighing ap
paratus. The successive narrowings of the columns prevent' any annular 
losses of radiation.

The lead shielding consists of twin hemispheres with interlocking saw-tooth 
joints. This houses the inner tank with its columns, while pullies accessible 
from outside and scotching devices make it possible to give the inner tank 
just enough play to enable it to be weighed, but at the same time ensure 
that it is firmly anchored during transport.

The twin hemispheres of the lead shield were cast between two half-shells 
of GS cast-iron to ensure the requisite mechanical strength without prejudice 
to the necessary accuracy in machining.

The total weight of the container unit is 27 tons. It  is mounted on a semi
trailer designed to afford maximum stability. The globe rests on a frame, 
being held by the flange around the globe at the junction of its two halves. 
The “ floating” inner tank rests on weighing pedestals which, in turn, stand 
on a crosspiece.

The whole is carried on a twin-axled semi-trailer, the forepart of which 
is attached to the towing vehicle by the usual coupling. A  series of safety 
devices working on the pressure-reduction-circuit and the weighing apparatus 
guard against any temporary aberration on the part of the operator.

The transport unit, which has been given the name “ C IR C E ” , is operated 
by a specially trained team, although the safety devices make any working 
at cross-purposes virtually impossible. The operations of bringing the unit 
into position, connecting up, opening the valves, and lowering the pressure 
are effected according to a strict time-table.

The quantity of liquid is measured by means of two independent weighing 
apparatuses. I f  the readings do not tally the operation comes to a halt. The 
removal of connexions is one . of the trickier points and, here again, a definite 
procedure has been laid down.

Breaking the vacuum is done by means of a tank with three compart
ments for performing the successive cleansing operations required before 
the connexions are disconnected. Cleansing is so effective that the same
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connexions can be used for 16 successive fillings, without decontamination. 
Strict discipline is required if mistakes are to be avoided.

The unit is corinectéd to the storage tanks by devices that provide maximum  
safety in operation, the shape and structure of these connexions being such 
as to avoid contamination and facilitate decontamination. The entire con
necting gear is rinsed out before disconnexion.

The inner tank is provided with:
a) three inlets: two intake/discharge pipes for the liquid and one tube 

for lowering the pressure;
b) a series of valves in the upper shaft which render the inner tank completely 

leak-proof.
As a further precaution, the orifices of the connexion points are plugged, 

so that there can be no leakage of the radioactive substances inside if the vehicle 
is accidentally upset.

“ CIR CE’s” movements are governed by the official regulations for transport 
by road and the special instructions jointly prepared by the competent depart
ments of the Nuclear Energy Commission, namely the Works and Installations 
Division, the Monitoring and Protection Division and the Safety Branch.



D I S C U S S I O N

Mr. E. Glueckauf (United Kingdom) : A t the Atomic Energy Authority, 
we realized at a very early date the dangers which the discharge of 
neutral radioactive gases like krypton-85 could bring about if atomic 
energy were to be applied industrially on a world-wide scale. W e therefore 
intend that future plant for dissolving radioactive material should 
embody precautions to retain these gases and not discharge them into 
the atmosphere. It would be a great relief for everybody and also of 
great value in assessing the magnitude of the problem if our colleagues from 
Hanford and perhaps Professor Spitsyn from the USSR could assure us that 
similar precautions are intended in their countries because every country 
in the world is affected by these discharges which are not localized but spread 
throughout the atmosphere.

Mr. J. Labeyrie (France) (translated from French) : I should like to comment 
that nowadays krypton-8 5 alone is responsible for as much air pollution as 
all the other artificially-produced radioactive substances put together. I think 
that it is the only fuel-element processing product whose radioactivity exceeds 
that due to nuclear explosions. Now, in 1959, there are 5,000 beta disintegra
tions per minute per litre of krypton-85 and this has been regularly increasing 
by 2 0 %  per year since 1956.

Mr. Y .I. Spitsyn (Union of Soviet Socialist Republics) (translated from 
Russian) : I should like to ask Mr. Silverman what method of freeing gases 
from aerosols he considers to be most reliable at the present time ?

Mr. L. Silverman (United States) : I presume that you mean removing aero
sols from gases. For this we employ the so-called absolute filters made of fine 
asbestos fibres and a matrix support of glass, which we now use instead of 
cellulose, because of the fire problem. W e use micro-glass fibres in the form of 
pleated filters which are produced by three manufacturers in the United States.
I happen to have with me a slide of this type of filter which I  can show if it 
would be helpful.

I f  you are referring to the performance of these devices, they will remove 
99 .98% and as they operate they increase in performance until they give decon
tamination factors well over 104. I f  you are referring to the removal of gases 
from gases, that is the removal of active gases, such as argon-41 or krypton-85, 
we find we cannot do very much with argon-41 in large volumes; we simply 
dilute this because of its short half-life. In the case of krypton, it is necessary 
to remove the gas at high cost by adsorbing on charcoal or a special charcoal 
catalyst at low temperature or by liquefaction. W e also have work going on in 
the use of aliphatic solvents for stripping the noble gases, particularly xenon 
and krypton— this is a refluxing stripping operation. As yet, this is only in 
pilot-scale studies.

Mr. V.M. Sedov (Union of Soviet' Socialist Republics) (translated from 
Russian): I  should like to know how the filter screens are processed and dis
posed of, and the cost of processing the screens, expressed as a percentage 
of the total cost of the cleaning plant.

Mr. L. Silverman: The filters that we use are built in frame sizes approxim
ately 2 ft x 2 ft x 1 ft, although they may be made in various sizes. They are 
handled in the case of highly active forms remotely ; in the case of alpha-beta 
material they are sprayed before removal. The filters that we use are tested 
before application with an aerosol that we call a rating aerosol of dioctyl
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thallate, which is 3/10 of a micron in size and they are tested to ensure that 
the penetration, i.e. the efficiency, is 99 .98%.  The cost of these filters minus 
the holding frame is approximately $ 4 0  for a unit handling 1,000 cu.ft. of 
air per minute: This would be the minimum cost; if special materials are 
employed, such as glass or a fireproof frame, the cost might be increased by 
5 0 % .  I am not certain that I quite understood the second part of the question.

Mr. Y.M . Sedov (translated from Russian) : I meant the cost of cleaning the 
screens as a percentage of the cleaning plant cost.

Mr. L. Silverman: The cost of the processing operations in all these cases 
would vary somewhat from operation to operation. In refining operations the 
cost of the cleaning operation is well under 3 %  of the cost of the process. In  
the case of our high-efficiency filters the cost ranges from 5 to 1 0%  of the 
operational cost. The percentage of the capital cost would of course be different . 
My paper gives rather a complete breakdown of these costs and indicates that 
our highest requirement in one case for example happens to be a beryllium 
plant; where the cost of cleaning, with two units in series, is about 5 %  of the 
total plant cost.

Mr. A . Persano (Italy) (translated from French) : Mr. Small said that in 
valleys no specially efficient diffusion was required to diffuse smoke. While
I think this is perfectly true for very narrow valleys, in a fairly wide valley 
the cross circulation, which is determined by the lateral winds during the 
daytime, could be responsible for diffusion on a very large scale, perhaps even 
greater than that generally ascribed to it. It  thus seems probable that during 
the night catabatic winds may very slowly raise any smoke originating in 
the bottom of the valley.

Mr. S.H. Small (Norway) : I perfectly agree that in certain valleys, lateral 
diffusion can be very important. But I should also like to point out that lateral 
diffusion may also be accompanied by recirculation.

The Chairman (Mr. R .H . Burns) : I  think we have time now to see the slide 
mentioned by Mr. Silverman before hearing the next two papers.

Mr. Silverman: This shows the construction of the pleated filter. I f  you look 
at the top, you will see that the medium is folded up and back and is separated 
for air-movement by a corrugation. These corrugated separators provide air- 
movement through the medium. The velocity across the face of the filter is 
quite high, but actually through the medium is only a matter of 5 feet a 
minute, as efficiency is optimum at that point. The medium has been changed 
recently to an all-glass microfibre, that is composed of fibres less than one 
micron, the separators have been changed to asbestos and the frame to a 
fire-resistant material. W e also have one now available that does not need 
the separators and that utilizes an ingenious mechanical construction for 
separation of the medium.

M r.E. Grlueckauf : I should like to address a question to Mr. Ganguly. I wonder 
whether he has considered that if there is such a substantial temperature rise 
in the centre then the thermal conductivity cannot be treated as a constant. 
Generally, the thermal conductivity increases considerably and under these 
conditions it is to be expected that the temperature will be a good deal lower 
in the centre than his calculations would seem to indicate.

Mr. A . K .  Ganguly (India): I  agree with Mr.Glueckauf; these calculations 
were extended to the utmost limit, to the melting point, and our contention 
is that the incorporation of total activity in this solid would not be to the 
extent that the solid itself melts and produces a considerable change in con
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ductivity. There are several uncertainties in these calculations, and in fact 
they indicate only the order of magnitude one would expect.

Mr. R. Amavis (France) (translated from French): I  should like to ask Mr. 
Baetsle what were the characteristics, i.e., size and weight of liquid, of the 
columns used in his laboratory tests. Did the results of the experiments confirm 
the theoretical calculations in all cases, whatever the column characteristics 
were ?

Mr. L. Baetsle (Belgium) (translated from French) : W e always used columns
2 cm in diameter and 25— 30 cm in height. I f  the size of the column is reduced 
it is very difficult to obtain results corresponding to the theoretical calcula
tions. As the size of the column is increased it becomes much more feasible 
to interpret the results in the light of the theory ; this is difficult to do on a 
laboratory scale, however, because of the large volume of liquid required.

Mr. M. Gras (France) (translated from French) : Can Mr. Baetsle give us 
some further information about the caesium concentration used in measuring 

. equilibrium constants ? I  am asking because in the case of ceasium the con
centration may be very important owing to the fact that the regions of linearity 
of the isotherms are very short, if certain types of exchanger are used.

I should also like to know whether any study has been done at Mol on the 
existence in the lignite of heavy organic acids likely to possess properties liable 
to have complex-forming properties as regards high-valency cations 1

Mr. L. Baetsle (translated from French) : W e have not analysed the com
ponents of the Mol lignite exchangers but analysed and studied the lignite 
as a whole. Our results were obtained in the laboratory on the basis of a great 
many experiments, since in general a single experiment does not suffice to 
produce theoretically explicable results. However, given enough time, it is 
possible even with caesium tó establish the isotherm linearity, although this 
is much more difficult than with strontium.

Mr. V.M . Sedov (translated from Russian) : I  should like to ask Mr. Ganguly 
what was the effect of the water fiow-rate on the temperature of the water 
surrounding the cylinder.

Mr. A .K . Ganguly: I think there is a slight misunderstanding: our calcula
tions were entirely restricted to a cylinder or sphere buried in earth, not covered 
by water. The problem there is quite a complicated one and I have no simple 
answer for the time being.

Mr. E. Glueckauf: I  agree with Mr. Ganguly that the question when the glass 
cylinder is buried in soil is difficult to answer. However, I  should just like to 
mention that the mathematical problem has been solved. The whole question 
is dealt with in a Harwell report.

Mr. D .V. Zimakov (Union of Soviet Socialist Republics) (translated from 
Russian) : I  have a question for Mr. Ganguly. In his paper he dealt with the 
question of temperature distribution in radioactive heavy glass melts subject 
to self-heating. It  would be interesting to hear whether he attaches decisive 
importance to utilizing this form of disposal or whether he thinks that other 
factors are also important, in the first instance, the degree of fixation stability 
in these materials of radioisotopes produced by fission.

Dr. A .K . Ganguly: W e feel that if we could succeed in fixing these high-level 
wastes in non-leachable form this would provide a solution better than any 
method we use at present, which entails various storage and monitoring 
problems. The work done on the subject in Canada indicates that the new
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. method is quite feasible, , although certain engineering difficulties may be 
encountered.

Mr. P. Cohen (translated from French) : I should like to put a question to 
Mr. Baetsle about the equilibrium constants obtained with a strontium- 
calcium-sodium system. He told us that the experimental results agreed well 
with his theoretical calculations. How did he arrive at the latter and what 
were the assumptions on which the theory was based ?

Mr. L. Baetsle (translated from French) : In my oral statement I gave no 
details on the subject because that would have meant going into lengthy 
explanations about how we arrived at the formula. W ith regard to the basic 
assumptions we found we had to change the equilibrium constant of the 
macro-ions. That is to say that when the constants for the two micro-macro 
systems— strontium-sodium and strontium-calcium— remained the same, it was 
necessary to change the equilibrium constant for the sodium-calcium system. 
This is described in the published paper submitted to the conference, so I 
will not go any further into the subject here.

Mr. P. Cohen (translated from French) : W e have done similar work at 
Saclay on the local soil, which is a mixture of clays, and I should very much 
welcome an opportunity of meeting privately with Mr. Baetsle after the confer
ence, for the purpose of comparing our results.

Mr. L. Silverman: I should like to ask Mr. Cerré if he has done any radiation 
damage studies on the concrete that he proposes to use for the containers.

Mr. P. Cerré (France) (translated from French) : W e have made no special 
study of the question. I should explain that the activity which we want to 
isolate in the concrete blocks is not sufficiently high to warrant one.

Mr. F .R. Bruce: (United States of America): Has Mr. Cerré made any 
cost studies of his proposed method of packaging radioactive solids in concrete; 
in particular, is his method cheaper than disposal by putting the solids into 
drums and encasing the drums in concrete ?

Mr. P. Cerré (translated from French) : W e have made studies of the theoretic
al cost price of the blocks we could make on a small workshop scale ; we are, 
however, thinking of installing an industrial treatment plant at Saclay soon 
with the aim of achieving a sizeable reduction in the cost price. The present 
price is about 60,000 old francs per cubic metre of waste treated.
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D I S P O S A L  O F  L O W - A C T I V I T Y  L I Q U I D  E F F L U E N T S  B Y
D I L U T I O N

Abstract
From the results already obtained in France by monitoring radioactivity 

in the neighbourhood of nuclear plant, some conclusions may be drawn regard
ing the choice of disposal procedures.

I. Results obtained '

In 1957 we started a progressive study of the effect exerted by nuclear plant. 
In order to establish the proportion due to the nuclear centres, the study 

comprises determination of the levels of natural radioactivity and artificial 
contamination.

Examples related to reference areas are quoted. The greater part of arti
ficial radioactivity is apparently due to radioactive fall-out; this is not sur
prising, considering the quantities of radioactive isotopes disposed of in France 
to date.

Some laboratory tests have been made. These have helped to determine 
certain mechanisms, have increased our knowledge of site pollution, and have 
enabled us to improve our sampling methods.

II . Laboratory tests

These were concerned with—
1. adsorption phenomena similar to those occurring in rivers and streams 

in the course of effluent dilution: fixation on finely-divided minerals, 
e.g. mica and quartz. Radioisotopes such as Sr90, Cs137 and Y 90 appear 
to behave very differently: under average disposal conditions Sr90 seems 
to be the least adsorbed;

2. soil and plant contamination, utilizing columns and cubes of soil in situ. 
W e found it necessary to standardize our samples so as to facilitate further 
analysis and make the results comparable.

I II . Site selection and ways and means of disposal

From this group o f still incomplete results and studies we are attempting to 
educe certain principles to govern site selection.

Once the site has been chosen, the experience gained enables natural con
ditions to be turned to account.

E L I M I N A T I O N  P A R  D I L U T I O N  D ’ E F F L U E N T S  L I Q U I D E S  
F A I B L E M E N T  R A D I O A C T I F S  

Résumé
Des résultats déjà fournis par la surveillance en France, de la radioactivité 

aux alentours des installations nucléaires, il est possible de tirer certains 
enseignements quant au choix des processus de rejet.

I . Résultats obtenus

Nous avons commencé en 1957 une étude évolutive de l ’incidence des 
installations nucléaires.

Cette étude embrasse la détermination des niveaux
—  de radioactivité naturelle
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—  de contamination artificielle
afin d ’en dégager la part revenant aux Centres Nucléaires.
Des exemples sont cités faisant appel à des zones de référence. La plus 

grande partie de la radioactivité artificielle semble due aux retombées radio
actives; ceci n ’est pas surprenant si on examine les quantités d’isotopes 
radioactifs rejetées jusqu’à présent en France.

Un certain nombre d ’essais de laboratoire ont été effectués. Ils ont contribué 
à préciser certains mécanismes, ont accru notre connaissance de la pollution 
des sites et nous ont permis d ’améliorer nos méthodes de prélèvement.

I I .  Essais de laboratoire 

Ils ont porté:
1. sur des 'phénomènes d’adsorption analogues à ceux produits dans les 

rivières au cours de la dilution des effluents: fixation sur minéraux très 
divisés: mica, quartz. Des radioisotopes tels que 90Sr, 137Cs, 90Y  semblent 
se comporter fort différemment: dans les conditions moyennes de rejet, 
le 90Sr serait le moins adsorbé.

: 2. sur la contamination du sol et des végétaux par l ’emploi dé colonnes et 
de cubes de sol en place. Ceci nous a conduit à standardiser nos pré
lèvements, afin de faciliter les analyses ultérieures et de comparer utile
ment les résultats.

I I I .  Choix du site et modalités des rejets

De ce faisceau de résultats et d ’études encore incomplets, nous essayons 
de dégager quelques principes quant au choix des sites.

Le site une fois défini, l ’expérience acquise permet de tirer le meilleur 
parti des possibilités naturelles.

У Д А Л Е Н И Е  Ж И Д К И Х  О Т Х О Д О В  С Н И З К О Й  
Р А Д И О А К Т И В Н О С Т Ь Ю  П У Т Е М  И Х  Р А З Б А В Л Е Н И Я

Резюме

На основании имеющихся во Франции данных о радиоактивности в окрес- 
ностях ядерных установок вполне возможно извлечь некоторые уроки о выборе 
процесса удаления.

I. Полученные результаты

В 1957 году было начато постоянное изучение влияния ядерных установок. 
Это изучение охватывает определение уровней
— естественной радиоактивности
— искусственного загрязнения

с тем, чтобы установить долю загрязнения, вызываемую ядерными цен
трами.

Приводятся примеры по отдельным зонам. Представляется, что наиболь
шая часть искусственной радиоактивности вызывается радиоактивными 
осадками; это неудивительно, если принять во внимание количество 
радиоактивных изотопов, выброшенных до настоящего времени во Фран
ции.

Был проведен целый ряд лабораторных опытов. Они помогли уточнить 
некоторые механизмы, увеличили знания относительно загрязнения местно
сти и позволили улучшить методы отбора проб.
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II. Лабораторные опыты 
Они касались:

1. явлений абсорбции, аналогичных тем, которые наблюдаются в реках 
во время разбавления отходов: фиксация в различных минералах: 
слюда, кварц. Такие радиоизотопы, как стронций-90, цезий-137, 
иттрий-90-ведут себя по разному: в обычных условиях удаления отхо
дов стронций-90 является наиболее трудно поглотимым элементом.

2. загрязнения почвы и растений путем применения почвенных колонн 
и кубов на местах. Это помогло стандартизировать отборы проб с 
целью облегчения последующих анализов и полезного сравнения 
результатов.

III. Выбор мест и способов удаления

Используя этот комплекс результатов и еще неполных исследований, 
была предпринята попытка определить некоторые принципы относительно 
выбора мест.

После выбора места, накопленный опыт позволяет использовать наи
лучшим способом естественные возможности.

E L I M I N A C I O N  D E  E F L U E N T E S  L I Q U I D O S  D E  B A J A  
R A D I A C T I V I D A D  P O R  D I L U C I O N  

Resumen

Con los resultados obtenidos en Francia vigilando la radiactividad en las 
proximidades de las instalaciones nucleares se pueden extraer determinadas 
conclusiones acerca de la elección de los procedimientos de evacuación.

I. Resultados obtenidos

Los autores iniciaron en 1957 un estudio evolutivo de las instalaciones 
nucleares.

El estudio comprende la determinación de los niveles
—  de radiactividad natural
—  de contaminación artificial

con objeto de determinar la parte que corresponde a los centros nucleares.
Se citan varios ejemplos correspondientes a zonas de referencia. La mayor 

parte de la radiactividad artificial parece deberse a las precipitaciones radiac
tivas atmosféricas ; esto no es sorprendente si se tiene en cuenta la cantidad de 
isótopos radiactivos eliminados hasta ahora en Francia.

Los autores han efectuado algunos ensayos de laboratorio. Gracias a ellos 
han podido precisar determinados mecanismos, han aumentado sus conoci
mientos sobre la contaminación de los lugares y  han podido mejorar sus 
métodos de muestreo.

II. Ensayos de laboratorio 

Versaban sobre :
1. fenómenos de adsorción análogos a los que se producen en los ríos durante 

la dilución de los efluentes: fijación en minerales muy divididos: mica, 
cuarzo. Algunos radioisótopos como el 90Sr, el 137Cs y el 90Y  parecen 
conducirse de muy diversa manera: en las condiciones normales de eli
minación, el 90Sr parece* ser el menos adsorbido.
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2. la contaminación del suelo y  de los vegetales mediante el empleo de colum
nas y  cubos de terreno in situ. Esto ha permitido normalizar el muestreo 
para facilitar ulteriores análisis y para comparar mejor los resultados.

III . Elección del emplazamiento y modalidades de eliminación

Con este grupo de resultados y estudios aún incompletos, los autores pro
curan establecer algunos principios que valgan para la elección de los emplaza
mientos. /

Una vez fijado el emplazamiento, la experiencia adquirida permitirá apro
vechar al máximo las posibilidades naturales.

ELIMINATION PAR DILUTION  
D ’ EFFLUENTS LIQUIDES FAIBLEMENT  

RADIOACTIFS
P. B o v a r d  e t  С. C a n d i l l o n  

S e r v i c e  d e  c o n t r o l e  d e s  r a d i a t i o n s  e t  d e  g e n i e  r a d i o a c t i f  
C o m m i s s a r i a t  a  l ’E n e r g i e  a t o m i q u e , S a c l a y  

F r a n c e

Les centres nucléaires ont fréquemment à résoudre des problèmes posés 
par l ’élimination de volumes importants d’effluents liquides faiblement radio
actifs. Dans l ’état actuel des choses, la meilleure solution semble être de rejeter 
ces effluents dans le réseau hydrographique naturel ou artificiel, de manière 
à les diluer au maximum et d ’abaisser ainsi leurs teneurs en isotopes radioactifs 
au-dessous des normes imposées par la Santé Publique.

Cette technique est utilisée en France, par tous les centres nucléaires. Ceux-ci 
mettent à profit la proximité

à Saclay, d ’étangs artificiels créés par Louis X IV - pour l ’alimentation 
des grandes eaux de Versailles, 

à Fontenay-aux-Roses, des égouts de l ’agglomération parisienne, 
à Grenoble, de l ’Isère, 
à Marcoule, du Rhône.

Jusqu’en 1957, les rejets furent négligeables. Ceux des trois premiers centres 
sont toujours minimes, ne dépassant pas quelques dizaines de me par mois. 
A  Marcoule, l ’activité des effluents est plus grande, mais le débit du Rhône 
permet d’obtenir une concentration finale en radioéléments très faible.

L ’accroissement des rejets en rivière rend nécessaire la surveillance des 
variations de la radioactivité du milieu (atmosphère, eau, sol) et en premier 
lieu des zones susceptibles d’être le siège d ’une accumulation d’isotopes radio
actifs. Ceci nous a amenés à étudier en laboratoire les mécanismes de con
centration de la radioactivité dans l ’intention de perfectionner nos méthodes 
d ’échantillonnage, et de connaître les incidences des rejets.

1 — Résultats de la surveillance autour des sites
Les échantillons analysés ont été prélevés dans la région parisienne, aux 

alentours de’ Grenoble, et à proximité des Centres de Marcoule et de Chinon
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(ËL)F). Lorsque cela s’est avéré possible, ces études ont été complétées par 
le choix de,sites de références. C’est ainsi que toute campagne de prélèvement 
à Saclay a été doublée d ’une campagne aux Etangs de St. Quentin à Trappes.

1.1 —  Interprétation des résultats

Les conditions exactes de prélèvement ont une grande importance et rendent 
compte souvent des différences obtenues d ’un résultat à l ’autre (pluviométrie, 
crues, époque végétative, et même heure de la journée).

Il ressort de nos mesures que les terres, vases et végétaux fournissent des 
renseignements plus significatifs que les eaux de rivière. La mobilité de ces 
dernières ne permet pas, en effet, une intégration de la radioactivité comme le 
font les sols et les êtres vivants.

1.1.1 —  Eaux

La radioactivité totale des eaux de rivière reste presque toujours inférieure 
à 5.10“ 8c/m 3, les différences étant faibles d ’un échantillon à l ’autre.

La teneur en Uranium naturel varie avec l ’alimentation des cours d ’eau : elle 
est en moyenne de l ’ordre du microgramme par litre. Les rivières qui drainent 
un bassin granitique sont toujours plus riches.

CENTRE EDF de CHINON
Novembre 1958 Résultats en 10 6g/l

Confluent Vienne-Loire 2,3 ( ± 1 2 % )
Digue EDF en amont du confluent 1,3 ( ± 3 0 % )
Pont de Port Boulet 1,6 ( ± 3 5 % )

La Vienne qui draine un bassin riche en sols uranifères accroît plus ou moins, 
selon les époques, la teneur en Uranium naturel des eaux de Loire.

Mise en lumière du rôle d’intégrateur joué par le sol et les végétaux.

I. Activité totale en 10-8c/m3 ou tonne sèche

Jouy-en-Josas
Chinon
Grenoble
Marcoule
Saclay
Trappes

Eaux
6,7
4
7
2
1,90 (±2 0%)  
1,60 (±2 0%)

Sols 
2300 ( ± 4 0 % )  
4300 (± 5 0 % )  

400 
400

2400 (± 2 0 % )  
3000 (± 5 0 % )

II. Teneur en 90S r + 90Y  en 10-8 c/m3 ou tonne sèche

Jouy-en-Josas
Chinon
Marcoule
Saclay
Trappes

Eaux

0,6 ( ± 5 0 % )  
0,75 (± 2 0 % )

Sols 
60 (± 2 0 % )  
40 ( ± 1 5  %) 
26 (± 2 0 % )

Végétaux 
100 (± 1 0 % )  

1300 (± 3 5 % )  
240 ( ± 4 0 % )

900 ( ± 1 5 % )
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RELATIONS: RETOMBEES ATMOSPHERIQUES TENEUR EN 9°SR DES 
VEGETAUX. Abscisses: Epoque des prélèvements. — Ordonnées: 1. Teneur en 

90S r (+ 90Y) des parties aériennes des végétaux. 2. Activité en mc/i/km2 apportée par 
les pluies dans les 15 jours précédant les prélèvements.

= Sr>
H *
D E S  V E G E  

2 0 0 0 0
m e  p  I  K m 2 

D E S  P R E C I 

P I T A T I O N S

10000

, 2 , S < ' 9  " 1 2

Fig. 1

1.1.2 —  Les Sols

Les sols et les végétaux concentrent la radioactivité et les chiffres obtenus 
sont bien plus significatifs que ceux fournis par les eaux. On peut dire que 
ces matériaux jouent un rôle d’intégrateur. L ’enrichissement en isotopes radio
actifs semble, en France, indépendant de la présence de Centres nucléaires. 
Une comparaison des chiffres obtenus et des époques de prélèvement est assez 
parlante.

Epoque de 
Prélèvement Lieu “ S r ^ 90Y  en 

1 0 '” c/kg seo
90Sr en 
m e/km 2

Avril 1958 Grenoble 0,15 5,6
Mai Marcoule 0,25 9,4
Octobre Jouy-en-Josas 0,60 22,5
Novembre Chinon 0,40 15

Il semble qu’il y ait bien accumulation de 90Sr dans le sol au cours de l ’année. 
Ces chiffres sont comparables à ceux obtenus aux Etats-Unis, en Royaume 
Uni, au Japon et en Suède.

1956 3 à 5 m e/km2
1957 10 m c/km2

début 1958 16 m c/km2
nos chiffres 6 à 23 m c/km2 en 1958

Si nous portons nos résultats sur la courbe cumulative du Sr90 tracée par 
Stewart, nous voyons que nos points se placent bien sur le prolongement de 
ce graphique.
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DEPOT CUMULATIF DE 90SR 
(Partiellement extrait de TAERE HP/R 2790. N. Stewart et autres)

Fig. 2

1.1.3 —  Les Végétaux 
Le potassium naturel est un constituant important des végétaux; une 

interprétation rigoureuse des résultats aurait nécessité dans chaque cas la 
détermination de sa teneur, afin de tenir compte de la radioactivité due au 40K .

Nous avons pu constater néanmoins une certaine homogénéité des résultats ; 
ceci permet de penser que l ’espèce botanique a peu d’importance, du moins 
pour les plantes herbacées connues.

Par contre, cette radioactivité n ’est pas uniformément répartie dans la 
plante, ce qui est conforme aux principes généraux de la physiologie végétale.

Végétaux Activité /3 totale (en 10~7 e/kg sec) Teneur en 90Sr + 90Y  
(en 10-8 c/kg sec)

MARCOULE —
Juillet 1957
—  herbes 1 ± 1 0 % —

Juin 1958
A —  Herbes 0,6 ± 1 0 % 0,15 ± 6 5  %
C —  Herbes 0,7 ± 1 0 %
D —  Herbes 1,5 ± 1 8 % —

Racines 1,1 ± 2 6 % —

E —  Herbes 2,3 ± 3 0  % NS <  0,25
Racines 1 ± 1 5 % —

F —  Vigne 0,9 ± 1 5 % —
Herbes 2,4 ± 1 0  % —

Racines 0,6 ± 2 5  % —

G —  Racines 0,3 ± 6 0  % 0,25 ± 4 5  % ■
H —  Blé 0,6 ± 1 0  % NS <  0,15

Luzerne 0,5 ± 1 5  % 0,2 ± 4 0 %
Herbes 0,5 ±  6% —

Racines 0,9 ±  6% 0,35 ±  5%
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Végétaux Activité fl totale (en 10~7 e/kg sec) Teneur en 80Sr+ S0Y 
(en 10-8 c/kg ec)

I —  Herbes 1,5 ± 3 0  % 0,15 ± 4 0 %
Racines 0,3 ±1 0  % 0,35 ± 2 0  %

M — Vigne 1,2 ± 1 8 % —
Herbes 2 ±  8% —
Racines 0,9 ± 3 0  % —

N —  Herbes 0,4 ± 1 0  % 0,20 ± 4 0 %
SACLAY —  1957

—  Roseaux 0,6 ± 1 0 % —

—  Lentilles d’eau 0,4 ± 1 0  % —

—  Algues 1 4,7 ± 1 0  % —
—  Algues 2 0,4 ± 2 5  % —
—  Algues 3 15,0 ±  8% —

SACLAY —  1959
Septembre
—  Herbe 0,85 ±1 0  % —
—  Racine 0,08 ± 2 5  % ___
Octobre
—  Herbe 1 0,9 ± 2 0 %  ' —

—  Herbe 2 0,9 ± 1 0 % —

—  Herbe 3 0,85 ±  5% —

—  Herbe 4 0,80 ± 2 0 % —
—  Herbe 5 0,50 ±  30 % ■—
—  Herbe 6 0,55 ± 1 0 % -

—  Racine 1 0,90 ±  15% —  _

—  Racine 2 0,30 ± 2 0  % —

—  Racine 3 0,60 ± 1 5  % —

—  Racine 4 0,12 ± 2 5 % —

—  Racine 6 0,25 ± 2 5  % -

—  Racine 6 0,30 ±2 0  % —

TRAPPES —  1958
—  Herbes 1 ±  60% 0,9 ± 1 3  %

TRAPPES —  1959
Septembre
—  Herbe 1,3 ±  5% —
—  Racine 0,9 ± 1 0 % —

Octobre
—  Herbe 0,07 ± 5 0  % ■—

—  Racine 0,20 ± 4 0  % —

GRENOBLE —  1958
Février
—  Herbes 1,8 ±1 2  % 0,06 ± 5 0  %
—  Herbes 4 ±  8% 0,1 ± 5 0 %
—  Herbes 0,2 ± 2 5  % 0,06 ± 5 0  %

JOUY-EN-JOSAS '
1958 —  Herbes 1 ± 2 0 % 1 ± 1 0 %

Herbes 1,7 ± 1 5 % —

Herbes 3,3 ± 1 0  % —

CHINON —  1957
—  crucifère 0,4 ± 1 0 % —
—  graminée 0,3 ± 1 2 % —

—  salicacée 0,5 ± 2 0  % —

—  solanée 0,2 ± 1 5  % —

—  vitacée 0,4 ± 1 0  % —
—  1958 '
—  vitacée 12 ± 1 0 % —

—  graminée — 1,7 ± 4 0  %
—  orme 1 ± 3 5 %
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Végétaux Activité /3 totale (en 10“ 7 c/kg sec) Teneur en 80Sr +  90Y  
(en 10-8 c/kg sec)

FONTENAY-AUX-
ROSES

Septembre 1—59 
—  Herbe 1 1,30 ±  5%
—  Herbe 2 0,26 ± 1 0  % —

—  Herbe 3 0,25 ± 1 0  % —

—  Herbe 4 0,50 ±  5% —

—  Herbe 5 0,85 ±  5% —

—  Racine 1 0,45 ± 1 0  % —
—  Racine 2 0,50 ±2 0  % —
—  Racine 3 0,55 ± 2 0  % —
—  Racine 4 0,90 ± 1 0  % —
—  Racine 5 0,40 ±  10% —
Octobre 1969 
—  Herbe 1 0,80 ±  4%
—  Herbe 2 0,45 ±  5% —
—  Herbe 3 0,50 ±  7% —
—  Racine 1 0,30 ± 2 5  % —
—  Racine 2 0,25 ± 4 0 % —

ACTIVITES COMPAREES 
SOL-VEGETAUX 
(parties aériennes, racines)

Fig. 3

Divers enseignements peuvent être tirés de la lecture de ces tableaux.
— L’activité fty des parties aériennes semble légèrement supérieure à celle 

des racines.
1,3 10~7 c/kg sec contre 0,7 10-7 c/kg sec en 1958
0,7 10~7 c/kg sec contre 0,45 10-7 c/kg sec en 1959
Ceci est à relier à la teneur en potassium également plus élevée dans les 

parties aériennes.
A  l ’opposé de ceci, la concentration spécifique en 90S r + 90Y  est plus forte 

dans la racine, cette dernière étant de 0 ,32 .10~8 c/kg sec, alors que la limite 
supérieure dans les parties aériennes n ’atteint que 0,25.10- 8 . Or, la teneur, en 
calcium chez les graminées peut être, si on la ramène au poids sec, 5 à 10 fois 
plus élevée dans la racine. Il devrait en être de même pour le strontium si on 
admet comme hypothèse la constance du rapport -Ц- dans tout le végétal.

On peut donc supposer qu'une grande partie du 90Sr des parties aériennes n’est pas 
due aux apports de la sève, mais au dépôt extracuticulaire du 90Sr des retombées.
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Cette hypothèse est en partie confirmée par des mesures effectuées sur des 
plantes prélevées dans des fûts contaminés où l ’alimentation s’est faite égale
ment par la racine et pour lesquelles les rapports sont inversés.

Activité fiy en curie/kg

Racine
Blé Laiteron

3,8.10-6 9.10-5
Tige 2,6.10-6 5.10-5

Enfin, cette hypothèse serait en grande partie fondée si l ’on pouvait mettre 
en évidence une relation entre le 90Sr des échantillons et l ’activité récemment 
apportée par les pluies (étude envisagée). Nous disons récemment car les 
pluies successives modifieront les dépôts déjà existants.

Dans le tableau ci-après, nous avons porté d’une part l ’activité /8 (en 
1012 c/kg sec) des parties aériennes des graminées et d ’autre part, l ’activité /3 
(en me /km 2) apportée par les pluies pendant les 15 j ours précédant les prélèvements.

Lieu Date A B
Marcoule 
Jouy-en- Josas 
Chinon 
Trappes

12/5
4/9

18/11
1/12

1700
10000
17000
9000

inexistante
7

15
8,5

Colonne A : Teneur en 90Sr +  90Y  des parties 
aériennes des graminées en ц/i c 90Sr/kg sec. 

Colonne B : Activité en me /З/km2 des précipitations 
dans les 15 jours précédant les prélèvements

Donc, une partie importante du 90Sr des végétaux proviendrait bien du 
dépôt sur les feuilles des retombées radioactives.

1.2 — ■ Exemple de comparaison —  Saclay — ■ Trappes

Dans notre préambule, nous avons parlé de la nécessité de comparer, chaque 
fois que celà s’avérait possible, les analyses effectuées autour d ’un centre nucléaire 
avec celles d’échantillon de référence. Dans le but de contrôler l ’influence 
des effluents du Centre de Saclay sur les étangs voisins où ils sont évacués, 
nous avons choisi comme site de référence les étangs de Saint-Quentinà Trappes.

Ceux-ci présentent la même structure géologique et sont desservis par 
le même réseau hydrographique. De plus, leur niveau est à 10 ou 15 mètres 
au- dessus de celui des étangs de Saclay : ainsi même dans l ’éventualité d ’une 
contamination accidentelle de la nappe, les étangs de Saint-Quentin seraient 
préservés de toute pollution. Enfin, situés au nord-ouest de Saclay, ils se trou
vent sous les vents dominants, par conséquent à l ’abri de la contamination 
atmosphérique par les installations de Saclay. La distance des deux sites 
étant d ’une vingtaine de kilomètres, un nombre suffisant de conditions favor
ables se trouve réuni pour faire de Saint-Quentin un bon site de référence.

Les analyses ont fourni les chiffres suivants:
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/

/
Eaux en 10-8 c/m3 Saclay St. Quentin

1. Activité totale
—  1958
—  195.9

2. 90S r ± 90Y

P a P a

V (± 5 0 % )  
2 (± 2 0 % )  
1,8 ( ± 2 0 % )  
2,7 ( ± 2 0 % )  
2,1 ( ± 2 5 % )  
2,3 ( ± 1 5 % )

11 (± 3 0 % )  
<2,1 
< 3
< 4
< 6
<3,5

2.5 ( ± 6 0 % )

1.6 ( ± 2 5 % )

<  1,5 

<10

0,6 ( ± 5 0 % ) 0,75 (± 2 0 % )

Végétaux en 
10“ 8 c/kg sec P a P a

1. Activité totale

2. 90S r ± 9°Y

8.5 ( ± 1 0 % )  
9 (± 1 0 % )  
9 (± 1 0 % )

' 5  ( ± 3 0 % )
5.5 ( ± 1 0 % )

<14
<  27
<  18
<  5
<  4,5

13 ( ±  5%) 
0,8 ( ± 4 0 % )

< 4
<28

— 0,9 ( ± 1 5 % )

Le parallèle nous fournit les données suivantes:
—  L ’eau des étangs de Saclay semble légèrement plus contaminée par les 

émetteurs ¡3 que celle des étangs de Trappes (la différence n ’est cependant 
pas très significative). La radioactivité a est, par contre, plus forte à 
Saclay.

—  La teneur en 90Sr et 90Y  est égale, compte tenu de l ’imprécision due aux 
fluctuations statistiques.

Les retombées radioactives semblent donc masquer presque’ entièrement les 
rejets du Centre de Sâclay.

Si l ’on ramène l ’activité /3 des étangs à l ’unité de surface (en supposant la 
dilution uniforme pour les 350.000 m 3 répartis sur 50 hectares) on obtient le 
chiffre de 50 millicuries/km2. Cette valeur est nettement inférieure à celle de 
la contamination moyenne du sol (2000 m c/km 2).

Il semble donc qu’il y  ait une autoépuration importante de l ’étang se tra
duisant par une concentration dans la vase et les végétaux.

La comparaison entre Trappes et Saclay est donc rendue plus difficile. 
Néanmoins, le régime des deux étangs étant très semblable, on peut en déduire 
que l ’autoépuration y est comparable et que ce fait ne modifie pas notre con
clusion précédente: les rejets de Saclay ne sont décelables que par leur activité 
a, la radioactivité /3 étant masquée par celle des retombées radioactives.

2 — Expériences de laboratoire —
Le souci d ’améliorer nos méthodes nous a conduits à mettre sur pied un 

certain nombre d ’essais de laboratoire.
On peut les diviser:
—  en essais hydrologiques ayant pour but l ’étude des phénomènes analogues 

à ceux survenant dans les réceutables, lors de la dilution des effluents 
radioactifs,
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—  en essais agronomiques, destinés à nous renseigner sur lès mécanismes de 
rétention dans le sol et à nous guider dans le choix des échantillons.

2.1 •— •Essais hydrologiques

Les rejets en rivière ont ceci de particulier qu’il ne s’agit point d ’une simple 
dilution (ce qui se produirait dans une eau distillée de même pH  que l ’effluent) 
mais de la rencontre d ’une eau de pH  plus ou moins grande et pourvue d’un 
débit solide.

Si l ’on excepte les gros débris végétaux, l ’eau apparait chargée de particules 
organiques ou minérales qui vont agir comme floculents de radioisotopes des 
effluents.

Nous avons pensé étudier en laboratoire l ’absorption sur certains minéraux 
divisés se trouvant naturellement dans les rivières: mica et quartz*.

Nous avons fait varier 3 paramètres, la quantité de minéral pour un volume 
déterminé, le pH  et le radioisotope.

La technique utilisée fut la suivante :.
—  récipients — tube à centrifuger de 50 ml et de 90 cm2 de surface de

contact,
—  fiole cylindrocônique de 500 ml et de 690 cm2 de surface 

de contact.
—  volume de solution utilisé —  respectivement 30 et 100 ml.
—  agitation —  2 heures.
—  centrifugation —  20 minutes à 15.000 g.
—  comptage du mica et d ’une partie aliquote du surnageant.
—  corrections tenant compte de l ’autoabsorption du mica.
—  la distinction 90Sr et 90 Y  a été faite en supprimant les /3 du 90Sr à l ’aide 

d’un écran d’aluminium de 171 m g/cm2 (voir calcul en appendice).

I  —  Adsorption du yoSr +90 Y

1,1 —  Adsorption sur paroi de verre —  influence du pH 
cylindro - conique

Activité totale 0,62 fie  90S r + 90Y  à l’équilibre

sur le verre d’une fiole

pH Nbre de chocs 
Sr +  Y

Nbre de chocs 
Sr

Nbre de chocs 
Y % Sr adsorbé % Y  adsorbé

1 1167 . 596 571 1,2 5
2 1152 587 565 2,6 6,3 '
3 1148 585 563 2,7 6,6
4 1124 581 543 3,6 10
5 1080 571 509 5,3 16
6 595 451 144 25,3 76,5
7 587 448 139 25,8 77,3
8 583 446 137 26 77,7
9 563 437 126 27,6 79,5

10 548 435 113 28 81,6
11 540 430 110 28,8 82
12 425 407 18 32,6 98
13 338 320 18 47 98

* le cas du verre a également été envisagé.
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1,2 —  Influence du pH.
Vase: fiole cylindro-cônique 
quantité de mica: 3 grammes 
activité totale: 0,62 /го

pH Nbre de chocs 
Sr + Y

Nbre de chocs 
Sr

Nbre de chocs 
Y % Sr adsorbé % Y  adsorbé

1 1197 598 599 1 1
2 1166 596 572 1,5 5
3 1140 587 553 2,6 7,8
4 1132 585 547 2,7 8,9
5 1070 568 502 5,3 16,3
6 598 465 133 22,5 77,5
7 553 457 96 24 84
8 528 458 70 24 89
9 491 437 54 27 91

10 471 431 41 28 93
11 437 413 24 31 96
12 331 311 20 47 97
13 211 193 18 65 97

On remarquera dans le tableau suivant (1,3) que le comptage du surna
geant laisse supposer une adsorption plus forte que celle trouvée par comptage 
du mica. La différence représente assez bien l ’adsorption sur le verre du tube 
à centrifuger (I, 1); en effet, la surface de contact de ce dernier est 7 fois plus 
faible que celle de la fiole cylindro-cônique.

1,3 —  Influence de la quantité de mica 
Vase: tube à centrifuger 
Activité totale: 0,83 /¿c 
pH: 7

Comptage du % adsorbé Comptage direct du % adsorbé
Quantité de mica surnageant sur mica mica sur mica

K )
™Sr 90 y “ Sr soy “ Sr 90Y “ Sr »»Y

10 73.000 54.000 4,5 30 400 15.500 0,5 20
20 65.100 32.800 14,5 43 2.500 31.800 3 42
50 71.000 6.740 6 93 3.100 59.100 4 77

200 67.800 2.000 8,3 97 3.500 66.700 4,7 87
300 66.700 1.500 9 98 3.700 67.500 4,9 88
500 66.600 1.200 9 99 4.400 70.800 5,9 93

5.000- 58.000 1.000 24 97 17.300 73.600 23 96
10.000 42.000 900 45 98 33.700 73.900 44 97
15.000 20.400 900 73 99 55.400 73.600 73 97
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II  —  Adsorption de 13 7 C'a + 137Bci

11,1 —  Influence de la quantité de miea 
Vase: tube à centrifuger 
Activité totale: 0,3 ¡xa 
pH: 7

Quantité de mica
Comptage de 
la solution 
surnageante

% adsorbe Comptage direct 
du mica % adsorbé

50 40700 32 18700 30
100 39300 34 21600 34
300 33200 44 28400 46
500 30900 49 31600 51

1000 25400 61 35500 62
3000 18600 76 43900 76

On constate, dans ce cas, que les chiffres trouvés par comptage du 
mica et du surnageant sont identiques. Ceci semblerait démontrer que 
la fixation sur le verre du tube est beaucoup plus faible que dans le cas du 
90S r + 90Y .

11,2 —  Influence du pH
Vase: tube à centrifuger . 
Activité totale: 0,3 цс, 
Quantité de mica: 500

pH Comptage du 
surnageant

% adsorbé 
s/mica

Comptage direct 
du mica

% adsorbé 
s/mica

1 13.100 79 49.000 79
2 15.300 75 46.800 75
3 20.900 66 38.700 62
5 30.100 52 32.100 51
6 30.700 52 32.400 52
7 31.000 49 31.600 51
8 65.000 6,1 3.600 5,7

10 68.000 2,8 1.800 2,8
12 70.800 0 500 0,7

On aura remarqué à la lecture de ces deux derniers tableaux que la distinction 
137Cs et 137Ba n ’a pas été faite. Cela est dû à la période très brève du 137Ba. 
Les comptages effectués ont donc toujours donné la somme 137C s + 137Ba à 
l ’équilibre au moment de la mesure. Ceci explique en partie que l ’adsorption 
sur le verre trouvée pour 137C s + 137Ba soit faible (II, 1), le 137Ba fixé, non à 
l ’équilibre, ayant décru au cours des manipulations ultérieures.

Que constate-t-on maintenant, lorsqu’on étudie ces différents résultats ?
1) Le pourcentage fixé augmente avec la quantité de mica, résultat auquel 

il fallait s’attendre. L ’allure des courbes est différente; une faible quantité
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de mica (500 mg) suffit pour fixer entièrement l ’90Y  alors que 
15 grammes ne retiennent que 73%  du 90Sr.

2) L’influence du pH est extrêmement différente d’un élément à l’autre.
Le 137Cs se désorbe quand le pH  croît. Cette désorption est particulière

ment massive entre p H 7 et 8.
L ’ 9°y se fixe d ’autant plus que le pH  est plus élevé. L ’adsorption croît 

fortement entre 5 et 6 et tend ensuite vers 100%.
Le 90Sr a une adsorption qui croît deux fois : entre 5 et 6, puis au-dessus 

de 11.
3) On remarquera qu’une zone de pH  particulièrement intéressante est 

celle allant de 5 à 8, zone où les 90Sr et 90Y  vont se fixer davantage et où 
le 137Cs va se désorber. De plus, cette faible variation de pH  dans cette 
zone va modifier considérablement la répartition des différents éléments 
dans l ’eau et les sédiments. Or, c’est justement la zone de pH  où a lieu 
la rencontre entre les effluents industriels et l ’eau des réceptacles.

On conçoit donc que, contrairement à ce qu’on pu avancer certains, 
le pH  des effluents puisse influer sur les fixations qui vont se produire 
dans la zone où a lieu le rejet.

2.2 —  Essais agronomiques

Ces essais qui portent sur l’étude du sol en place,
l ’étude des sols homogénéisés, 
l ’étude des sols cultivés, '

sont en cours de réalisation.
Aussi, ne donnerons-nous ici qu’un aperçu des méthodes mises au point 

pour ces essais.

2.2.1 —• Etude du sol en place 
2.2.1.1— Description du mode de prélèvement

Notre but est de concilier les deux méthodes extrêmes : d ’une part, l ’emploi 
des formules théoriques qui devient vite d’une application inextricable, ce qui 
entraîne en particulier des simplifications souvent abusives, d ’autre part, 
l ’expérimentation directe qui est le plus souvent impossible vu les délais, le 
prix de revient et les risques.

Aussi avons-nous eu l ’idée d ’adapter à notre cas, une méthode agronomique 
couramment employée pour l ’étude des sols destinés à l ’irrigation: “ le prélève
ment Vergières” mis au point par Monsieur B oubjrier, Ingénieur du Génie 
Rural.

Cette technique consiste à tailler dans le sol en place un massif cubique. 
Une enveloppe de zinc vient le coiffer et de la paraffine est versée entre terre et 
métal. Le cube est alors découpé à sa base et isolé par deux couvercles de zinc 
de façon hermétique. L ’humidité de la terre est ainsi maintenue durant plu
sieurs mois et permet des essais de contamination dans des conditions proches 
de la réalité même après un certain délai (transport).

2.2.1.2. Détail des expérimentations

Les solutions contaminants sont apportées en charge ou en pluie. Des cou
pes horizontales et verticales suivies d’autoradiobiographie permettent de 
suivre la répartition de la radioactivité.
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Les effets de paroi mis en évidence nous ont contraints à modifier quelque 
peu la méthode initiale. Le prélèvement a des dimensions plus importantes: 
20 X 20 X 30 cm. A  la partie supérieure, de la paraffine est coulée, isolant au 
centre un carré de 10 x 10 cm où la solution radioactive est apportée.

De cette manière, la solution diffuse sans gagner les bords et l ’effet de paroi 
est supprimé.

.Les radioéléments expérimentés en charge ne sont pas uniquement fixés 
sur une couche superficielle étroite, mais ont emprunté des voies préféren
tielles (trous de vers et de racines). Si des résultats analogues étaient obtenus 
par apport de solution en pluie, nous devrions modifier nos prélèvements de 
surveillance.' Un rôle particulier semble devoir être attribué à l ’humidité du 
sol dans la fixation et la migration des ions radioactifs.

Nos premiers résultats montrent que la fixation du couple 90Sr + 90Y  décroit 
lorsque l ’humidité croît du point de flétrissement au point de saturation. Ceci 
nous a conduit à faire l ’hypothèse que pour les sols humides, la quantité de 
radioéléments contenue dans la solution de sol serait plus importante que dans 
un sol sec ce qui expliquerait, du moins en partie, l ’importance de la radioacti
vité actuelle mesurée par certains auteurs dans des régions particulièrement 
humides.

Cette technique fournit des chiffres assez différents d ’un essai à l ’autre, mais 
aussi un grand nombre de résultats, grace à sa rapidité. Elle permet une bonne 
étude pratique des terrains.

Cette méthode semble au point, nous avons pu équiper un camion-labora- 
toire qui effectue actuellement une campagne d ’essais sur les emplacements 
de futures installations.

2.2.2 — • Etude des sols homogénéisés

2.2.2.1 — D e s c r i p t i o n  de la c o lo n n e  uti l i sé e

Les colonnes ont 90 mm de diamètre. Pour tenter d’éliminer les effets de 
paroi, deux sorties sont ménagées à la base de la colonne : l ’une draine les écoule
ments périphériques d’un anneau de 20 mm, l ’autre l ’écoulement central sur
50 mm de diamètre.

Le massif repose sur un grillage persillé qui s’appuie sur la collerette inté
rieure. Un filtre évite l ’entraînement de la terre à travers les mailles. Deux 
kilogrammes de terre sont utilisés.

Après chaque expérience, la carotte est démoulée puis sectionnée suivant un 
grand diamètre. Une plaque photographique est appliquée sur la section. Deux 
couples de radioéléments ont été utilisés 90Sr-j-90Y  et 106R u + 108Ilh.

Il existe là encore un effet de paroi qui gêne l ’observation des autoradio
graphies. Nous avons essayé de le supprimer par:

—  balayage du sol au C 0 2, celui-ci étant plus soluble dans l ’eau que l ’air 
occlus,

—  apport de la solution contaminante sur une surface centrale inférieure 
à la section de la colonne.

Le premier essai n ’est pas satisfaisant au point de vue technique, car il ne 
s’agit plus de la percolation d ’un radioélément en solution aqueuse, mais d ’un 
radioélément en solution acide.

Le deuxième essai devrait apporter une solution au problème de l ’effet de 
paroi à condition d’utilisér des colonnes géantes de diamètre de 100 à 200 mm.
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2.2.2.2 —  C o lo n n e s  d é m o n t a b l e s

La nécessité d ’effectuer des autoradiographies à différentes hauteurs et de 
démouler facilement le ou les cylindres de terre nous ont amenés à concevoir 
une colonne démontable formée d ’anneaux empilés, maintenus par un système 
de fixation. L ’expérience achevée, chaque anneau est extrait, sans destruction 
du sol contenu, et des autoradiographies sont ainsi réalisées par fraction de 
5 centimètres.

3 — Influence du rejet dans le choix du site
L ’élimination par dilution d ’effluents faiblement radioactifs est pratique

ment inévitable. Ce facteur oriente en grande partie le choix du site; celui-ci 
fixé et les possibilités d ’évacuation appréciées, il détermine l ’implantation de 
dispositifs appropriés adaptés à chaque centre.

L ’ampleur de ces rejets liquides est limitée par des règles très strictes visant 
à préserver d ’une contamination quelconque les eaux de la chaîne alimentaire.

Cette élimination des effluents en rivière nécessite de bonnes conditions 
de dilution et se trouve donc tributaire du régime des cours d’eau: débit, 
courants secondaires, e tc . . . Enfin des raisons d ’ordre psychologique viennent 
encore restreindre les possibilités de rejets.

3.1 —  Le choix du site

Deux critères principaux guident le choix du site (du moins en cè qui nous 
concerne).

—  Présence de quantités d ’eau suffisantes pour assurer la dilution voulue
—  Extension limitée de la contamination.

3.1.1 — ■ Besoins en eau

Les besoins en eau dépendent étroitement des quantités à rejeter. Or, 
celles-ci sont liées:

— ■ aux paramètres influençant la dilution des effluents dans le réceptacle,
—  aux paramètres propres au Centre atomique, savoir:

—  son programme (puissance des réacteurs, produits radioactifs)
—  ses méthodes de traitement des effluents (traitement chimique, échan

ges d ’ions, évaporation)
—  la conception de ses installations (possibilité de stockage).

3.1.2 — ■ Dissémination des produits radioactifs

Les éléments radioactifs peuvent être concentrés par les matériaux inertes 
(sables, alluvions) ou les êtres vivants.

Si cet enrichissement s’effectue en des points bien déterminés, il en résultera 
un avantage certain pour la surveillance et la protection.

Au contraire, des concentrations disséminées, difficilement localisables 
seront un facteur défavorable —  au même titre que la migration des ions radio
actifs dans la nappe phréatique, les puits, les eaux d’irrigation, son pouvoir de 
rétention, etc . . .

3.2 —  Choix du processus de rejet

Il est rare de trouver réunies en un point donné les conditions idéales pour 
tous les paramètres précités. Il convient donc d’adapter les modalités de rejet 
à chaque cas particulier.
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3.2.1 '— Détermination du point de rejet

Il doit permettre de réaliser la dilution recherchée le plus rapidement et le 
plus uniformément possible, d’éviter l ’obtention de veines ou de nappes forte
ment concentrées. On y  parvient en diluant avant rejet les effluents de façon 
à abaisser leur teneur spécifique et à ramener leur composition physico-chimique 
dans les limites de la composition des eaux de rivière.

On favorise ainsi le mélange en évitant ou favorisant selon le cas précipi
tation et floculation toujours possibles dans cette zone de pH  de 5 à 8 où les 
phénomènes d ’adsorption varient énormément comme nous l ’avons montré 
plus haut.

Les points de rejet seront choisis en fonction des caractéristiques de la rivière : 
courants secondaires en profondeur ou en surface, tourbillons,, présence de 
bras mort, d ’herbes aquatiques.

Une étude préalable approfondie de la dilution dans le fleuve, ainsi que de 
l ’interconnexion des nappes souterraines, nous semble indispensable pour re
connaître les processus de contamination, les moyens d’y  remédier.

Malgré toutes les précautions prises, la dilution des effluents n ’est jamais 
totale ; il existe des veines plus ou moins actives et des zones d ’accumulation.

Si une épuration naturelle des eaux peut se produire, surtout dans les eaux 
stagnantes ou les cours d ’eau peu rapides, grâce à divers intermédiaires inertes 
(vases) ou vivants, cette diminution de la radioactivité de l ’eau ne fait que 
déplacer le problème en changeant le support de la radioactivité et sera, 
selon le cas, favorable ou gênante.

3.2.2. Règles de re jet.,

Elles seront édictées par les services responsables en tenant compte du régime 
de la rivière et des risques de propagation de concentration de la contamination.

Une grande souplesse de l ’installation est nécessaire pour pouvoir tirer parti 
au mieux des caprices de la nature, sans en être l ’esclave ou la victime.
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DISPOSAL OP LO W -ACTIVITY LIQUID 
EFFLUENTS BY DILUTION

P. B o y a r d  and C. C a n d il l o n  
A t o m ic  E n e r g y  C o m m is s io n , S a ç l a y  

F r a n c e

(Translation of the foregoing paper)

Nuclear centres are frequently faced with problems of disposal of sizeable 
quantities of low-activity liquid effluents. Under present conditions the most 
practicable solution seems to be to discharge them into a natural or artificial 
water system, so as to dilute them as much as possible and thus reduce their 
radioactive isotope content below the public health levels.

This technique is employed by all nuclear centres in France, which use the 
following convenient outlets:

Saclay : the artificial ponds made by Louis X I V  to feed the great Versailles 
fountains ;

Fontenay-aux-Roses: the Paris sewer system;
Grenoble : the river Isère ;
Marcoule:. the river Rhone.
Until 1957 the amount of waste was negligible. It  is still very slight at the 

first three centres, only a few dozen millicuries a month. A t Marcoule the acti - 
vity of the effluents is somewhat greater, but the Rhone’s rate of flow ensures 
a very low final content of radioactive elements.

The increasing discharge of wastes into river systems calls for a close watch 
on changes in radioactivity in the environment (i.e. in air, water and soil), 
and especially on areas in which radioactive isotopes may accumulate. W e  
have therefore made laboratory studies of the mechanics of radioactivity 
concentration, in order to improve our sampling methods and ascertain the 
movement of wastes.

1. Results of inspection near sites

Samples were taken in the Paris area, in the neighbourhood of Grenoble, 
and near the centres at Marcoule and Chinon (EDF). Wherever possible sam
ples were also taken from chosen reference sites. Thus every sampling pro
gramme at Saclay was duplicated by one near the St. Quentin Ponds at 
Trappes.

1.1. Interpretation of results

The exact conditions (e.g. precipitation, spate, season of plant growth 
and even hour of day)under which sampling is carried out are very important, 
and often explain discrepancies between one result and another.

Our readings indicated that earth, mud and vegetation can give more signi
ficant information than river water, which is too mobile to allow radioactivity 
to build up as it does in soils or living organisms.

1.1.1. Water

The total /9 radioactivity in river water is practically always less than 
5 .10“8 c/m 3, and variation between samples is small. The content of natural
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uranium varies according to the source of the water ; the average is about one 
microgramme per litre. Streams draining a granite basin are always richer.

E D F  C E N T R E , C H IN O N

N ovem b er 1958 R esu lts in  10~6 g/1

C onfluence, V ienne-L oire 2.3 ± 1 2 %

E D F  dam , a b ov e  the con fluence 1.3 ± 3 0 %

P ort B ou let bridge 1.6 ± 3 5 %

The Vienne, which drains a basin rich in uranium-bearing soils, increases 
the natural uranium content of the Loire more or less according to season.

Accumulation of activity in soil and vegetation

I. T ota l a ctiv ity  in  10“ 8 c /m 3 or to n  d ry  w eight

Jou y -en -Josas
Chinon
G renoble
M arcoule
Saclay
Trappes

W ater
6.7
4
7
2

1.90 ± 2 0 %  
1.60 ± 2 0 %

Soü
2.300 ± 4 0 %
4.300 ± 5 0 %  . 

400
400 

2,400 ± 2 0 %  
3,000 ± 5 0 %

II .  C ontent o f  S r90 +  Y 90 in 1 0 -8 c /m 3 or ton  d ry  w eight

Jou y -en -Josas
Chinon
M arcoule
Saclay
Trappes

W ater

0.6 ± 5 0 %  
0.75 ± 2 0 %

Soil
60 ± 2 0 %  
40 ± 1 5 %  
26 ± 2 0 %

V egeta tion  
100 ± 1 0 %  

1,300 ± 3 5 %  
240 ± 4 0 %

900 ± 1 5 %

Fig. 1.* Ratio between atmospheric fall-out and Sr90 in Plants.
Abscissa: Sampling Days
Ordinates'. 1. Sr90 in parts of plant above ground;

2. Activity in mcfi/km2 of rain in the fortnight preceding sampling. 
[jLfic Sr90¡kg dry weight in plants me ft ¡km2, in precipitation

1.1.2. Soils

Radioactivity is concentrated in soil and vegetation, and the readings are 
considerably more significant than those of water. One can say that these 
materials act as accumulators. In  France their content of artificial radioactive 
isotopes appears to bear no relation to proximity of nuclear centres. A  compari
son of readings and sampling times is quite striking.

* F o r  figures please refer to  forego in g  original paper.
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Period o f sampling Place Sr90 +  Y 90, 10 -9e/kg 
dry weight Sr90, m c/km 2

A pril 1958 G renoble 0.15 5.6

M ay M arcoule 0.25 9.4

O ctober J ou y -en -Josas 0.60 22.5

N ovem ber C hinon 0.40 15

Soil seems to accumulate Sr90 in the course of a year. These figures are com
parable to those obtained in the United States of America, the United Kingdom, 
Japan and Sweden.

1956 3 to 5 m c/km2
1957 10 m c/km2

Beginning of 1958 16 m c/km2
Our figures 6 to 23 mc/km2 in 1958

I f  we plot our results on Stewart’s curve of Sr90 accumulation, our points 
substantially continue its course.

Fig. 2. “ Cumulative deposit of $r90” ; excerpt from A E R E  H P / R  2790:  
N.  Stewart and others.

1.1.3. Vegetation

Natural potassium is an important plant constituent; for a strict interpre
tation of the results its content should be determined in each case in order to 
allow for radioactivity due to K 40. W e have nonetheless found in the results 
a certain constancy which suggests that botanical species matters little, at 
least for common herbaceous plants.

On the contrary, this radioactivity, following the general principles of plant 
physiology, is not distributed uniformly in plants.

Plant Total /3 activity 
• (in 10-7 с /kg dry weight)

Sr90 + Y 90 content (in 10-8 c/gk 
dry weight)

M A R C O U L E —  
July. 1957

Grasses 1 ± 1 0 % —
June 1958 j 
A  Grasses 0.6 ± 1 0 % 0.15 ± 6 5 %
С Grasses 0.7 ± 1 0 % —
D  Grasses 1.5 ± 1 8 % —

R o o ts 1.1 ± 2 6 % —

E  Grasses 2.3 ± 3 0 % N S <  0.25
R oots 1 ± 1 5 % —

F  Vine 0.9 ± 1 5 % —
Grasses 2.4 ± 1 0 % —
R oots 0.6 ± 2 5 % -— ■

G  R oots 0.3 ± 6 0 % 0.25 ± 4 5 %
H  W h eat 0.6 ± 1 0 % N S <  0.15

L ucerne (alfalfa) 0.5 ± 1 5 % 0.2 ± 4 0 %
Grasses 0.5 ±  6 % —
R oots 0.9 ±  6 % 0.35 ±  5 %

21 321



Plant Total /3 activity 
(in 10-7 с /kg dry weight)

Sr90+ Y 90 content (in 10- 8 c/kg 
dry weight)

I Grasses 1.5 ± 3 0 % 0.15 ± 4 0 %
Roots 0.3 ± 1 0 % 0.35 ± 2 0 %

M Vine 1.2 ± 1 8 % —
Grasses 2 ±  8% ■—■
Roots 0.9 ± 3 0 % -—

N Grasses 0.4 ± 1 0 % 0.20 ± 4 0 %
SACLAY— 1957

Reeds 0.6 ± 1 0 % —
Duckweed (lemna) 0.4 ± 1 0 % —
Algae 1 4.7 ± 1 0 % —

Algae 2 0.4 ± 2 5 % —
Algae 3 15.0 ±  8% —

SACLAY— 1959 
September

Grasses 0.85 ± 1 0 % —
Roots 0.08 ±  25 % —

October
Grasses 1 0.9 ± 2 0 % -—
Grasses 2 0.9 ± 1 0 % —
Grasses 3 0.85 ±  5% —
Grasses 4 0.80 ± 2 0 % —
Grasses 5 0.50 ± 3 0 % —
Grasses 6 0.55 ± 1 0 % -—-
Roots 1 0.90 ± 1 5 % —
Roots 2 0.30 ± 2 0 % —
Roots 3 0.60 ±  15% —
Roots 4 0.12 ± 2 5 % —
Roots 5 0.25 ± 2 5 %
Roots 6 0.30 ± 2 0 % —

TRAPPES— 1958
Grasses 1 ± 6 0 % 0.9 ± 1 3 %

TRAPPES— 1959 
September

Grasses 1.3 ±  5% •---
Roots 0.9 ± 1 0 % ---

October
Grasses 0.07 ± 5 0 % ---
Roots 0.20 ± 4 0 % ---

GRENOBLE— 1958
February

Grasses 1.8 ± 1 2 % 0.06 ± 5 0 %
Grasses 4 ±  8% 0.1 ± 5 0 %
Grasses 0.2 ± 2 5 % 0.06 ±  '50%

JOUY EN JOSAS
1958— Grasses 1 ± 2 0 % 1 ± 1 0 %

Grasses 1.7 ± 1 5 % —
Grasses 3.3 ± 1 0 % —

CHINON— 1957
Crucifers 0.4 ± 1 0 % —

Graminaceae 0.3 ± 1 2 % —
Salicaceae 0.5 ± 2 0 % —

Solanaceae 0.2 ± 1 5 % —

Vitaceae 0.4 ± 1 0 % —

1958
Vitaceae 12 ± 1 0 % —

Graminaceae 1.7 ±40%
Elms 1 ±35%
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Plant Total /'Í activity 
(in 10-7 с /kg dry weight)

Sr80 -f Y 90 content (in 10-8 c/gk 
dry weight)

FONTENAY-AUX-
ROSES

September 1959
Grasses 1 1.30 ± 5 0 % —

Grasses 2 0.25 ± 1 0 % —

Grasses 3 0.25 ± 1 0 % —

Grasses 4 0.50 ±  5% —

Grasses 5 0.85 ±  5% —

Roots 1 0.45 ± 1 0 % —
Roots 2 0.50 ± 2 0 % —
Roots 3 0.55 ± 2 0 % —
Roots 4 0.90 ± 1 0 % —
Roots 5 0.40 ± 1 0 % —

October 1959
Grasses 1 0.80 ±  4% —
Grasses 2 0.45 ±  5% —
Grasses 3 0.50 ±  7% —
Roots 1 0.30 ± 2 5 % —

Roots 2 0.25 ± 4 0 % ■

Fig. 3. Comparison of activities in soil and plants (parts above ground, roots).
Upper limit average 

Parts above ground Parts above ground
Roots Earth Roots Earth
A  study of these tables will bring out a number of points :
The j3-y activity of the parts above ground appears to be somewhat greater 

than that of the roots.
1.3 10~7с/kg dry weight, against 0.7 10"7 с/kg dry weight in 1958
0.7 10~7 с/kg dry weight, against 0.45 10"7 с/kg dry weight in 1959 
One the other hand, the specific concentration of Sr90 + Y 90 is greater in the 

roots, i.e. 0.32 10"8 с/kg dry weight; while the concentration in the parts 
above ground does not exceed 0.25 10" 8. The calcium content of the grami- 
naceae can thus be 5 to 10 times higher in the roots, if  reduced to dry weight. 
The same ought to apply to the strontium, assuming the constancy of the ratio 
Sr/ca throughout the vegetable kingdom.

Apparently, therefore, a great portion of the Sr90 found above ground is 
not sap-borne but due to extra-cuticular deposit of Sr90 from fall-out.

This hypothesis is partially confirmed by experiments on plant samples 
taken from contaminated drums, where nourishment is mostly obtained 
through the root; the ratios there are inverse.

fly Activity in curies/kg

Root
Stem

Wheat Milkweed
3.8 10-6 
2.6 10"6

9.10-5
5.10-5

This hypothesis would be largely borne out by proof of a relationship 
between the Sr90 of the samples and the activity produced by recent rains. 
It  is proposed to carry out a study for this purpose. W e emphasize “ recent” , 
as successive rainfalls modify existing deposits.

In  the table below we give the fi activity (at 1012 с/kg dry weight) of parts
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of graminaceae above ground, and the j8 activity (at mc/km2) produced by 
rainfall in the fortnight before sampling.

Location Date A В

Marcoule 12/5 1,700 Unavailable
Jouy-en-Josas 4/9 10,000 7
Cliinon 18/11 17,000 15
Trappes 1/12 9,000 8.5

Column A : Content of Sr90 ±  Y 90 in parts of graminaceae
above ground in cSr90/kg dry weight.

Column B: Activity in mc/3/km2 of precipitation during
the fortnight before sampling.

Accordingly a large portion of the Sr90 in plants may well come from fall-out. 

Comparison example: Saclay-Trappes

In our introduction we have spoken of the need to compare, whenever pos
sible, analyses carried out near a nuclear centre with those of reference sam
ples. To control the effect of the effluents discharged by the Saclay Centre 
into the neighbouring ponds, we chose the St. Quentin Ponds at Trappes as a 
reference site. These have the same geological structure and are in the same 
catchment area. Their level is 10— 15 m above that of the Saclay Ponds, so 
that even if the water table were contaminated by accident, the St. Quentin 
Ponds would be protected against any pollution. Moreover, they are north
west of Saclay, against the direction of the prevailing winds, and are thus 
protected against atmospheric contamination from the Saclay plant. The dis
tance between the two sites is some twenty kilometres. St. Quentin therefore 
embodies enough good points to make it an excellent reference site.

The tests have produced the following figures :

Water at 10“8 c/m3 Saclay St. Quentin

P a ft a

1. Total activitv
1958 7 ± 5 0 % и  ± 3 0 % 2.5 ± 6 0 % <  1.5
1959 2 ± 2 0 % < 2.1 — —

1.8 ± 2 0 % < 3 — —
2.7 ± 2 0 % <  4 1.6 ± 2 5 % <  10
2.1 ± 2 5 % < 6 — —
2.3 ± 1 5 % <3.5 — —

2. Sr9° ± Y 90 0.6 ± 5 0 % 0.75 ± 2 0 %

Plants at 10~8 c/kg
dry weight P a P a

1. Total activity 8.5 ± 1 0 % <  14 13 ±  5% <  4
9 ± 1 0 % <27 0.8 ± 4 0 % <2 8
9 ± 1 0 % <  18 — —

5 ± 3 0 % <  5 — —

5.5 ± 1 0 % < 4.5 — —

2. Sr9° ± Y 9° — 0.9 ± 1 5 %
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The parallel tests gave the following results :
The Saclay Ponds seem slightly more contaminated by /3 emitters than the 

Trappes Ponds (the difference is quite small). The a radioactivity, on the other 
hand, was (1958) significantly stronger at Saclay. The Sr90+ Y 90 content is the 
same, allowing for statistical error. Radioactive fall-out thus appears to mask 
the waste of the Saclay Centre almost completely.

The ¡3 activity of the ponds per surface unit (assuming a uniform dilution in 
the 350000 m3 distributed over 50 hectares) is 50 mc/km2 —  far less than 
the average contamination by the sun (2000 mc/km2). Thus considerable self
purification seems to take place in the ponds, the activity becoming concen
trated in the mud and plants.

Comparison between Trappes and Saclay is thus made more difficult. 
Nonetheless, the respective conditions in the two ponds are so alike that their 
self-purification is probably also comparable, and our previous conclusion 
stands: that the Saclay wastes are only traceable by their a activity, their 
/3 radioactivity being masked by radioactive fall-out. л

2. Laboratory Experiments

To improve our method we conducted a certain number of laboratory expe
riments. These can be divided into :

Hydrological tests, to study the phenomena analogous to those occurring 
in receptables on dilution of the radioactive effluents;

Agronomical tests, to supply information on the mechanism of soil retention, 
and guidance in choosing samples.

2.1. Hydrological tests

Wastes discharged into rivers are peculiar in that they are by no means 
simply diluted (as they would be in distilled water of their own pH), but meet 
water with a greater or lesser pH  than their own and a constant flow. Apart 
from coarse vegetable débris, the river water appears to be loaded with orga
nic or mineral particles which flocculate the radioisotopes in the effluent.

W e decided to study in the laboratory adsorption on certain finely-divided 
minerals occurring naturally in rivers: mica and quartz.*

W e varied three factors : the quantity of mineral in a determined volume, 
the pH , and the radioisotope.

The following technique was employed:
Containers: Centrifuge tube of 50 ml capacity and 90 cm2 contact surface; 

cylindro-conical phial of 500 ml capacity and 690 cm2 contact surface.
Volume of solution: 30 and 100 ml respectively.
Length of agitation : 2 hours.
Centrifugation: 20 minutes at 15000 g.
Mica count, and count of an aliquot portion of the supernatant. Corrections 

for auto-absorption of mica.
The distinction between Sr99 and Y 90 was made by arresting the /3 of the 

Sr90 with an aluminium screen of calibre 171 mg/cm2 (see computation 
in Appendix).

* A similar test is also being planned for glass.
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I. Adsorption of Sr90 +  У 90

1.1 Adsorption on a glass surface; influence of pH on the glass of a cylindro-conical
phial

Total activity 0.62 ,uc, Sr90 +  Y 90 at equilibrium point

pH
Number o f 

impacts
Sr +  Y

Number o f 
impacts Sr

Number o f 
impacts Y % Sr adsorbed % Y  adsorbed

1 1,167 596 571 1.2 5
2 1,152 587 565 2.6 6.3
3 1,148 585 563 2.7 6.6
4 1,124 581 543 3.6 10
5 1,080 571 509 5.3 16
6 595 451 144 25.3 76.5
7 587 448 139 25.8 77.3
8 583 • 446 137 26 77.7
9 563 437 126 27.6 79.5

10 548 435 113 28 81.6
11 540 430 110 28.8 82
12 425 407 18 32.6 98
13 338 320 18 47 98

?

1.2 Effect of pH.
Vessel: cylindro-conical phial 
Quantity of mica : 3 g.
Total activity: 0.62 ¡M.

pH
Number o f

impacts 
Sr + Y

Number o f 
impacts Sr

Number o f 
impacts Y % Sr adsorbed % Y  adsorbed

1 1,197 ' 598 599 1 1
2 1,166 596 572 1.5 5
3 1,140 587 553 2.6 7.8
4 1,132 585 547 2.7 8.9
5 1,070' 568 502 5.3 16.3
6 598 465 133 22.5 77.5
7 553 457 96 24 84
8 528 458 . 70 24 89
9 491 437 54 27 91

10 471 431 41 28 93
11 437 413 24 31 96
12 331 311 20 47 97
13 211 193 18 65 97

In the following table (1.3) the supernatant count suggests a stronger 
adsorption than that indicated by the mica count. The difference is fairly 
well covered by adsorption on the glass of the centrifuge tube (1.1), which 
indeed has a contact surface one-seventh of that of the cylindro-conical phial.



1.3 Effect of quantity of mica 
Vessel: centrifuge tube 
Total activity: 0.83 /ic 
pH: 7

Quantity o f Supernatant count on. mica Directjm ica count on mica
mica (mg)

Sr»» y-90 Sr90 Y 90 Sr8» Y«o Sr90 Y 9»

10 73,000 54,000 4.5 30 400 15,500 0.5 20
20 65,100 32,800 14.5 43 2,500 31,800 3 42
50 71,000 6,740 6 93 3,100 59,100 4 77

200 67,800 2,000 8.3 97 3,500 66,700 4.7 87
300 66,700 1,500 9 98 3,700 67,500 4.9 88
500 66,600 1,200 9 99 4,400 70,800 5.9 93

5,000 58,000 1,000 24 97 17,300 73,600 23 96
10,000 42,000 900 45 98 33,700 73,900 44 97
15,000 20,400 900 73 99 55,400 73,600 73 97

II. Adsorption of Cs137 +  Bci137

II. 1 Effect of quantity of mica 
. Vessel: centrifuge tube 

. Total activity: 0.3 /го 
pH: 7

Quantity 
o f mica

Count o f 
supernatant 

solution
% adsorbed Direct mica 

count % adsorbed

50 40,700 32 18,700 30
100 39,300 34 21,600 34
300 33,200 44 28,400 46
500 30,900 49 31,600 51

1,000 25,400 61 35,500 62
3,000 18,600 76 43,900 76

Here the mica count and the supernatant count are identical, presumably 
because the fixation on the glass of the tube is much weaker than for Sr90 +  
Y 90.

It  will be noted that the last two tables make no distinction between 
Cs137 and Ba137. This is due to the very short half-life of Ba137. The counts have 
always given the sum of Cs137+ B a 137 at equilibrium point at the moment of 
measurement. This partly explains why the adsorption on the glass was found 
weak in the case of Cs137 +  Ba137 (II. 1), the Ba137, not at equilibrium point, 
having decreased during the subsequent manipulations.
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II.2 Effect of pH
Vessel: Centrifuge tube 
Total activity: 0.3 /лс 
Quantity of mica: 500

pH Supernatant
count

% adsorbed 
on mica

Direct mica 
count

% adsorbed 
on mica

1 13,100 79 49,000 79
2 15,300 75 46,800 75
3 20,900 66 38,700 62
5 30,100 52 32,100 51
6 30,700 52 32,400 52 ,
7 31,000 49 31,600 51
8 65,000 6.1 3,600 5.7

10 68,000 2.8 1,800 2.8
12 70,800 0 500 0.7

The following points emerge from a study of these various results.

1) The fixation percentage increases with the amount of mica, as might be 
expected. The shape of the curves is different, a small quantity (500 mg) 
of mica being sufficient to fix all the Y 90 while 15 g retains only 7 3 %  
of the Sr90.

2) The effect of pH  is very different for the two elements. The Cs137 is 
desorbed as the pH  increases. This action is especially strong between 
pH  7 and 8. The higher thé pH, the more Y 90is fixed. Adsorption increases 
greatly between 5 and 6, and afterwards approaches 100% . The Sr90 
has an adsorption rate which increases twice: between 5 and 6, and 
again above 11.

3) The pH  range between 5 and 8 is especially interesting: fixation of 
Sr90 and Y 90 continues and the Cs137 is desorbed. Furthermore, a slight 
variation of pH  in that range considerably modifies the distribution of the 
different elements between the water and-the sediments. Since this is 
precisely the pH  range within which industrial effluents meet the water 
in the receptable, it is quite conceivable that the pH  of the effluents could 
affect fixation in the discharge area.

2.2. Agronomical tests

These tests of natural, homogenized and cultivated soils are still being con
ducted. W e  will therefore give only a brief outline of the methods employed.

2.2.1. Study of natural soil

2.2.1.1. S a m p l i n g

Our aim is to reconcile two extreme methods: the one employs theoretical 
formulae which quickly become hopelessly difficult to apply and are therefore 
often oversimplified; the other is based on direct experiment and often made 
impracticable by delay, cost and risk. W e have therefore thought of adapting
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to our purpose an agronomical method now employed for the study of soils 
with a view to irrigation, the “ Verrières Sampling” devised by Mr. Bourrier, 
of the Rural Engineering Department.

A  solid cube is cut out of a natural soil and coated with sheet zinc. Paraffin 
is poured between earth and metal. The cube then is cut off at its base and herme
tically sealed in by two more zinc sheets. The humidity of the soil is thus main
tained for several months, and contamination tests can be conducted under 
almost natural conditions even after a certain lapse of time due to transporta
tion.

2.2.1.2. D e t a i l s  o f  th e  e x p e r i m e n t s

The contaminant solutions are introduced as a single charge or sprinkled. 
The distribution of radioactivity is observed by autoradiography of horizon
tal and vertical sections.

W all effects have forced us to change the original method slightly. The size 
of the samples has been increased to 20 x  20 x.30 cm. Paraffin is poured on 

-the upper face so as to insulate at the centre a square 10 x 10 cm where the 
radioactive solution is applied. In this way the solution spreads without reach
ing the edges and the wall effect is eliminated.

Radioactive elements applied in a. single charge are not merely fixed in a 
superficial narrow layer but follow lines of least resistance, such as worm
holes and roots. I f  similar results are obtained with sprinkling, we shall have 
to modify pur test samples. Soil humidity seems to play a special part in the 
fixation and migration of the radioactive ions.

Our first results indicate that fixation of the Sr90+ Y 90 couple decreases as 
the humidity increases from desiccation to saturation point. W e have therefore 
formed the hypothesis that the quantity of radioactive elements contained in 
a soil solutionis greater for humid than for dry soils ; this would explain, at least 
partly, the high radioactivity now measured by some authors in particularly 
humid areas.

This technique gives figures which vary considerably from one test to another, 
but also, because of its rapidity, yields copious results. It is a good, practical 
way of studying terrain. It полт seems to have been fully worked out, and we 
have been able to equip a mobile laboratory, which is at present conducting 
a series of tests on sites proposed for future installations.

2.2.2. Study of homogenized soil

2.2.2.1. D e s c r i p t i o n  o f  c o lu m n s

Columns are 90 mm in diameter. To minimize wall effects, two outlets are 
provided at the base: one drains the peripheral overflow of a 20 mm circle, 
the other is a central outlet for a diameter of 50 mm.

Two kilogrammes of soil rests on a perforated grate supported by an internal 
flange, and soil is prevented by a filter from passing through the holes.

After each experiment the cylinder of soil is withdrawn and cut through a 
large diameter. A  photographic plate is placed on the section. Two radioacti
ve couples have been used: Sr90+ Y 90 and Ru106+ R h 106.
. W all effects still interfere with observation of the autoradiograms. W e have 

attempted to minimize them by :
Blowing the soil with C 0 2, which is more soluble in water than the occluded 

air;
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Placing the contaminant solution on a central surface smaller than the sec
tion of the column.

The first experiment was technically unsatisfactory, since the radioactive 
element percolates not in an aqueous but in an acid solution. •

The second test should solve the wall effect problem by employing large 
columns, with a diameter of 100—200 mm.

2.2.2.2. S e c t i o n a l  c o lu m n s

The need to obtain autoradiograms at different heights and to be able to 
withdraw the earth cylinder easily has made us design a sectional column com
posed of stacked rings held together by a locking device. After the experiment 
each ring is removed without disturbing the soil inside it and autoradiograms 
are made every five centimetres.

3. Effect of waste on choice of site
Disposal of mildly radioactive effluents by dilution is practically indispen

sable. This factor strongly influences the choice of site, and, when the site has 
been chosen and the discharge possibilities assessed, it determines the arrange
ment of the equipment suitable to each centre.

The volume of these effluents is limited by very strict rules intended to pre
vent any contamination of water which may enter the human alimentary 
system.

Discharge of effluents into a river requires good diluting conditions, and 
must therefore be governed by the properties of the water-course— e.g. flow 
rate and secondary currents. Psychological factors also limit the scope of waste 
discharge.

3.1. Choice of site

Two principal requirements guide (for present purposes, at any rate) the 
choice o f the site :

The presence of enough water to ensure the proper dilution;
Restriction of contamination.

3.1.1. W ater requirements

W ater requirements depend closely on the amounts of waste to be dischar
ged. They are thus related to :

The parameters affecting the dilution of effluents in the receptacle;
The parameters of the atomic centre itself, comprising:
Its programme (reactor power, radioactive products);
Its method of effluent treatment (chemical treatment, ion exchange, evapo

ration) ;
The layout of its installations (facilities for stockpiling).

3.1.2. Dissemination of radioactive products

Radioactive elements may be concentrated by inert substances (e.g. sand 
and alluvia) or by living organisms. Such concentration at well-defined points 
makes supervision and protection decidedly easier. On the contrary, scattered 
and elusive concentrations, and migration into the phreatic table, wells, irri
gation water and the like, are unfavourable factors.
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3.2. Choice of discharge, methods

Very few places have ideal conditions in regard to all these parameters. 
Methods of discharge must therefore be adapted to each particular case.

3.2.1. Determination of discharge point

The discharge point must be such that the proper dilution is reached as 
rapidly and evenly as possible, and heavy concentration in bands and sheets 
avoided. The effluent must be diluted before discharge in such a way as to 
reduce its specific content and assimilate its physical and chemical properties 
to those of the river water. Mixture is thus improved by preventing or assist
ing, as the case may be, the precipitation and flocculation which, as has al
ready been shown, may always occur in the pH  range 5— 8, in which the ad
sorption phenomena vary enormously.

The choice of discharge points should follow the river characteristics; 
e.g. deep or surface secondary currents, eddies, backwaters and weed.

Thorough previous study o f dilution in the river and of connexious between 
underground water tables appears to us indispensable for an understanding 
of contamination processes and how to counteract them.

Despite all precautions, dilution of effluents is never complete and there will 
always be bands of greater or lesser activity and areas of accumulation.

Natural purification, especially in stagnant water or slow streams, due to 
inert agents such as mud or to living organisms, reduces the radioactivity of 
the water but merely shifts the radioactivity, and therefore the problem, else
where. This may, according to the circumstances, be either a good or a bad 
thing.

3.2.2. Buies for discharge

These will be made by the authorities, who will have regard to the nature 
and properties of the river and the risks of spreading concentrations of conta
mination.

The installation must be very flexible, so that it may take advantage of the 
caprices of nature and not become their slave or victim.

(The references used for this paper are to be found at the end of the foregoing
original paper)
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TREATMENT OF RADIOACTIVE EFFLUENTS AT THE 
SACLAY NUCLEAR RESEARCH CENTRE

Abstract
The report gives the account of four years’ experience in operating the treat

ment plant for effluents from the Saclay Nuclear Research Centre. It contains 
data relating to the origin, volume and treatment of waste.

TRAITEMENT DES EFFLUENTS RADIOACTIFS  
AU CENTRE D ’ ETUDES NUCLEAIRES DE SACLAY

Résumé
Ce rapport présente un bilan d’exploitation de l’installation de traitement 

des effluents du Centre d’études nucléaires de Saclay depuis quatre ans. On 
donne des chiffres concernant l’origine des résidus, leur volume, leur traite
ment.

О Б Р А Б О Т К А  Ж И Д К И Х  Р А Д И О А К Т И В Н Ы Х  О Т Х О Д О В  
В Ц Е Н Т Р Е  Я Д Е Р Н Ы Х  И С С Л Е Д О В А Н И Й  В С А К Л Е .

Резюме
В этом документе подводится итог четырехлетней эксплуатации установки 

по обработке жидких отхотов в Центре ядерных исследований в Сакле. В докла
де приводятся данные о происхождении отходов, йх объеме и обработке.

TRATAMIENTO DE LOS EFLUENTES RADIACTIVOS EN EL 
CENTRO DE ENERGIA NUCLEAR DE SACLAY

Resumen
El autor hace un balance de explotación de la instalación de tratamiento 

de efluentes del centro de Saclay desde hace cuatro años, dando las cifras corres
pondientes al origen de los residuos, a su volumen y a su tratamiento.

TRAITEMENT DES EEELUENTS RADIOACTIFS AU 
CENTRE D ’ ETUDES NUCLEAIRES DE SACLAY

G . W o r m s e r

S e r v i c e  d e  C o n t r o l e  d e s  r a d i a t i o n s  e t  d e  g e n i e  r a d i o a c t i f , 
C o m m i s s a r i a t  a  l ’ E n e r g h e  a t o m i q u e , Sa c l a y  

F r a n c e

I —  Les possibilités de rejet du Centre d’Etudes Nucléaires de Saclay
I. 1 — Le Centre d’Etudes Nucléaires de Saclay est situé sur un plateau à 

25 km au Sud-Ouest de Paris. Trois petits ruisseaux bordent ce 
plateau: la Bièvre, la Merantaise et l’Y vette ; ils passent à des dis
tances comprises entre 4 et 8 km du Centre. Ces ruisseaux ont des 
débits très faibles: 200 à 500 litres/seconde pour les deux premiers 
cités et 1,5 m 3/seconde pour l’Yvette.
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I. 2 —  A  proximité du Centre (2 km) se trouve un étang artificiel d ’environ 
45 ha de superficie. Cet étang d ’un volume d’eau de 10® m3 a été 
construit sous le règne de Louis X I V  pour l ’alimentation en eau du 
Château de Versailles avec lequel il communiquait par un aqueduc. 
Cet étang situé au point bas du plateau est alimenté par les eaux de 
ruissellement et de .pluie. La destruction de l ’aqueduc a isolé cet 
étang qui n ’est plus relié maintenant qu’avec la Bièvre au moyen 
d ’une petite rigole par où s ’écoule son trop plein. Dans cet étang le 
Centre rejette 2.000 m3 par jour d’eaux (sanitaires, pluviales) com
prenant des effluents de laboratoire en veillant toutefois à ce que ces 
rejets journaliers aient une activité inférieure aux normes de tolé
rance.

1 .3  —  Plus loin, à 25 km environ du Centre, la Seine offre une impor
tante possibilité de rejet puisque son débit moyen est de l ’ordre de 
150 m3/seconde. Le CENS ne rejette pas directement d’effluents 
dans ce fleuve: les effluents actifs qui ne peuvent être rejetés dans les 
étangs sont évacués dans les égouts du Centre de Fontenay-aux- 
Roses (15 km du CENS). Le débit de ces égouts est important, il 
permet d’y  diluer au moins 200 me//? inconnus (ou toute activité 
équivalente) (1) sans y  atteindre des concentrations supérieures aux 
normes de tolérance.

I. 4 —  Des études ont d’autre part été faites à Saclay pour savoir si le sol 
du Centre pouvait être employé comme récepteur convenable pour 
les effluents du CENS. Le plateau de Saclay est un plateau de sable 
(de 75 m d ’épaisseur) reposant sur une semelle argileuse (2). En sur
face une couche hétérogène, argileuse mais comprenant des blocs de 
meulière de taille variable, le recouvre. La capacité d’échange d ’ions 
de ce sol, importante, est de 25 meq/100 g. Le sol pourrait donc per
mettre le rejet d’effluents peu actifs en son sein, d ’autant plus que ce 
plateau ne présente pas d ’affleurement d’eau latéral important et 
que les eaux souterraines ne réapparaissent qu’après des temps 

_ longs: ce procédé de rejet n ’est encore employé que d ’une façon 
expérimentale, l ’étude étant effectuée en employant une solution de 
90Sr et de tritium dont l ’activité est égale aux normes de tolérance (3).

II — Les Eîfluents actifs du CENS

II. 1 —  Le Centre d’Etudes Nucléaires de Saclay ne possède pas d ’atelier 
industriel de traitement chimique d ’éléments combustibles irradiés. 
Les volumes et les activités des effluents actifs sont donc relativement 
faibles. Ces effluents radioactifs proviennent:
—  des laboratoires de haute activité où sont préparés les radio-élé

ments artificiels,
—  des installations de décontamination où sont nettoyés les objets 

contaminés et les blouses de travail,
—  du laboratoire d ’études des traitements des effluents radioactifs,
—  des ateliers de technologie,
—  des laboratoires de chimie et de biologie,
—  accidentellement des piles (quand on doit y effectuer des opérations 

de décontamination).
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II . 2 —  Le Centre rejette mensuellement en moyenne 150 m 3 d ’effluents 
actifs dont les 2/3 sont fournis par les trois premiers laboratoires 
cités. Les volumes rejetés par les laboratoires sont constants dans le 
temps (Courbe 1) et Tableau A . Les volumes de ces rejets par personne 
et par mois varient selon les laboratoires mais restent compris entre 
20 et 100 litres par personne et par jour.

Fig. l
Courbe 1 : Volume des effluents du CEN

 ̂ TABLEAU A
RELEVE DES VOLUMES MENSUELS MOYENS DES EFFLUENTS ACTIFS

Laboratoires 1er Sem. 
1958

Personnel 
employé 
en 1958

1er Sem. 
1959

Personnel 
employé 
en 1959

Labo. de Hte Activité 48 m3 70 40 m8 100
Hall de décontamination 35 m3 20 37 m3 20
Labo. Etude Effluents 25 m3 15 30 m3 15

II. 3 —  Un relevé statistique permet de définir une activité spécifique moyenne 
des effluents actifs du CENS de 15 ¿¿c/litre, ce chiffre a été déter
miné à l ’aide des courbes 1 et 2. Toutefois, cette activité est due sur
tout aux rejets des cellules des laboratoires de haute activité où. sont 
élaborés les radioéléments artificiels. Nous avons dressé un tableau 
(Tableau B) des activités spécifiques rejetées en moyenne par les 
divers laboratoires.
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Fig. 2
Courbe 2: Activités des effluents du CEN"

TABLEAU В
ACTIVITES SPECIFIQUES DES EFFLUENTS DU CENS

Provenance Activité spécifique moyenne

Labo. de Hte Activité 35,5 /¿c/litre
Hall de décontamination 5 /ю/litre
Labo. d’étude des effluents 0,17 lia/litre
Divers 3,5 fie/litre

Ces chiffres représentent les activités /?. Les activités a sont plus 
faibles: 1/2000 de l ’activité fi dans des effluents de laboratoires, 1/20 
dans des liquides du bâtiment décontamination (cette plus forte 
proportion provient du lavage de blouses de travail en provenance 
de l ’usine du Bouchet où est élaboré l ’Uranium).

II. 4 —  Les effluents sont acides ou neutres, leur pH  n ’est toutefois jamais 
inférieur à 2. Les teneurs en sels des effluents sont très variables 
selon les laboratoires, des analyses ont permis de faire le classement 
suivant: Décontamination (2.500— 3.000 ppm), laboratoire d ’étude 
des effluents (1.000— 1.500 ppm), laboratoire de haute activité 
(500— 1.000 ppm).

III —  La collecte des effluents du CENS
Les laboratoires susceptibles de rejeter des effluents actifs possèdent 
généralement deux réseaux de canahsations, ce qui explique le volume
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limité de liquides radioactifs: l ’un des réseaux est actif, l ’autre est 
suspect.

A  — ■ Les effluents suspects

III . 1 —  On considère comme suspecte les effluents qui ne peuvent être qu’ac
cidentellement pollués. Ces liquides sont rejetés dans l ’étang de 
Saclay après dilution dans les eaux (sanitaires, pluviales) du Centre. 
Après cette dilution ces eaux ne doivent pas avoir une activité supé
rieure aux normes de tolérance, un contrôle des effluents inactifs des 
laboratoires est donc nécessaire. Deux dispositifs de contrôle sont 
employés au CEN S: contrôle discontinu et contrôle continu.

III . 2 —  Dans le premier cas les effluents sont collectés dans des réservoirs en
béton bituminé, ou revêtu de polyester. Ces réservoirs sont groupés . 
par deux (leur capacité est de 6 m3) dans un cuvelage. Un jeu de vanne 
permet d ’alterner l ’alimentation des cuves. Quand un réservoir est 
plein, un échantillon y  est prélevé et mesuré au laboratoire; pendant 
ce temps l ’autre se remplit. Cette solution de contrôle en discontinu 
présente une grande sensibilité, toutefois elle présente les inconvé
nients suivants: immobilisation de personnel pour les contrôles et 
installation de volumineux bassins de stockage.

III . 3 —  Pour les effluents suspects du laboratoire de haute activité nous 
utilisons maintenant une méthode de contrôle en continu. Ce contrôle 
continu est effectué par un compteur immergé dans l ’effluent. Ce 
compteur commande une électro-vanne : si l ’activité dépasse un 
certain seuil la vanne s’ouvre et le liquide se déverse dans une cuve 
de stockage, si l ’activité est inférieure à ce seuil l ’eau s’écoule directe
ment dans les égouts du Centre. La limite de sensibilité de cet appa
reil est 2 10_ 6/ac/ml (pour 90S r + 90Y ) (4).

B  —  Les effluents actifs

III . 4 —- Quatre types de tuyauteries ont été utilisés pour l ’écoulement de ces 
liquides: un grès spécial anti-acide, l ’acier inoxydable, les canalisa- 
sations plastiques, le verre. Les impératifs chimiques, le coût, et la 
contaminabilité du matériau en ont guidé le choix. Toutefois les 
inconvénients suivants sont apparus à l ’expérience:
— Le grès est employé pour les laboratoires aux effluents relative

ment peu actifs ; c ’est le type de canalisation le meilleur marché.
Sa mise en œuvre peut cependant présenter des difficultés dues 
aux joints. Ces canalisations sont posées généralement dans des 
caniveaux qui permettent de récupérer des fuites éventuelles.

—  L ’acier inoxydable, cher, n ’est employé que pour des canalisations 
courtes.

— Le polythène et le chlorure de polyvinyl ont été utilisés au 
CENS mais ces canalisations résistent, mal aux solvants et au 
transport d ’effluent chaud. D ’autre part leur grand coefficient 
de dilatation rend leur pose délicate.

— Le verre quoique fragile a été employé étant donné son inertie 
chimique.

III . 5 —  Les cuves de stockage de volume variables, 2 à 7 m3, sont situées 
à proximité des laboratoires. Ces cuves d ’évacuation d ’un labora
toire sont, soit groupées par deux, soit divisées en deux comparti-
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Fig. 3
Usine de traitement des effluents du CBN

Fig. 4
Cuve de réception des effluents actifs d’un laboratoire

ments, pour qu’un ■ réservoir soit contrôlé pendant que l ’autre est 
vidangé (Fig. 4). Ces réservoirs communiquent entre eux par un point 
haut. Ces cuves sont placées dans des cuvelages en béton. Elles sont

V
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munies d ’indicateur de niveau à flotteur, un voyant lumineux trans
mettant l ’alarme de trop plein dans les laboratoires.

Pour la réalisation de ces cuves divers matériaux ont été utilisés :
—  l ’acier ordinaire revêtu d ’un compound ébonite polythène projeté 

au pistolet,
—  l’acier inoxydable,
—  les plastiques : afcodur, polyesters stratifiés,
—  le béton protégé par de l ’hypalon, de l ’amercoat, des épikotes, 

des polyesters.
Toutes ces cuves sont en service depuis plusieurs années. Le revête
ment présentant la meilleure tenue semble être la peinture à base 
d ’isocyanate employée comme nous le verrons par la suite dans les 
citernes de transports des effluents.

III . 6 —  Etant donné l ’éloignement entre bâtiments et les faibles volumes 
d ’effluents actifs, les cuves sont vidangées à l ’aide de camion-citerne 
d’une capacité de 7 ms. Ces citernes se branchent sur la cuve par 
l ’intermédiaire d’un tuyau flexible (Fig. 5) fixé à demeure sur la cuve.

Fig. 5
Vidange d’une cuve de réception des effluents actifs d’un laboratoire

III . 7 —  Deux types de pompes sont utilisées pour cette vidange; une "pompe 
faisant un vide assez élevé dans le camion-citerne, et une pompe 
assurant une succion du liquide (ce dernier type de pompe ne possède 
pas de presse étoupe et fonctionne par écrasement par une came 
d ’un tube de néoprène). Cette dernière solution évite la formation 
d ’aérosols actifs à l ’aspiration mais nécessite un changement fréquent 
des tubes de néoprène, d ’autre part le débit de cette pompe est limité.
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III . S —  La citerne du camion est en acier ordinaire, originellement revêtu
d’un compound ebonite polythène; ce revêtement a été remplacé 
sur un camion par une peinture bitumineuse et sur l ’autre par une 
peinture à base d ’isocyanate. Ce dernier véhicule sans cesse depuis 
deux ans des effluents actifs sans altération du revêtement. La citerne 
est équipée d ’un niveau à alarme pour indiquer la fin de son remplis
sage. Un filtre grossier en acier inoxydable est placé sur le circuit de 
remplissage.

IV — L’installation de traitement des effluents

IV . 1 —  A  la station de traitement des effluents (Fig. 3), les effluents sont
transvasés du camion-citerne à deux cuves de stockage en acier
inoxydable de 50 m3 par un poste de déchargement (Fig. 6). Toutefois

Fig . 6
Usine des effluents —  Vidange d’un camion-citerne

lorsque les effluents présentent une forte activité due à des corps à 
vie courte (Iode, Tellure, Phosphore) ils sont stockés dans des petites 
cuves (3,5 ni3) dans un bâtiment séparé afin de profiter de leur dé
croissance avant d ’effectuer leur traitement. Chaque cuve de stockage 
de 50 m3 est équipée d ’une pompe immergée permettant l ’homogé
néisation des liquides par recyclage ou leur envoi dans les cuves de 
traitement.

IV . 2 —  Un rotamètre enregistreur permet de contrôler le débit des effluents 
envoyés dans les réacteurs. Le débit normal de traitement de la sta
tion est de .6,5 m3/heure. Le traitement s’effectue dans trois cuves 
de 1 m3 de capacité, disposées en cascade (Fig. 7). Ces cuves agitées
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Fig. 7 
Cuves de floculation

sont fermées pour éviter les dangers des aérosols. Diverses trémies 
permettent d’ajouter dans ces cuves les réactifs: phosphate de soude, 
tanin, chaux ou soude, etc. . . Les liquides floculés s’écoulent par 
débordement de la dernière de ces cuves dans un décanteur de 70 m3 
en acier ordinaire (Fig. 8).

Fig. 8 
Décanteur
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IV . 3 —  Les boues en sont reprises à la base et filtrées sur un filtre rotatif
- (Fig. 9). Le filtre est protégé par un carter en plexiglass pour éviter 

les aérosols. Une aspiration est par ailleurs placée sur le carter:

Fig. 9 
Filtre rotatif.

Fig. 10 
Récupération des boues
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l ’air pollué traverse un filtre en papier avant d ’être rejeté dans l ’at
mosphère. Les filtrats sont renvoyés au décanteur après récupération 
dans une cuve intermédiaire. Les boues filtrées sont recueillies dans 
un fût à la base d ’une trémie (Fig. 10). Ces boues contiennent 80%  
d ’eau.
Les fûts de stockage sont en acier ordinaire. Leur capacité est de 
220 litres. Ils sont garnis intérieurement d ’une poche en plastique. 
Pendant leur remplissage les fûts sont vibrés ce qui permet d ’obtenir 
un gain en capacité d ’environ 30 % .

IV. 4 —  Les liquides clairs désactivés débordent du décanteur dans deux 
cuves en acier ordinaire de 25 m3 d ’où ils sont repris par camion- 
citerne pour être rejetés dans les égouts du Centre d’Etudes Nuclé
aires de Fontenay-aux-Roses.

Y — Résultats d’ exploitation de l’usine de traitement des effluents

V . 1 —  Le procédé de coprécipitation par le phosphate de chaux a été employé 
à Saclay étant donné son prix de revient faible, et la décontamination 
obtenue suffisante; les résultats sont résumés dans le tableau C. 
Pour le CENS ces facteurs d’épuration sont suffisants pour per
mettre le rejet des effluents dans les égouts de Fontenay-aux-Roses.

TABLEAU С 
RESULTATS DE DECONTAMINATION

Provenance Facteur de 
Décontamination

Hall de Décontamination 7 à 20
Laboratoire d’Etude des Effluents 3
Laboratoire de Haute Activité 3 à 50
Mélange des Effluents de Saclay 3 à  18

V. 2 —  Cependant devant la faible activité des effluents du Centre nous 
avons étudié la possibilité d ’obtenir une meilleure décontamination 
qui permettrait le rejet direct des effluents dans les étangs de Saclay 
et éviterait leur transport jusqu’au CE N -F A R . Ces essais ont été 
effectués dans deux voies:
—  complément du traitement chimique par un traitement par échange 

d ’ions
— ■ modification du traitement chimique.
La voie chimique a permis de mettre au point des traitements per
mettant de bonnes décontaminations et qui sont résumés dans le 
tableau D.
Ces traitements sont facilement réalisables dans la station actuelle, 
dont la souplesse a permis l ’essai de ces procédés à l ’échelle semi- 
industrielle.
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TABLEAU D

Provenance Traitement Activité spécifique 
d e s  e f f l u e n t s  /î c /c c FD

Labo. de Hte Activité 
a) liquide contenant en 

majorité des P.F.
Précipitation de: 
sulfate de' plomb (5) 
+  phosphate de Sr 10-2 200

b) liquide contenant du
p 3 2

+  ferrocyanure de Ni (6) 
1. Précipitation de sulfate 

de plomb 10- 4.1 0 - 2 200
2. Précipitation de phos

phate de chaux О
1 if» О

L 100
c) liquide contenant de 

l’I131 +  Tellure
Précipitation de sulfate de 
plomb (5) (7) 10-1 30 .

Hall de décontamination Précipitation de phosphate 
de Sr suivie par une pré
cipitation de ferrocyanu
re de nickel 10- 5.10~3 10 à 100

Laboratoire d’Etude des 
Effluents

Précipitation de phosphate 
de Sr suivie par une pré
cipitation de ferrocyanu
re de nickel 2 .1 0 -4 30 à 100

V. 3 —  Le traitement actuellement employé permet une concentration de 
l ’activité dans un volume de boues environ 80 fois plus faible que 
celui du liquide traité.
L ’irradiation moyenne des fûts de Saclay est de 40 mr/h au contact 
du fût. En trois ans, 200 fûts de boues ont été stockés provisoirement 
sur une aire cimentée à l ’intérieur du site.
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TREATMENT OF RADIOACTIVE EFFLUENTS  
AT THE SACLAY NUCLEAR RESEARCH CENTRE

Gerald  W ormser 
A tomic E n e r g y  Commission , Sa c l a y  

F rance

(Translation of the foregoing paper)

I. Waste disposal facilities at the Saclay Nuclear Research Centre

I. 1. The Saclay Nuclear Research Centre is situated on a plateau 20 km
south-west of Paris bounded by three small streams, the Bièvre, the 
Merantaise and the Yvette, 4— 8 km from the Centre. Their rate of 
flow is very low: 200— 500 litres per second for the first two, and
1.5 m3 per second for the Yvette.

I. 2. Near the Centre (2 km) is an artificial lake some 45 hectares in area 
holding 106 m3 of water, which was constructed in the reign of Louis X IV  
to supply water to the Chateau de Versailles through an aqueduct. 
It is situated in the lowest part of the plateau and fed by run-off and 

. rainfall. The destruction of the aqueduct isolated it, and it is now 
joined only to the Bièvre, by a small overflow trench. The Centre 
discharges daily into the lake 2 000 m3 of sewage and storm-water 
containing laboratory effluents, but care is taken to keep the activity 
of this daily waste below the permitted levels.

I. 3. Further away,, some 25 km from the Centre, the Seine could absorb 
a good deal of waste, since its average flow is about 150 m 3/per second. 
The SNRC does not discharge effluents directly into the Seine : active 
effluents which cannot be discharged into lakes are evacuated into 
the drains of the Fontenay-aux-Roses Centre, 15 km from the SNRC. 
The flow through these drains is considerable and can dilute at least 
200 me of a mixture of unidentified /3 emitters (or any equivalent 
activity) (1) before concentrations exceed the permitted levels.

I. 4. Investigations have also been made at Saclay to find out if the soil
at the Centre could be used to receive SNRC effluents. The Saclay 
plateau is a sand plateau 75 m thick on a clay base (2). Its upper sur
face is covered by a heterogeneous layer of clay containing pieces 
of grindstone of varying sizes. The ion-exchange capacity of this soil 
is considerable, 25 m eq/100 g. Low-activity waste could therefore be 
discharged into it, especially since the plateau has no lateral water 
outcrops of any size and underground water does not reappear for 
a long time. This method of disposal is still only experimental. It  was 
tested with a solution of Sr90 and tritium having an activity equal 
to the permitted levels (3).

П . SNRC active effluents

II. 1. The Saclay Nuclear Research Centre has no industrial plant for the
chemical treatment of irradiated fuel rods. The volume and activities 
of the radioactive effluents are therefore relatively low. The effluents 
come from:

Hot laboratories preparing artificial radioisotopes;
Decontamination plant where contaminated objects and working 
garments are cleansed;
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The laboratory for research on the treatment of radioactive effluents ; 
The technology workshops;
The chemistry and biology laboratories;
Reactors, accidentally during decontamination.

II. 2. The Centre produces on an average 150 m3 of active effluent a month, 
two-thirds of which come from the first three sources mentioned above. 
The laboratories’ output is constant in time (Table A  and graph 1). 
The volume of waste per person and per month varies with each labora
tory between 20 and 100 litres per person per day.

Fig. 1* Volume of S N R C  effluents

TABLE A
AVERAGE MONTHLY VOLUMES OF ACTIVE EFFLUENTS

Laboratory 1st half-year, 
1958

Staff employed 
in 1958

1st half-year, 
1959

Staff employed 
in 1959

Hot laboratory 48 m3 70 40 m3 100
Decontamination

hall 35 m3 20 37 m3 20
Effluent research

laboratory 35 m3 15 30 m3 15

II . 3. The statistics show the average specific activity of the SNRC active 
effluents to be 1 5 /¿c/litre; this figure is obtained from graphs 1 and 2. 
Most of this activity comes, however, from the hot laboratory cells 
where artificial radioisotopes are prepared. Table В shows the average 
specific activities produced by the various laboratories.

Fig. 2 Activities of S N R C  effluents

TABLE В
SPECIFIC ACTIVITIES OF SNRC EFFLUENTS

Source Average specific activity

Hot laboratory 35.5 juc/litre
Decontamination hall 5 |Uc/litre
Effluent research laboratory 0.17 /¿c/litre
Miscellaneous 3.5 /ic/litre

These figures represent /3 activities. The у  activities are lower: 1/2,000 
of the /3 activity of laboratory effluents, and 1/20 of that of the de
contamination building liquids (this higher proportion is due to the 
washing of working garments of the Bouchet uranium plant).

II . 4. The effluents are acid or neutral, but their pH  is.never less than 2. 
Their salt content varies very considerably between the laboratories. 
The following classification has been made from analyses: deconta
mination 2,500— 3,000 ppm, effluent research laboratory 1,000—  
1,500 ppm, hot laboratory 500— 1,000 ppm.

* For Figures please refer to foregoing original paper
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III. Collection of SNRC Effluents
Laboratories which may discharge active effluents generally have two 
drainage systems. This explains why the volume of radioactive liquids 
is limited: one system deals with active, the other with suspect effluents.

A . Suspect effluents
III . 1. Effluents are suspect if they can only be polluted accidentally. They 

are discharged into the Saclay lake after dilution in the wastes (sewage 
and storm-water) of the Centre. After this dilution the activity of the 
waters must not be greater than the permitted levels, so a control 
of the inactive laboratory effluents is necessary. Two control systems 
are employed at the SN R C : discontinuous control and continuous 
control.

III . 2. Under the first system the effluents are collected in reservoirs of con
crete tarred or coated with polyester. These reservoirs (capacity 6 m 3) 
are grouped in pairs in a casing. By means of sluices they can be fed 
alternately. When one reservoir is full, a sample is taken from it and 
measured in the laboratory, during which time the other fills. This 
discontinuous control method is extremely sensitive, but has the 
disadvantage of requiring staff to work the controls and voluminous 
storage tanks.

III . 3. For suspect effluents from the hot laboratory we now use a method 
of continuous control by means of a submerged counter, which operates 
a sluice electrically. I f  the activity passes a certain threshold, the sluice 
opens and the liquid flows into a storage tank; if the activity is below 
the threshold, the water flows directly into the Centre’s drains. The 
sensitivity limit of tins apparatus is 2 -1 0 ~6(ac/ml (for Sr90 +  Y 90) (4).

B . Active effluents
III . 4. The piping through which the liquids flow is of four types : a special 

anti-acid earthenware, stainless steel, plastic and glass. Selection was 
governed by the chemical requirements, cost, and the extent to which 
the material might be contaminated. Nevertheless, experience revealed 
the following drawbacks. The earthenware is used for laboratories 
producing effluents of relatively slight activity; it is the cheapest 
kind of piping, but its joints may give trouble. It is usually laid in 
gullies, so that any fluid lost by leakage can be recovered. Stainless 
steel is costly, and used only for short lengths. Polythene and polyvinyl 
chloride have been used but are. not very resistant to solvents and hot 
effluent; they are moreover difficult to lay because of their high di
latation coefficient. Glass, though fragile, has been used because it 
is chemically inert.

I I I . 5. The storage tanks, varying in volume from 2 to 7 m 3, are situated 
near the laboratories. They are either grouped in pairs or divided 
into two compartments, so that one can be controlled while the other 
is being emptied (Fig. 4). The pairs are connected at high level. 
The tanks are placed in concrete casings and equipped with floating 
level indicators and luminous signals which warn the laboratories 
of overflow danger. Various materials were used in constructing them:

Fig. 3 S N  R С effluent treatment plant 
Fig. 5 Reception tank for active laboratory effluents
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Ordinary steel sprayed with a polythene ebonite compound;
Stainless steel;
Plastics: afcodur or stratified polyesters;
Concrete protected by hypalon, amercoat, epikotes or polyesters. 
All these tanks have been in use for several years. The coating which 
lasts longest appears to be paint with an isocyanate base, employed, 
as we shall see later, in the effluent transport tanks.

III . 6. Because of the distance between the buildings and the small amounts 
of active effluents, the tanks are emptied by a motor tanker, holding 
7 m3, through flexible pipes (Fig. 5) attached permanently to them.

Fig. 5 Emptying of a reception tank for active laboratory effluents

III. 7. Two types of pump are used in emptying: one which makes a fairly 
high vacuum in the motor tanker, and one which sucks up the liquid. 
The latter pump has no stuffing box, but flattens a neoprene tube 
with a cam. This device prevents the formation of active aerosols 
during the suction, but the neoprene tubes have to be changed frequently 
and the output is small.

III . 8. The lorry tank is of ordinary steel. The original polythene ebonite
compound coating has been replaced on one lorry by bituminous 
paint and on the other by paint with an isocyanate base. The second 
lorry has been carrying active effluents for two years without recoating. 
The tank is equipped with an alarm which shows when filling is complete. 
A  coarse filter of stainless steel is included in the filling circuit.

ÏV. Effluent Treatment Plant
IV . 1. A t the effluent treatment station the effluents are syphoned at an

unloading point (Fig. 3) from the motor tanker into two 50 m3 stainless 
steel storage tanks (Fig. 6). Effluents with high activity due to elements

Fig. 6 Effluent plant —  emptying of motor tanker

of short half-life (i.e. iodine, tellurium or phosphorus) are stored in small 
tanks (3.5 m3) in a separate building to let them decay before treatment 
begins. Each 50 m3 storage tank has a submerged pump with which 
the liquid is homogeneized by recycling or transferred to the treatment 
tanks.

IV . 2. The rate of flow of effluents sent to the reaction tanks is measured 
by a recording rotation meter. The station’s normal rate of treatment 
is 6.5 m3/h. Treatment is carried out in three 1 m3 agitating tanks 
arranged in series (Fig. 7), which are closed to prevent danger from

Fig. 7 Flocculation tanks

aerosols. Reagents, such as sodium phosphate, tannin, chalk and soda, 
can be introduced into the tanks by various funnels. The flocculated 
liquids overflow from the last tank into a 70 m3 ordinary steel decanter 
(Fig. 8).

Fig. 8 Decanter

IV . 3. The sludges are then withdrawn from the base and filtered through 
a rotary filter (Fig. 9) protected by a plexi-glass casing to prevent

Fig. 9 Rotary Filter 
Fig. 10 Sludge Recovery
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formation of aerosols. A  suction device is placed under the casing 
and the polluted air passes through a paper filter before discharge 
into the atmosphere. The filtrates are recovered in an intermediate 
tank and passed to the decanter. The filtered sludge, containing 80 per 
cent water, is collected in a drum at the bottom of a'funnel (Fig. 10). 
The storage barrels are of ordinary steel and hold 220 litres. They 
have a loose plastic liner. Vibration during filling gives them some 
30 per cent more capacity.

IV . 4. The clear de-activated liquids overflow from the decanter into two
25 m3 ordinary steel tanks, from which they are taken by motor tanker 
and discharged into the drains of the F ontenay -au x-Roses Nuclear 
Research Centre.

V. Operational Results of the Effluent Treatment Plant
V . 1. The lime phosphate co-precipitation process has been used at Saclay 

because the cost price is low and the decontamination adequate. The 
results are summarized in Table C.

TABLE С 
RESULTS OF DECONTAMINATION

Source Decontamination factor

Decontamination hall 7 to 20
Effluent research laboratory 3
Hot laboratory 3 to 50
Saclay effluents mixture 3 to 18

TABLE D

Source Treatment Specific activity o f 
effluents, /гс/сс

Decon
tamination

factor

Hot laboratory
(a) Liquid mostly contain- ■ 

ing fission products

(b) Liquid containing P32

(c) Liquid containing I131 
+  tellurium

Precipitation of— lead 
sulphate (5)

+  Sr phosphate
+  Ni ferrocyanide (6)
1. Precipitation of lead 

sulphate
2. Precipitation of calcium 

phosphate
Precipitation of lead sul

phate (5) (7)

10-2

10 -4  10-2 

10-4.1 0 -2 

10-1

200

200

100

30

Decontamination hall Precipitation of Sr phos
phate followed by preci
pitation of Ni ferrocyan
ide 10-5 .10-3 10 to 100

Efflnent research 
laboratory

Precipitation of Sr phos
phate followed by preci
pitation of Ni ferrocyan
ide О

1 ** 30 to 100

349



The SNRC considers these purification factors good enough to authorize 
discharge of the effluents into the Fontenay-aux-Roses drains.

V. 2. However, in view of the low activity of the Centre effluents we have 
studied the possibility of improving decontamination so that they 
could be discharged directly into the Saclay lake and not transported 
to Fontenay-aux-Roses. The tests have been made in two ways: with 
ion-exchange treatment added to the chemical treatment, and by a 
modified chemical treatment.
The chemical method made it possible to devise treatments which 
give good decontamination; these are summarized in Table I).
The existing station is so adaptable that these treatments can easily 
be carried out in it, even on a semi-industrial scale.

V . 3. By the present treatment the activity can be concentrated in a volume 
of sludge about 1/80 of that of the liquid treated.
The average irradiation of the Saclay drums is 40 mr/h at contact of 
the barrel. In three years 200 drums of sludge have been provisionally 
stored on a concrete floor within the site.

( The references used for this paper are to be found at the end of the foregoing
original paper)



T H E  D E C O N T A M I N A T I O N  O F  L O W - L E V E L  R A D I O A C T I V E  
W A S T E  W A T E R  A T  R E S E A R C H  E S T A B L I S H M E N T  R I S Ô

Abstract
Because of the low rate of water renewal in the recipient, Roskilde Fiord, 

an efficient decontamination plant incorporating an evaporator has been cons
tructed at the Riso research establishment. It is intended that the activity 
of the fiord-water at a distance of ten metres from the discharge point shall be 
less than one-tenth of the drinking-water tolerance. This will correspond to 
ca. 1 millicurie per month contained in ca. 5000 m3 of effluent.

A  description of the control and collection of laboratory effluents, of the 
decontamination plant and of the residue storage building will be given. The 
results of current experiments dealing with the decontamination factor and 
the economic aspects of the problem will also be given.

D E C O N T A M I N A T I O N  D E S  E A U X  R E S I D U A I R E S  
D E  F A I B L E  R A D I O A C T I V I T E  A U  C E N T R E  D E  R E C H E R C H E

D E  R I S Ô

Résumé
Vu la lenteur du rythme de renouvellement des eaux dans le fjord de Ros

kilde, qui reçoit les effluents du centre de recherche de Riso, une installation 
efficace de décontamination, munie d’un évaporateur, a été construite dans le 
centre. La radioactivité des eaux du fjord, à une distance de dix mètres de 
l ’orifice de vidange, devra rester inférieure au dixième de la dose maximum  
admissible pour l ’eau potable, ce qui correspond à une dose mensuelle approxi
mative d ’un millicurie pour environ 5.000 mètres cubes d ’effluents.

Le mémoire contient une description du contrôle et de la collecte des 
effluents du laboratoire, de l ’installation de décontamination et du bâtiment 
servant à l ’entreposage des résidus. L ’auteur expose en outre les résultats des 
expériences en cours sur le facteur de décontamination et sur les aspects éco
nomiques du problème.

Д Е З А К Т И В А Ц И Я  В О Д ,  С О Д Е Р Ж А Щ И Х  О Т Х О Д Ы  С Н И З К И М  
У Р О В Н Е М  Р А Д И О А К Т И В Н О С Т И ,  В 

Н А У Ч Н О - И С С Л Е Д О В А Т Е Л Ь С К О М  Ц Е Н Т Р Е  РИЗО

Резюме

В связи с медленным обновлением воды в приемнике Роскильде фиорда в 
научно-исследовательском центре ризо построена эффективная дезактивацион- 
ная установка, в которую входит испаритель. Предусматривается, что актив
ность воды фиорда на расстоянии 10 метров от точки сброса должна быть 
меньше 0.1 активности, допускаемой для питьевой воды. Это будет соответ
ствовать 1 милликюри в месяц, содержащихся в 5,000 куб. метров исходящего 
потока воды.

Будет дано описание контроля и сбора лабораторных сточных вод, дезакти
вирующей установки и сооружения для хранения остатков. Будет представлен 
рабочий опыт дезактивации и экономики.
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L A  D E S C O N T A M I N A C I O N  D E  A G U A S  Q U E  R E C I B E N  D E S E 
C H O S  R A D I A C T I V O S  D E  B A J A  A C T I V I D A D ,  E N  E L  

C E N T R O  D E  I N V E S T I G A C I O N E S  D E  R IS O ]

Resumen
Debido al bajo índice de renovación de las aguas en el fiordo de Roskildo, 

en el qüe se vierten los desechos radiactivos del Centro de Investigaciones de 
Riso, se está construyendo en el Centro una eficaz instalación de descon
taminación de la que forma parte un evaporador. Se pretende con ello que la 
radiactividad de las aguas del fiordo, a una distancia de 10 metros del punto 
de descarga, sea inferior a una décima parte del valor tolerado para el agua 
potable. Esto corresponde a 1 milicurie por mes contenido en 5000 metros 
cúbicos de efluente.

La memoria describirá el sistema de control y el colector de efluentes del 
laboratorio, así como la instalación de descontaminación y  el edificio desti
nado al almacenaje de los residuos. También expondrá experiencias en curso 
sobre el factor de descontaminación y sus aspectos económicos.

THE DECONTAMINATION OF LOW-LEVEL  
RADIOACTIVE WASTE WATER AT RISÓ 

RESEARCH ESTABLISHMENT
I b  L a b s e n

R e s e a b c h  E s t a b l i s h m e n t  R i s ô , D a n i s h  A t o m i c  E n e b g y  C o m m i s s i o n ,

D e n m a r k

Introduction

Owing to the poor stream conditions and the low rate of water renewal 
in Roskilde Fiord, on which the establishment is situated, waste water can 
only be discharged safely if it has a very low activity content.

W e have decided that ten metres from the discharge point (the effluent 
flows through a pipe leading 300 m out into the fiord) the activity content must 
never be higher than one-tenth of the drinking water tolerance. This will, with 
the present volume of effluent (5000 m3 per month), permit a discharge of one 
me per month of unspecified isotopes, or corresponding amounts of specified 
isotopes.

It  was estimated that, at an early date, the expected amount of activity 
discharged to the waste water system at the establishment would be 50 me 
per day, contained in 4 m3 of waste water. These figures took into account 
only activity from the chemical laboratories and 150 litres of waste water per 
chemist per day. High activity waste was supposed to be treated separately.

It was now evident that our decision regarding permissible discharge dilu
tion of the waste water would not be sufficient, but that decontamination was 
necessary. The decontamination procèss should have a decontamination factor 
of at least 1500, if 50 me per day in 30 days should be reduced to 1 me.

As we did not intend to send our concentrate outside the limits of the estab
lishment, it was essential, for reasons of space, that the concentrate should 
have as small a volume as possible.
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The decontamination plant for active waste water was placed in a building, 
together with laundry and decontamination facilities, on the northern side of 
the Risô peninsula. The sewage treatment plant and the active waste storage 
building are placed in the same area.

4 •
Choice oí type of decontamination plant

From the above-mentioned assumptions we had to make up our minds in 
September 1956 how to concentrate the activity even before the building of the 
establishment was started, because it was essential that the decontamination 
plant should be ready for use when our 5 M W  reactor went critical, which was 
scheduled to be in December 1957.

W e had to choose between these concentration methods :
1. Precipitation;
2. Ion exchange;
3. Evaporation.
As we did not know the composition of the waste water, and as we did not 

have the time to make experiments, we were unable to design a plant using 
methods 1 or 2, and we decided to choose a concentration plant of the evapora
tion type. A  plant of this type is partly independent of the composition of the 
waste water, and some information about the use of such plants was available 
in the United States. The decontamination factor by evaporation appeared to 
be sufficient, and it was possible to make a complete concentration without 
much addition of chemicals, so that the volume of concentrate would be the 
smallest possible.

Since evaporation plants usually are less economic than other types of decon
tamination plants, great importance was attached'to the process costs when 
selecting the type of evaporation plant.

Waste water systems

When we had decided that we would use evaporation in our decontamination 
plant, we had to plan our waste water systems accordingly. W e naturally did 
not want to distill all our sewage. W e therefore decided to divide the waste 
water in the following systems :

1. Radioactive waste water;
2. Cooling water from chemical laboratories;
3. Inactive sewage.
W e considered it unpractical that the personnel should decide to which 

system waste water should flow in each case. This we avoided by letting the 
laboratory sinks from all rooms where dissolved activities are used lead to the 
active system. This means that the amount of active waste water becomes 
somewhat greater than necessary but, on the other hand, that there will be 
activity in the inactive sewage, only in very unfortunate circumstances.

Short description of the three systems:

System 1. The radioactive waste water

is sent through PVC-pipelines to tanks (two tanks, each of 4 m3 capacity, 
placed at four strategic points in the establishment) at the buildings where the 
waste water arises. It  is taken from these tanks to the decontamination plant 
by tank car. This waste water arises entirely in the chemical laboratories, the
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reactors and the decontamination plant. The volume amounts at present 
to 5 m3 per day. Until now we have only had very little activity in this waste 
water.

Owing to the high calcium concentration in the well water, which would 
cause scaling in the evaporator, we use entirely deionized water in the taps 
wherever drains to the active waste water system are installed.

System 2. Cooling water from the chemical laboratories

is collected, like the active waste water, in tanks at the buildings. W hen a tank 
is full, the activity is monitored. I f  the waste is active it goes by tank car to the 
decontamination plant; if it is inactive the tank is drained to the sewage 
system.

This waste water is normally inactive, as it comes from closed systems only 
and only a failure in the laboratories will produce activity in it. The volume 
is now about 10 m3 per day.

System 3. The inactive sewage

comes from bathrooms, lavatories and canteen, and from buildings where no 
active water is used. After settling it is collected in basins, where it is moni
tored for activity. I f  it is active, it will be pumped to the evaporation plant ; 
when it is inactive, which it always has been up to now, it is treated biologi
cally before it is discharged to the fiord.

All the waste water is collected in two 500 m3 retention ponds, where the 
activity is monitored by the Health Physics Department before the effluent 
runs into the fiord. The volume of the effluent is about 150 m3 per day.

A t the decontamination plant there is a remote indicating system which 
shows the liquid levels in 'all waste-water tanks, and we are warned when a 
tank is full. In the same way we have an alarm-system for indicating leakage 
from pipes and tanks in the active waste-water system.

Design of the evaporation plant

The evaporation plant was designed by Mr. Rolf Andersen, consulting en
gineer, in co-operation with the Danish Atomic Energy Commission.

As we have no waste steam in the establishment, it was natural and econo
mical to design the plant as a vapour compression evaporation plant, using a 
mechanical vapour compressor. W e also decided to construct it with forced 
circulation of the liquid, as this gives us the following advantages:

1. The consumption of energy in a vapour compression evaporation plant 
with forced circulation will only amount to about two-thirds of the 
consumption of energy in a similar plant without forced circulation.

2. Due to the high velocity of liquid through the tubes of the heat exchanger, 
and the small temperature difference between steam and liquid corres
ponding to this high velocity, there is apparently no scaling in the tubes. 
Such scaling is very annoying in an ordinary vapour compression eva
poration plant, but especially so in a radioactive plant which may have 
to be decontaminated before de-scaling.

3. Owing to the forced circulation there is no boiling in the tubes of the 
heat exchanger, but only from the surface of the liquid as it emerges 
from the heat exchanger. This should give a high decontamination 
factor. Entrainment separation is obtained by means of two cyclones in
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the vapour dome. In the dome there is room for a vapour filter but, as 
this would reduce the economy, we try to omit it.

The plant was designed for a capacity of 1,500 litres per hour. A t present it 
is only necessary to operate the plant 4 to 6 hours per day, but the plant can, 
without difficulty be run day and night, corresponding to a capacity of 36 m3 
per 24 hours.

As the fairly large amount of activity accumulated in the evaporator, when 
this has been in operation for some time, is difficult to shield, we send the 
waste water through a sludge-separator before it goes to the evaporator. It  
is possible in this way to remove about 5 0%  of the activity together with the 
sludge in the waste water. The sludge amounts to about 10%  of the solids in 
the waste water. A t the same time we attain a low sludge content in the eva
porator.

In other places where evaporation is used for concentration of radioactive 
waste water there is usually only one evaporator, which concentrates the waste 
water to a high content of solids. As we want a total concentration, we have 
placed a small second evaporator after the vapour compression evaporator. 
This evaporates the concentrate (10 % solids) from the first evaporator down 
to a dry powder.

A  calculation showed that the radiation intensity at the outside of the still 
would necessitate the shielding of the plant. It was therefore decided to sur
round the plant with a wall 8 m high built of ordinary concrete 40 cm thick. 
This meant that nearly all the valves and all the indicating instruments had 
to be remote-controlled.

Practically the whole plant is constructed of stainless steel. The second eva
porator is, however, of nickel, to withstand corrosion by the highly concentrated 
salt solution.

The sludge from' the centrifuge and the solids from the second evaporator 
are stored in 200-litre steel drums lined with concrete. Because of the radiation 
intensity, both transport and storage of the drums require a shield of 45 cm 
concrete.

Description of the components of the evaporation plant.
The radioactive waste water which is brought to the decontamination plant 

in the tank car is drained off to a 10 m3 tank. This tank is also the collecting 
tank for active waste water from the decontamination plant.

Storage tanks.
Two upright standing tanks, each, of 100 m3 capacity, aré used for storing 

the active waste water; Normally only one of the tanks (stainless steel) is in 
use, whereas the other (ordinary steel) is in reserve and probably only will be 
used in close-down periods.

The waste waiter is pumped from the 10 m3 tank to these tanks by means of 
steam nozzle pumps. The samé pumps are used for mixing the content of the 
tanks, and pumping waste water from them to the treatment tank.

Treatment tank
The volume of this tank, is 12 m 3. It  is provided with a mechanical mixer. 

In it the waste water is neutralized to pH  7 and, if this is considered advant
ageous, treated in other ways, for instance by calcium phosphate precipitation.
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The chemicals are added from the outside, as they are transferred over the 
wall into the tank by means of compressed air.

Sludge-centrifuge.
From the treatment tank the water flows through an orifice gauge and a 

regulating valve to the centrifuge, where the sludge is separated from the 
liquid. The centrifuge is of the self-desludging type. The sludge in the centri
fuge is emptied automatically, every two hours, to a tank, from which it falls 
into the storage drum. The clear water is pumped by the centrifuge to the 
feed tank for the evaporator. The liquid level in the feed tank is kept constant 
by means of the regulating valve.

Evaporator.
The vaporator consists of heat exchanger, vapour dome with built-in cyclo

nes, return pipe and circulating pump. The circulating pump pumps the water 
up through the tubes of the heat exchanger and tangentially into the vapour 
dome, from which it returns to the pump through the return pipe. In this there 
are two steam coils. One is used for heating the liquid to boiling point at start
up of the plant, and the other for regulating steam during operation. By means 
of this it is possible to keep the vapour dome at a pressure of 20 cm of water 
above atmospheric pressure.

The liquid level in the evaporator is kept constant by supplying water from 
the feed tank through a regulating valve. Before the water goes into the evapo
rator it is heated from about 30° С to 95° С in a preheater, where^it flows 
counter-current with the distillate. The volume of the liquid in the evaporator 
amounts to about 5 m3.

•The vapour is drawn from the evaporator through the cyclones in the dome 
and through a centrifugal compressor, by which the vapour pressure is increased 
by 200 cm of water (3 PSI), corresponding to an adiabatic increase of tempera
ture of 5° C. The compressor is placed outside the shielding wall. The compressed 
vapour is forced into the heat exchanger of the evaporator on the outer side 
of the tubes. The vapour is condensed on the tubes and the latent heat is 
returned to the liquid in the evaporator. The condensate is collected in a vent 
tank, from which the non-condensable gases together with some vapour flow 
through an orifice to an air-cooled condenser and the condensate is pumped 
through the preheater to one of the two 10 m 3 distillate tanks, where it is 
monitored for activity, before it is drained off to the recipient.

W hen the evaporator is in operation we have thus a continuous supply of 
waste water and outflow of distilled water, and hence the concentration of 
solids in the liquid is increased. When the content of soUds reaches 10% , 
the content of the evaporator is pumped by a steam nozzle pump to one of the 
two concentrate storage tanks. Each tank has a capacity of 6 m3 and is fitted 
with a mechanical mixer.

The circulating pump

is a propeller pump driven by a 10 hp DC motor supplied from a Ward- 
Leonard aggregate. The number of revolutions may in this way be regulated 
smoothly up to 600 rpm. The pump normally operates at 420 to 480 rpm. 
A t 480 rpm and one metre head the pump has a capacity of 1,200 m3 per hour.

The pump has a special mechanical shaft seal.
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The heat exchanger

is 0.86 m in diameter and 4.5 m high (the total height of the evaporator 
assembly is 10 m). It consists of 330 vertical tubes surrounded by a shell. 
The liquid flows inside and the vapour is supplied outside the tubes. They are 
all 4.5 m long, having an outer diameter of 33 mm and a wall thickness of
1.5 mm. Their total surface is about 150 m 2.

The centrifugal compressor

operates at 12,000 rpm. It is driven through a gear by a 35 hp AC motor. The 
rotor is of an aluminium alloy, the housing of cast iron.

The second evaporator.
This is a thin-film evaporator. It consists of a vertical cylinder with a steam  

mantle. Axially in the cylinder a shaft with teflon wiper-blades rotates. This 
is driven from the top of the evaporator. The interior of the evaporator is 
made of nickel.

The concentrate is fed from the concentrate storage tanks by gravity through 
a regulating valve to the top of the cylinder, where it is distributed over the 
surface of the cylinder by a rotor on the shaft. It  flows down the inside of the 
cylinder, where the water evaporates. The vapour goes from the top of the 
evaporator to a water-cooled condenser. The condensate is drained to the active 
waste-water system. The solids are scraped off the wali by the wiper-blades 
and fall down into a storage drum.

Instrumentation.
A  panel indicates the following:
Liquid level in all tanks and in the evaporator;
Temperature, 14 places in the plant;
Flow (feed and distillate);
Difference in pressure over the compressor and vapour dome/atmosphere; 
Rpm:  centrifuge, circulating pump and vapour compressor; 
k W h:  centrifuge, circulating pump and vapour compressor;
Foam in the evaporator.
From the same panel all valves are remotely and, to a large extent, auto

matically operated.

Transport and storage of concentrate.
Drums

As storage drums we use ordinary steel drums formerly used for grease. 
For ease of crane transport we have welded a ring of angle-iron on the drums
4 cm from the top edge. Furthermore we line them with 3 cm of concrete.

The transport of drums between the evaporation plant and the drum 
storage building is by trolley; transport in the store is by crane.

Trolley

Both under the centrifuge and under the second evaporator a trolley stands, 
on which drums are placed. The solids from the centrifuge and the evaporator 
are filled into these drums through telescope tubes. When a drum is full,
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the telescope tube is raised and the trolley with drum is drawn on rails to the 
drum storage building, which is 25 m from the evaporation plant. Each trolley 
has its own rails and is driven by wire from a motor placed in the storage 
building. For reasons of space and of shielding the trolleys are placed entirely 
underground.

Drum storage building.

The drum storage' building consists -of store-room and operation room. 
The trolleys come into the storage building between these rooms. The store
room and the trolleys are shielded by a wall 3 m high and built of 45 cm ordi
nary concrete.

A  bridge crane running on the shielding walls may reach all places in the 
building. W ith this the drums can be transported from operation room to 
trolleys and from these to the store-room. For the crane we have constructed 
a special tool which catches the drums in the ring of angle-iron already mentio
ned, and which may catch or release the drum standing on the floor.

When a full drum arrives at the drum storage building, the procedure is as 
follows :

1. A  plywood lid is placed over the content of the drum;
2. Concrete is placed on the plywood lid and vibrated by a vibrator on the

trolley ;
3. The ordinary drum lid is placed on the drum with a manipulator and 

fastened to it;
4. The finished drum is placed in the store-room;
5. A  new drum is placed on the trolley, whereupon this goes back to the

evaporation plant.
These operations are all done by the crane.
In the drum storage building there is space for two hundred drums, when 

they are placed in three layers. This ought to be enough to contain five years’ 
production from the evaporation plant.

Operation experiences with the evaporation plant.
The plant has been in operation with waste water from the active system  

since June this year. W e have until now only had a very low activity content 
in this water, and we have therefore very little experience with active water. 
On the other hand, the waste water is of the same chemical composition as it 
wi11 be when it becomes active.

W hen the water arrives at the plant it has a pH  of 3 on an average. The 
content of solids is about 700 ppm. Of this the separator removes about 
100 ppm, so that the water which is supplied to the evaporator contains about 
600 ppm solids.

From June to October we have evaporated 650 m3 and reached a solids 
content of 6 %  in the liquid in the evaporator.

W e naturally had many difficulties when we started the plant, but we believe 
that they have now been overcome. W e have had some foaming problems. W e  
tried antifoam agents, • but the effect was not satisfactory and the agents 
were expensive. However, when we reached a concentration of solids of about 
5 %  there was no foaming in the evaporator, and there has been no foaming 
since then. W e therefore believe that we shall always keep the concentration 
above this limit.
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The economy of the evaporation process is satisfactory. The average used is 
19 kW h (to vapour compressor and circulating pump) per m 3 distillate, corres
ponding to about 3 %  of the latent heat. The regulating steam. amounts to 
about 30 kg per m3 distillate.

The capacity of the plant is constant at about 1,700 litres/hr with a solids 
content of 6% .

The decontamination factor of the centrifuge is found to be about 2. The 
decontamination factor of the evaporator (concentrate activity/condensate 
activity) will probably be between 104 and 105. This has been found both by  
determination of solids content and of activity contént. Owing to the extre
mely low content-of both activity and solids in the distillate, the results are 
naturally not very accurate.

Volume of concentrate. From the centrifuge we get about one litre of sludge 
per m3 of waste water: The remaining solids from 1 m3 will give about 0.8 litre 
of concentrate in the second evaporator. In this way we get a volume reduction 
from waste water to concentrate of 500 to 600.





F A C I L I T I E S  F O R  W A S T E  M A N A G E M E N T  A T  
C H A L K  R I V E R ,  C A N A D A

Abstract
The waste disposal areas used by the Atomic Energy of Canada Limited 

are situated in a rock basin filled with glacial till and sand, draining into the 
Ottawa River. Low-activity liquid effluent is run into pits in the sand, which 
are filled with small rocks to prevent contact of liquid with the air. Medium- 
level liquid is mixed with cement in drums which are stacked and totally en
closed in concrete trenches; medium-level solids are buried in concrete-lined 
trenches ; high-level solids are placed in holes lined with steel or concrete piping. 
Special facilities are provided for organic liquids and bottled wastes. Details 
will be given of the structural work and procedures, with an outline of the results 
of environmental monitoring. ¡

L E S  I N S T A L L A T I O N S  D ’ E L I M I N A T I O N  E T  
D ’ U T I L I S A T I O N  D E S  D E C H E T S  A  C H A L K  R I V E R ,  C A N A D A

Résumé
Les zones d’élimination utilisées par l ’Atomic Energy of Canada Limited 

sont situées dans un bassin rocheux, rempli de blocs erratiques et'de sable, 
dont les eaux s’écoulent dans la rivière Ottawa. Les effluents liquides de faible 
activité sont versés dans des puits creusés dans le sable, qui sont ensuite rem
plis de petites pierres pour prévenir le contact du liquide avec l ’air. Les déchets 
liquides d ’activité moyenne sont mélangés à du ciment dans des barils qui sont 
entassés et complètement enfermés dans des tranchées bétonnées; les déchets 
solides d’activité moyenne sont enfouis dans des tranchées bordées de béton; 
les déchets solides de haute activité sont placés dans des trous bordés de con
duites d ’acier ou de ciment. Des installations spéciales sont prévues pour les 
liquides organiques et les déchets enfermés dans des récipients en forme de 
bouteilles. Le mémoire expose en détail les travaux d’aménagement et les 
méthodes suivies; il donne un aperçu des résultats du contrôle du milieu am
biant. '

О Б О Р У Д О В А Н И Е  Д Л Я  О Б Р А Щ Е Н И Я  С О Т Х О Д А М И  В Ч О К
Р И В Е Р  В К А Н А Д Е

Резюме
Пункты удаления отходов, используемые Канадским объединением по 

атомной энергии, расположены в каменном бассейне, заполняемым валунной 
глиной и песком, которые спускаются в реку Оттава. Малоактивный жидкий 
эфлюент помещается в ямы, вырытые в песке, которые наполнены небольшими 
камнями, чтобы предотвратить контакт жидкости с воздухом. Жидкий эфлюент 
средней активности смешивается с цементом в барабанах, которые сложены 
в штабеля и защищены бетонированными рвами; твердые тела средней актив
ности погружаются в бетонированные рвы; твердые тела большой активности 
помещаются в ямы, выложенные стальными и бетонными трубами. Для орга
нических жидкостей и отходов, заключенных в бутылки, применяется специаль
ное оборудование. В документе будут подробно описаны устройство оборудо
вания и процесс производства, и будут приведены результаты контроля окру
жающей среды.
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I N S T A L A C I O N E S  U T I L I Z A D A S  P A R A  E L  
P R O V E C H A M I E N T O  Y  E V A C U A C I O N  D E  D E S E C H O S  

R A D I A C T I V O S  E N  C H A L K  R I V E R ,  C A N A D A

Resumen
Las zonas utilizadas por la Atomic Energy of Canada Limited para la 

evacuación de desechos radiactivos están situadas en una cuenca rocosa recu
bierta de limo y  arena del período glacial, que desemboca en el río Ottawa. 
Los efluentes líquidos de baja actividad se evacúan en pozos cavados en la 
arena, que se llenan con rocas de pequeño tamaño a fin de impedir que los 
líquidos entren en contacto con el aire. Los líquidos de actividad media se 
mezclan con cemento en tambores que se apilan y  entierran totalmente en 
zanjas de hormigón, mientras que los sólidos de actividad media se introducen 
en zanjas revestidas de hormigón. Por su parte, los sólidos de elevada actividad 
se colocan en hoyos revestidos de acero o de tubos de hormigón. Se emplean 
instalaciones especiales para los líquidos orgánicos y los desechos envasados. 
Los autores dan detalles sobre los trabajos de construcción de esas instalaciones 
y sobre los procedimientos de evacuación utilizados y  describen sucintamente 
los resultados del monitoraje del medio ambiente.

FACILITIES FOR WASTE MANAGEMENT AT 
CHALK RIVER, CANADA

С. A . Maw so n  and  A . E. R ussell 
E n vironm ental  R esearch Bran ch , A tomic E n e r g y  of Ca n a d a  L t d .,

Ca n ad a

Introduction
The waste disposal areas at Chalk River are about 600 m from the establish

ment and are situated in forested country inside the outer perimeter fence. 
They lie within an enclosed rock basin (Fig. 1) having only one known outlet 
to the Ottawa River. The basin is lined with glacial till having a very low per
meability. The till is covered with sand containing discontinuous lenses of 
gravel and sût; the surface consists of wind-blown sand dunes. The surface 
features sometimes give little indication of the direction of ground-water move
ment, which is mainly determined by the slope of the granite bed-rock.

Drainage from the basin is collected in the shallow pond known as Perch 
Lake, which is drained through Perch Creek into the Ottawa River. The creek 
crosses the rim of the basin at a waterfall, and the flow-rate and radioactive 
content are measured at a V-notch wier. W ater flowing from the A  Disposal 
Area, used for ground disposal of liquid effluent, is monitored for volume and 
activity where it crosses under the electric power line in two streams draining 
the South and East Swamps. Drainage from the В Area, used for solid dis
posals, collects in a small stream leading to the main outflow from the basin 
before it reaches Perch Lake. This convenient drainage system makes it possible 
to obtain a very good picture of the escape of activity from the disposal areas, 
its entry into Perch Lake, the discharge from the lake, and the final outflow 
into the Ottawa River. The mean flow of Perch Creek is about 5 x  103 m3 per
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Fig. 1
Map of Perch Lake Basin. Electric power line shown as dotted line below disposal areas. 

Hatched line shows run of rock basin

day, and that of the Ottawa River about 5 x 107 m3 per day. Good mixing of 
the waters of Perch Crëek with those of the Ottawa River can be expected 
10 km below the confluence of the two streams, whére there is a sharp turn in 
the river and considerable narrowing, causing obvious turbulence. The current 
velocity of the Ottawa River is about 10 km per day.

Liquid disposal area A

. The bulk of the liquid entering the ground in this area is from the1 spent fuel 
storage bays. It is pumped by pipe-line from a delay tank at the establishment, 
where samples are taken for determination of dissolved radionuclides. Sus
pended radioactive material, mainly consisting of uranium fines from the rod- 
cutting bay, corrosion product floe and back-washed kieselguhr from the 
Bowser filters used to preserve the clarity of the storage bay water, is not ana
lyzed, since sampling is too difficult. During the 12 months September 1958—  
August 1959 2 X  105 m3 of this water, containing 2,000 с of fiy activity (in
cluding 126 с Sr90) and 18 g Pu239, were pumped through the pipeline.

The water from the fuel storage bays enters Reactor Pit 2, illustrated in 
Pig. 2. The pit is 70 m long, 37 m wide and 2.5 m deep. It is essentially a hole 
cut in the top of a sandy hillock and filled with 4—6 cm pebbles (Fig. 3). The 
water enters below the surface of the pebble fill and is directed in a serpentine 
course through the pit by means of the Transite baffles illustrated in Fig. 4. 
The pebbles serve to prevent freezing, to protect wild-life from contact with 
the water, to reduce the radiation field from the pit to a negligible level, and 
to prevent airborne contamination.

Monitoring wells and wells for determination of water level are established 
at various points within the pit and also around the pit in the direction of out-
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. r i£- 2 .Reactor Pit 2, showing monitoring wells (beside figure) and water level wells (right
background)

WÊÊÊSm

Fig-3Reactor Pit 2, showing pebble fill and monitoring well

flow of the water. The monitoring stations consist of well-points for collection 
of water samples, and thin sealed aluminium tubes for dry-monitoring of 
radioactivity at all levels down to the glacial till. Part of the drainage from the 
pit seeps into the South Swamp.

Owing to the large quantity of radionuclides held by the soil in the immediate 
neighbourhood of the pit, it is undesirable that wastes containing complexing 
agents, detergents and solutions of high ionic content should pass through this 
region. Such material is pumped to the “ Chemical Pits” illustrated in Fig. 5. 
Two interconnecting pits filled with pebbles received 1.6 x 104 m3 of waste 
between September 1958 and August 1959. Dissolved radionuclides totalled
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Fig. 4
Reactor Pit 2, taken during construction, showing Transite baffles and placement of

pebble fill

Fig. 5
Chemical Pits. The hollow in the left middle distance contains the junction box for the

connecting drain

55 о fly (including 4 c Sr90) and 1.3 g Pu239. These pits drain towards the 
East Swamp, and are monitored in the same way as Reactor Pit 2.

Wastes from the Active Laundry and the Decontamination Centre are usually 
suitable for direct disposal to the river after dilution into the Process Sewer, 
which carries about 1.3 X  Ю5 m3 per day of very low-activity reactor cooling 
water. However, a special pit is provided for unusually active wastes from these 
sources. It can only be used intermittently, as it periodically becomes clogged 
with lint and soapy deposits, which have to be raked to re-establish the flow.
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but it has been cheaper to bury than to incinerate. However, the large amount 
of ground used in this way, together with the necessity for learning about 
incineration in connexion with the power reactor programme, has led us to 
decide to install an incinerator. A  typical sand trench is shown in Fig. 7.

b) Concrete trenches

Wastes containing activity above 1 me are placed in concrete-lined trenches. 
The construction details of this facility are shown in Fig. 8, and a partially- 
filled concrete trench is illustrated in Fig. 9. Most disposals are sealed either in 
plywood boxes or in polythene wrappings before being placed in the dry trench. 
Occasionally material containing only fixed induced activity is placed in the 
trench without covering. Frequently, however, such disposals can safely be 
made into a sand trench although the activity is well above the microcurie 
range.

c) Cement tile holes

Scrap giving rise to very high radiation fields cannot conveniently be placed 
in concrete trenches owing to the danger of exposure to operators. It  is taken 
to the disposal area in a heavily-shielded flask and dropped into a concrete- 
lined hole. Construction details of this facility are shown in Fig. 10. A  series 
of tile holes under construction is illustrated in Fig. 11, and the method used 
for dropping material into the hole is shown in Fig. 12. The cement pad used 
to carry the weight of the disposal flask can be seen in the latter figure.

A  similar facility, made from galvanized steel pipe instead of concrete drain
pipe, is used for highly-active material of comparatively short half-life and for 
such things^as irradiated rod-ends.

CROSS SECTION THROUGH WASTE OISPOSAL 
TRENCH

L------------------------:-----  4o-o‘ -----------------------  j. --------- 40-0"--------- —--------— - j- ____________ -

TOTAL LENGTH • 200 FT.

PLAN OF TRENCH

Fig. 8
Concrete Trench. Diagrammatic section
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Fig. 9
Concrete Trench. Partially filled with packaged waste. Removable plywood roofing keeps 

the contents dry while the trench is in use

CONCRETE T IL E  HOLES

Fig. 10
Concrete Tile Holes. Diagrammatic section of hole in use and after filling*

d) Miscellaneous facilities

Bottles of radioactive waste are placed in an underground crib lined with 
5 cm of asphalt on the walls and floor. When the floor is completely covered 
with standing bottles they are covered with sand and sealed in with asphalt. 
Another layer of bottles is added, and the process continued until the crib is

* Erratum: Tile hole on right should be shown with concrete plug in the top.
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Fig. 11
Concrete Tile Holes. Holes under construction

Fig. 12
Concrete Tile Holes. Placement of waste into hole. One operator opens gate in base of 

■' flask while the other monitors the ambient field

full. The topmost layer is then sealed with asphalt and the whole covered with 
sand. In future the crib will be made of concrete, painted on the outside with 
asphalt.



The map of the В area shows a number of “ asphalt trenches” . These are 
sand trenches lined with asphalt and sealed with asphalt roofs before final 
covering with sand. They have received large quantities of highly-active solid 
wastes— for example, the waste derived from the accident to the N R U  reactor 
when a fuel rod burned in the reactor hall (1). No leakage has been detected, 
but cracks have been found in the asphalt roof, and the use of these trenches 
has been abandoned in favour of concrete.

Radioactive organic liquids are buried in 200 litre steel drums. A  pit with a 
concrete bottom receives a stack of drums and concrete is then poured to fill 
the whole pit, which is finally covered with sand.

Г ■ .<■ J P
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Fig. 13
Concrete Monoliths, showing various stages of construction. The monoliths are finally

covered with sand

A  similar facility on a bigger scale was used to dispose of intermediate wastes 
(about 5 /ic/ml) from the chemical processing plant. The acid solutions were 
mixed in steel drums with cement containing 2%  of bentonite. When the cement 
had solidified, the drums were stacked on a concrete pad at the bottom of a 
deep pit. Forms were erected around them and the stack was cast into a solid 
concrete “ monolith” . The procedure for making the monolith is shown in 
Fig. 13. These structures contain many thousands of curies of fission products, 
but only traces of activity have been detected in the surrounding soil.

Effectiveness of retention

The monitoring system used to follow the movement of radioactive material 
below ground, in surface waters and in Ottawa River is described in other 
papers presented at this Conference (2, 3). Considerable difficulty has been 
experienced in determining the origin of some of the activity moving through 
the soil and seeping into the swamps. The A  Disposal Area received the emer
gency cooling water from the 1952 accident to the N R X  reactor, and two major 
disposals of several thousand curies of fission products in acid solution that 
were made in 1954 and 1955. All these disposals were run straight into the
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sand without any attempt at ■ containment. However, seeps from Reactor 
Pit 2 can be identified, as they contain S35 derived from neutron capture by  
the lubricant used in drawing the fuel elements.

The bottom of Reactor Pit 2, which has been in use since October 1956, 
appears to be plugged and discharge from the pit is now through the sides. 
Seepage from the pit has contained almost entirely Ru106-)-Rh106. Sr90 is 
known to be moving through the soil, followed by Ce14i and small amounts 
of Cs137. Sr90 arising from disposals into the Chemical Pit has been detected 
in the East Swamp, and small amounts of Sr90 have been found in water drain
ing from the В area. However, the net result of all disposals in the Perch 
Lake Basin is that the maximum concentration of radioactive nuclides leaving 
the basin by way of Perch Creek is about 3 0%  of the maximum permissible 
occupational level, assuming that all detected activity is due to Sr90.

It is the policy of Atomic Energy of Canada Limited that no effluent shall 
enter the Ottawa River at inore than the occupational MPC. Since,30%  
of this level has now been reached on a few occasions, and subsurface moni
toring shows that the level will rise in future, a flocculation plant is planned 
which will be capable not only of decontaminating water before it enters the 
ground but also, if necessary, of treating the whole flow o f Perch Creek.
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T H E  P E R M A N E N T  D I S P O S A L  O F  H I G H L Y  
R A D I O A C T I V E  W A S T E S  B Y  I N C O R P O R A T I O N  

I N T O  G L A S S

Abstract
Development of a process for the incorporation of the high-level wastes 

from chemical processing operations into glass for permanent disposal has 
continued at Chalk River. The process has been demonstrated by making glass 
containing up to 50 curies of five- to six-year old mixed fission products per kg. 
The operation was batchwise, on a scale of four kg per batch. These operations 
showed that the fission products could be incorporated into glass safely and 
conveniently.

Consideration of the many problems involved in the permanent storage or 
disposal of the highly radioactive glass has resulted in the conclusion that it 
should be buried in the ground or stored in 'artificial vaults. In such conditions, 
the disposal may always be-subjected to further control if required. I f  disposal 
is made directly to the ground, the principal method by which fission products 
can be released to the environment is by leaching from the glass into water.

It is therefore considered important to know the rate at which fission pro
ducts will be dispersed by this mechanism. Considerable data on leaching by  
water have been obtained in the laboratory. It has been found that the rates 
of release depend on the composition of the glass. For all the compositions 
tested the measurements showed that the rate of leaching of fission products 
from the glass decreased with time. After several months in water the rate of 
release of several compositions was about 10-4 per cent per year from a two 
kg hemisphere of glass. The data obtained have been used to estimate the 
release of fission products from glass containing the large quantities of fission 
products which will accumulate from operation of power reactors.

E L I M I N A T I O N  P E R M A N E N T E  D E  D E C H E T S  
H A U T E M E N T  R A D I O A C T I F S  P A R  I N C O R P O R A T I O N

D A N S  L E  V E R R Eî
Résumé

On poursuit à Chalk River les travaux de mise au point d ’un procédé per
mettant d’incorporer dans le verre, pour élimination permanente, des déchets 
hautement radioactifs provenant d ’opérations de traitement chimique! Aux  
fins de démonstration du procédé, on a fabriqué du verre contenant un mélange 
de produits de fission ayant cinq ou six ans d ’âge et dont l ’activité allait 
jusqu’à 50 curies par kilogramme. L ’opération s’est faite en discontinu, par 
lots de quatre kilogrammes. On a constaté que les produits de fission peuvent 
être incorporés dans le verre commodément et sans danger.

En étudiant les nombreux problèmes que posent le stockage et l ’élimination 
permanents du verre hautement radioactif, on est parvenu à la conclusion que 
ce verre devrait être, soit enfoui dans le sol, soit entreposé dans des souterrains 
artificiels. Dans ces conditions, il est toujours possible, en cas de besoin, de' 
procéder à un nouveau contrôle de l ’élimination. Lorsque l ’enfouissement 
se fait directement dans le sol, les produits de fission peuvent surtout être 
libérés dans le milieu ambiant par lixiviation du verre dans l ’eau.

On estime donc important de connaître le rythme auquel les produits de 
fission se dispersent par ce mécanisme. Une documentation abondante sur la 
lixiviation par l ’eau a été recueillie en laboratoire. On a constaté que le rythme
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de libération dépend de la composition du verre. Pour toutes les compositions 
mises à l ’épreuve, les mesures montrent que le rythme de lixiviation des pro
duits de fission incorporés dans le verre décroît avec le temps. Après plusieurs 
mois d’immersion dans l ’eau, le rythme auquel les substances radioactives se 
dégageaient du verre de différentes compositions était de 10~4 pour cent par 
an environ, pour des hémisphères en verre pesant deux kilogrammes. Les 
données recueillies ont servi à évaluer les quantités de produits de fission qui 
s’échapperont du verre auquel auront été incorporées les masses importantes 
de produits de fission qui s’accumuleront par suite du fonctionnement des 
réacteurs de puissance.

О К О Н Ч А Т Е Л Ь Н О Е  У Д А Л Е Н И Е  В Ы С О К О Р А Д И О А К Т И В Н Ы Х  
О Т Х О Д О В  П У Т Е М  З А К Л Ю Ч Е Н И Я  И Х  В С Т Е К Л О

Резюме
В Чок Ривер продолжается разработка процесса заключения в стекло высоко

радиоактивных отходов, получаемых в результате операций по химической 
переработке, для окончательного их удаления. Этот процесс был продемонстри
рован производством стекла, содержащего до 50 кюри смешанных расщеп
ляющихся продуктов пяти-шестилетней давности на килограмм. Операция 
проводилась по циклам по норме 4 килограмма на цикл. Эти операции показали, 
что расщепляющиеся продукты могут быть заключены в стекло безопасно и 
удобно.

Рассмотрение многих проблем, связанных с постоянным хранением или 
окончательным удалением высокорадиоактивного стекла привело к выводу, 
что его следует захоронять в землю или хранить в искусственных погребах, 
В таких условиях отходы в случае необходимости всегда могут быть подвер
гнуты дополнительному контролю. Если отходы помещаются непосредственно 
в грунт, то основным методом, с помощью которого расщепляющиеся продукты 
могут быть выпущены во внешнюю среду, является выщелачивание из стекла 
в воду.

В связи с этим считают важным знать скорость, при которой расщепляющиеся 
продукты будут рассеиваться этим методом. В лаборатории получено значи
тельное количество данных о выщелачивании с помощью воды. Было найдено, 
что скорость выщелачивания зависит от состава стекла. Измерения, прове
денные при испытании всех составов стекла, показали, что скорость выщелачи
вания расщепляющихся продуктов из стекла со временем уменьшается. После 
нескольких месяцев пребывания в воде скорость высвобождения из стекла с 
различным составом была равна примерно 10-á  процента в год от двухкило
граммовой стеклянной полусферы. Полученные данные были использованы 
для определения высвобождения расщепляющихся продуктов из стекла, содер
жащего большие количества расщепляющихся продуктов, которые будут 
аккумулироваться в результате работы энергетических реакторов.

L A  E V A C U A C I O N  P E R M A N E N T E  D E  D E S E C H O S  
D E  E L E V A D A  R A D I A C T I V I D A D  I N C O R P O R A N D O L O S

E N  V I D R I O

Resumen
En Chalk River se ha continuado el estudio de un proceso para incorporar 

en vidrio para su evacuación permanente los desechos de alto nivel radiactivo 
resultantes de los procesos de tratamiento químico. Se ha, ensayado el sistema
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produciendo un vidrio que contiene hasta 50 curies de productos de fisión de 
cinco a seis años de edad por kilogramo. El procedimiento es intermitente y 
trabaja en partidas de cuatro kilogramos. Se ha démostrado que los productos 
de fisión pueden ser incorporados al vidrio en forma eficaz y  segura.

El estudio de los muchos problemas que encierra el almacenaje permanente
o la evacuación del vidrio de alto nivel radiactivo ha llevado a la conclusión 
de que debería ser enterrado en el suelo o almacenado en depósitos subterrá
neos artificiales. En estas condiciones es siempre posible, caso de que sea nece
sario, proceder a un nuevo control de los desechos. Si la evacuación se efectúa 
enterrando los desechos, los productos de fisión se liberan sobre todo mediante 
lixiviación por las aguas subterráneas.

Así pues, es importante saber la velocidad con que los productos de fisión 
se difundirán mediante este procedimiento. Se ha reunido buen número de 
datos sobre la lixiviación por agua en el laboratorio, y  se ha encontrado que la 
velocidad de difusión depende de la composición del vidrio. En todas las com
posiciones que se ensayaron las mediciones demostraron que la velocidad de 
lixiviación de los productos de fisión contenidos en el vidrio disminuye con el 
tiempo. Después de varios meses de inmersión en agua la velocidad de difusión 
para vidrios de diversas composiciones era de 10-4 por ciento aproximada
mente por año para una semiesfera de vidrio de dos kilogramos de peso. Los 
datos obtenidos han sido empleados para calcular la velocidad con que se di
funden los productos de fisión incorporados a vidrio en las grandes cantidades 
en que se acumularán como resultado del funcionamiento de los reactores 
generadores de energía.

THE PERMANENT DISPOSAL OF HIGHLY  
RADIOACTIVE WASTES BY  

INCORPORATION INTO GLASS

L. 0. W a t s o n , А. М. А ж и , A . I!. B a n c r o f t ,
A t o m ic  E n e r g y  o ï  C a n a d a  L t d .,

C a n a d a

1. Introduction

Several years ago it was recognized that a method was needed for the per
manent disposal of the highly radioactive wastes that would arise from a nuc
lear power industry. It  was not expected that this disposal would add much 
to the cost of the power, but a safe and permanent method was needed if one 
of the major problems of the development of nuclear power was to be over
come, i.e. what to do with the fission product wastes.

A  survey of suggested methods was made, and the idea o f incorporating the 
wastes into glass was chosen for development because it appeared to offer the 
greatest promise of meeting all the requirements of safe disposal.

The criteria underlying the choice of process were the following. No single 
process would serve to treat all radioactive wastes from nuclear reactors, but 
the treatment of the highly radioactive acid solutions resulting from chemical 
processing of fuel was of greatest concern. The method should permit the dis
posal of the fission products in the ground in a reasonably isolated area without
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danger of a significant release. As a second line of defence, if a release should 
occur it should be controllable, e.g. by treating water leaving the burial area 
or by recovering the fission products from the area. The glass process meets 
these specifications. High-activity wastes may be incorporated into glass with 
ease; the glass is stable and very insoluble, thus restricting release o f fission 
products to any water present; and the solid glass may be recovered if an 
emergency should arise.

It was recognized that the direct disposal of solutions at depth in the earth’s 
crust (salt cavities, injection into porous strata) was promising for the future, 
but that the element of control might be lost. It was felt that until the method 
was proved safe it could not be used, and the safety of each selected area would 
have to be demonstrated.

The disposal of fission products in glass near the surface of the ground in 
selected areas offered the safest and most direct approach to the problem.

In 1955 W h it e  and L a h a i e  (1) reported that fission products could be 
incorporated into a glass with nepheline syenite, a silicate rock mined in Ontario 
and used by the glass and ceramics industries. Since that time the incorporation 
process and the properties of the glass have been investigated extensively. 
D u r h a m  (2) gave preliminary figures on volatility of the fission products 
during processing and on the resistance to attack by water of several glasses 
containing principally nepheline syenite. The volatility of ruthenium and 
cáesium have been investigated more thoroughly, the former by E r l e b a c h  
and D u r h a m  (3) and the latter by E r l e b a c h  (4). D u r h a m  and B e l l

(5) have reported on the release of fission products from various glass samples 
immersed in cold water. W a t s o n  et al (6), have described equipment used 
to make samples of glass containing up to 50 curies of six-year-old mixed fission 
products per kg of glass. B a n c r o f t  and G a m b l e  (7) have reported 
preliminary data on the resistance of some of these specimens to water, and 
also the beginning of a disposal test in the field. W a t s o n  et al (8) have 
considered the general problem of disposal of fission products in glass.

Many of the data in these reports were summarized by W a t s o n  et al. (9) 
for the Second United Nations Conference on the Peaceful Uses of Atomic 
Energy. The present paper is intended to review briefly past work, to give 
results obtained in the past year, and to discuss generally the disposal of 
glass containing fission products.

2. The Process

2.1 Method of operation

Eig. 1 shows the flow sheet by which fission products have been incorporated 
into glass experimentally. Nepheline syenite and lime were blended dry in 
the desired proportions. The mixed powder was then pelletized by tumbling 
with water. Pellets and solution containing fission products were added 
alternately to fill a 4.5-litre crucible. The pellets were added in six portions 
and the solution in five, yielding an inhomogeneous mixture with a layer of 
dry pellets on the top. The nitric acid in the solution reacted with the nepheline 
to produce a silica gel in sufficient quantity to absorb all the liquid. Mixes 
made in this way were fired to convert them to glass, two-stage heating being 
used for experimental convenience. In one electric furnace the mix was fired 
to 900° С to dry it and decompose the nitrate salts present. In the second

376



FLOWSHEET FOR THE INCORPORATION OF FISSION PRODUCTS INTO G L A S S
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furnace the mix was heated to 1,-350° С to melt it. The glass was cooled to room 
temperature at the natural cooling rate of the furnace.

Air was drawn from each furnace during operation. This air contained nitric 
acid, nitrogen oxides, water vapour and some radioactive elements; it was 
passed first to an adsorber t o ’remove ruthenium and caesium, secondly to a 
packed column to condense nitric acid and water and to remove nitrogen oxides 
and traces of radioactive elements, thirdly to a gas scrubber containing caustic 
to remove residual nitric acid, and finally to a filter to remove residual parti
culate material.

2.2. Volatility studies

Both ruthenium and caesium were evaporated in’ significant amounts from 
the mixes during processing. Since there are long-livjed fission-product isotopes 
of each of these elements, it was necessary to prevent their release from the 
equipment. |,

E r l e b a c h  and D u r h a m  (3) have investigated the evaporation of 
ruthenium from the glass mixes. Ruthenium was found to evaporate as 
R u 04 at low temperature, starting at about 120° c ! Evaporation at low tem 
perature was inhibited if  enough lime was present completely to neutralize 
the acid in the solution. Ruthenium also evaporated at temperatures in excess 
of 900° C. This higher-temperature evaporation was inhibited by firing the 
mixes in a carbon dioxide atmosphere, or even more effectively if a hydrogen 
atmosphere was used. In the course of the experiments it was noted that the 
evaporated ruthenium deposited, essentially irreversibly, on heated iron 
oxide, whereas it could be re-evaporated at high temperature from silica or 
alumina. |

E r l e b a c h  (4) showed that evaporation of caesium began in air at about 
450° C. The rate of evaporation increased up to about 600° C. and then _de- 
creased. Traces of caesium evaporated from the molten glass. The evaporation 
of caesium was shown to be independent of the lime content of the mix. The 
reduced rate of. evaporation above 600° С suggested that there was a reaction 
occurring in the mix that tended to hold back caesium. It was found that, if
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a layer of powdered calcium silicate or nepheline syenite was spread over the 
surface of the mix, the evaporation of caesium was reduced by as much as a 
factor of ten.

Neither element was completely retained in the mix in any of the methods 
used. Some of the data suggested that the quantities evaporated were sensitive 
to the geometry of the mix and possibly to the concentration of the elements 
in question. It was concluded that a rather elaborate gas-cleaning system would 
be required regardless of mix composition, furnace atmosphere or other method 
used to reduce evaporation.

The observed reactions of ruthenium with hot iron oxide and of caesium 
with silicates suggested that the two combined would make a useful material 
for removing ruthenium and caesium from the gases exhausted from the 
furnace during the firing operation. Porous granules of siliceous firebrick 
were saturated with ferric nitrate solution and heated to convert the nitrate 
to oxide. This material was used as packing in a tower through which the 
contaminated gases were passed. Laboratory experiments with both ruthenium 
and caesium showed that a bed of this material 10 cm deep heated to 400 
to 800° С removed most of the activity from the contaminated air exhausted 
from the furnace during drying and melting of the mix. Superficial gas velo
cities' up to 30 cm/s were used. These elements presented some difficulties 
in experimentation because they are chemically reactive and' traces tended 
to deposit throughout the equipment used. In the experiments with ruthenium, 
analyses were obtained on the glass, on the iron oxide and on the nitric acid 
condensed from the gas. Although the amount of ruthenium that evaporated 
varied considerably, the material balances were generally good (99 ± 5 % ) .  
The results indicated that less than one per cent of the ruthenium that evapor
ated was left in the air after it had contacted the iron oxide. W hen caesium 
was tested in the same type of experiment, the amount of caesium evaporated 
from a mix was less than 5 % . The material balances were poor because some 
of the evaporated caesium reacted with the refractory tube surrounding the 
sample. Based on the caesium found in the iron oxide-—firebrick adsorber 
and in the condensate, the adsorber removed about 95 per cent of the caesium 
from the air passing through it.

It has not been possible to substantiate these results fully on the larger 
scale using a solution of mixed fission products. The data given in Table I  
were obtained after a typical run with the flow sheet of Fig. 1 and the equip
ment described in reference (6).

TABLE I

DISTRIBUTION OF Cs AND Ru IN THE EQUIPMENT

Location
. Gs Ru

(per cent of that charged to the crucible)

Iron oxide-firebrick 1.7 35
Recovered acid 0.14 0.22
Caustic scrub 0.0011 0.037
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The interpretation of these data must be qualified. It is not legitimate 
to conclude that the activity found in the three locations analyzed was equal 
to that which evaporated from the crucible because the interiors of the furnaces 
used have become quite contaminated. The lines between the furnaces and 
the iron oxide-firebrick adsorbers were short, so that loss of activity by de
position in these sections was probably minor. There were approximately 
4 m of stainless steel pipe between the adsorbers and the acid recovery tower. 
About half of this pipe was in the hot cell and its condition was unknown. 
The second half of the pipe has shown little or no gamma contamination, 
and when examined was clean and bright inside. The data in Table I  agree 
with the data obtained in the laboratory on the smaller scale and suggest 
that the adsorbers were effective in removing over 9 0 %  of the caesium and 
over 9 9%  of the ruthenium from the off-gases. The figures for caesium are 
perhaps more reliable than those for ruthenium because of the greater tendency 
of the latter to react with exposed steel surfaces. These qualifications not
withstanding, the caesium and ruthenium evaporating during the process 
were adequately controlled.

The iron oxide-firebrick used as the adsorbent is chiefly S i0 2, A120 3 and 
Fe20 3, and it is proposed that this material be made into glass in order to 
dispose of the contained activity. .

The volatility of caesium and ruthenium also led to a problem in the selection 
of refractories for furnace construction. From the data presented in the previous 
paragraphs it is apparent that refractories containing silica and iron oxide 
are not desirable. Studies of the deposition of caesium and ruthenium on 
several refractories, and of revolatilization of these elements from the same 
refractories, indicated that the order of preference is : high-density alumina ; 
silicon carbide; sillimanite (stoichiometric A l20 3-Si02); others. Highly porous 
refractories are undesirable. Most of the deposited ruthenium could be evapor
ated from these refractories, but caesium was partially retained. I f  it is con
sidered necessary to minimize fixed contamination in future furnaces, the 
vapour outlet should be located in the zone in which caesium is most volatile 
(600° C) and provision should be made to heat the entire furnace to a temper
ature in excess of 1,100° С to remove most of the ruthenium deposited in 
those sections that normally operate below this temperature. These provisions 
would be met automatically in a batch-type furnace, but would be required 
for' a fúrnace melting glass in crucibles stoked through it.

2.3 Equipment Performance

The equipment described in reference (6) has been operated 62 times to 
convert solution containing a total of about 2,200 curies of mixed fission 
products to glass. These operations were entirely trouble-free and no hazard 
arose. It  was estimated that one part in 108 o f the activity handled was ex
hausted to the atmosphere.

As has been mentioned previously, the interiors of the furnaces were conta
minated by caesium and ruthenium. The radiation fields resulting from this 
contamination were 100 to 200 roentgens per hour on contact. The construction 
of these experimental furnaces does not permit their decontamination. High 
levels of contamination are not considered particularly obnoxious if allowed 
for in design, as they would be in a plant designed to treat large volumes 
of fission-product solution.
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3. Leaching Tests

In selecting a method for eventual disposal of the fission products in glass, 
the first decision that must be made is whether or not it is acceptable to permit 
minor dispersion of fission products. A t the present time it is not possible 
to rule on this point, as there is too little information available on the rate 
of release of fission products, on their rate of movement through soil, and 
especially on the quantity of mobile fission products which would be acceptable 
in a given area. The answers to these several questions are important, since 
they will determine the overall acceptability of a suggested disposal method,
i.e. whether the disposal area must be dry. They also help to define the material 
in which the fission products are contained. Should it be a substance that 
can be buried near the surface almost anywhere and essentially forgotten, 
or should it be a substance, perhaps easier to make and handle but less durable, 
that must be given additional protection ? Nepheline syenite glass was selected 
on the assumption that the fission products should be put in a material of 
the first type— one that can be buried and will require minimum care during 
the hazardous lifetime of the fission products contained in it.

On this basis the rate of release of fission products from glass into water 
is a most important factor. Considerable work has been done to measure this 
rate, to aid in selecting superior glass compositions, and to obtain data that 
may be used to extrapolate to future disposals.

The tests have been done at room temperature in distilled water except 
where otherwise indicated. It is generally accepted that leaching of glass 
surfaces leaves a surface enriched in silica and/or alumina. The true mechanism 
is not of consequence to the present work, since the interest lies in the fission 
products leached. The rate of release of fission products was determined by 
counting the activity in the contacting water at intervals, relating this 
count to the weight of glass apparently associated with it based on the specific 
activity (counts per minute per gramme) of the glass, and calculating the rate 
of release as though it were due to uniform corrosion over the geometric area 
of the specimen.. Expressing the leaching rate in g/cm 2-day was adequate for 
the purpose and permitted comparison of results obtained with samples of 
different size.

It has been shown that the ratios

(Is)lixivium and (g) §lass
were approximately equal and thus there was no evidence of different leaching 
rates for these cations. Similar evidence for cerium was not so good, and it is 
possible that cerium was leached out at a slower rate than strontium or caesium. 
In the case of ruthenium the analyses were so variable that no conclusion was 
drawn. Other elements were not analyzed. For the solutions of fission products 
used in the work, the error introduced by assuming that all fission products 
were leached at the same rate was not great.

3.1 Materials

In all cases the major portion of the glass batch was nepheline syenite, 
grade A -200, obtained from American Nepheline Limited, Lakefield, Ontario. 
When other elements were used to modify the constitution of the batch they 
were added as reagent-grade oxides or nitrates.
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The analysis of the solution used as a source of fission products is given in 
Table II.

TABLE II
ANALYSIS OF FISSION-PRODUCT SOLUTION— FEBRUARY, 1959

Acidity 
Density 
Total solids 
Non-volatile solid 
Na 
Fe 
Ü 
Ca 
Al 
Cr 
Ni 
Mg 
Pu
Total ft~
Cs-137 
Sr-90 +  Y-90 
Ce-144 +  Pr-144 
Ru-106 +  Rh-106

* fi~ counting efficiency 20 %

3.2 Glass compositions

The approximate compositions of the glass samples used in leaching studies 
are listed in Table III . Elements that contributed less than 0.1 w t%  (as 
oxide) to the glass were neglected. These included the fission products and 
traces of other elements contributed by the fission-product solution.

3.3 Sample preparation

Samples of glass were made in two sizes. Five-gramme specimens of nominal 
surface area 10 cm2 were melted in platinum foil cones. The foil was easily 
stripped from these samples after they were melted, leaving a clean surface 
over the entire specimen. 2-tig samples were melted in fire-clay crucibles. 
The crucibles were chipped off these samples, providing hemispheres of glass 
each of nominal surface area 500 cm2. Generally less than twenty per cent of 
the surface had fire clay attached to it. The plane surface of the hemisphere was 
in the as-cooled condition, while the curved surfaces were fractured except 
under the adhering fire clay.

All the 2-kg samples were cooled at the natural cooling rate of the furnace 
in which they were melted. This required approximately two hours from 
1,350° С to 900° C, and a further 14 hours to 200° Some of the five-gramme 
samples were cooled in this manner; others were cooled from 1,350° G to 
25° С in approximately one hour. In the discussion of the results, samples 
cooled in one hour are referred to as quick-cooled. The other are termed 
slow-cooled.

3.4 Method of testing

I f  glass containing fission products is to be buried directly in the ground, 
the worst condition that will prevail is leaching into ground-water flowing 
past the glass. The majority of the leaching tests have been done in distilled

8N H N 03 
1.39 g/ml 

227 mg/ml 
100 mg/ml 
28.5 mg/ml 
17.1 mg/ml
9.2 mg/ml 
4.5 mg/ml
3.2 mg/ml 
2.9 mg/ml 
1.7 mg/ml
1.3 mg/ml 
1.2 mg/1

8.6 x 109 counts/min-ml* 
4.0 X 109 counts/min-ml 
3.4 x 109 counts/min-ml
8.6 x 108 counts/min-ml
8.6 x 107 counts/min-ml
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TABLE III 
COMPOSITION OF THE GLASSES TESTED

weight per cent

No. s;o2 A120 3 CaO Na20 K2o B20 3 PbO T i02 Zr02 Fe20 3 Cr20 3 NiO U 30 8 MgO

1 50.7 19.9 15.5 8.9 3.9 — — — — 0.6 0.1 0.1 0.2 0.1

2 56.3 22.5 0.7 11.7 4.3 J — — — — 2.7 0.6 0.2 0.9 0.1

3 52.1 20 .g 7.5 11.0 4.0 — — — — 2.7 0.6 0.2 0.9 0.1

4 47.7 19.2 14.6 10.3 3.7 — — — — 2.7 0.6 0.2 0.9 0.1

5 43.3 17.6 21.4 9.6 3.3 — — — — 2.7 0.6 0.2 0.9 0.1

6 39.2 16.0 28.4 8.9 3.0 — — — — 2.7 0.6 0.2 0.9 0.1

7 44.6 18.4 13.4 12.0 3.4 — — — — 4.9 1.1 0.4 1.7 0.1

8 44.5 24.3 13.6 9.7 3.4 — — — — 2.7 0.6 0.2 0.9 0.1

9 45.4 18.3 13.9 9.9 3.5 — — — 4.5 2.7 0.6 0.2 0.9 0.1

10 43.6 17.7 14.2 10.6 4.5 2.5 — . 2.7 — 2.4 0.5 0.2 1.0 0.1

11 42.6 17.0 14.0 12.8 4.3 2.4 — — 2.7 2.4 0.5 0.2 1.0 0.1

12 33.3 13.6 19.5 11.1 7.5 2.1 — 7.4 1.4 2.3 0.5 0.2 1.0 0.1

13 28.7 11.8 16.7 10.0 6.5 1.8 12.7 6.5 1.3 2.3 0.5 0.2 1.0 —

14 23.3 9.4 13.2 12.0 . 4.3 1.5 24.8 5.0 2.5 2.3 0.5 0.2 1.0 —

. 15 23.0 9.5 13.5 12.2 4.2 1.5 25.8 5.2 1.1 2.3 0.5 0.2 1.0 —

16 43.9 17.8 10.7 11.9 4.9 2.7 — 3.0 1.0 2.3 0.5 0.2 1.0 0.1



water at 25 to 28° С. Ground water was used in only one test because of the 
difficulty of keeping it unchanged when removed from the ground. This single 
test indicated that there was no significant difference between leaching in 
distilled water and in ground water taken from the Chalk River environs.

The 5-gramme specimens were immersed in 10 ml of distilled water in 
polyethylene containers. The active water was withdrawn from the container 
once a day and was replaced with distilled water. The 2-kg. specimens were 
leached in larger polyethylene systems described previously by B ancroft 
and Gam ble  (7). Four litres of distilled water per day flowed through a 
polyethylene tank containing one to four identical specimens of glass. Thus 
both sizes of sample were tested in conditions approximating leaching in 
slowly-flowing water.

3.5 Leaching results

The reasons for studying the glasses listed in Table I I I  were as follows. 
Glasses 1, 4 and 7 were based on a mixture of 85 parts by wèight nepheline 
syenite and 15 parts by weight CaO. The rest of the oxides were present in 
the fission-product solution that was used. The ratios of solution to nepheline 
syenite plus CaO in glasses 1, 4, and 7 were 0.2, 1.0 and 2.0 litres per kg 
respectively. Glass 4 is typical of that which could be made from fission- 
product solutions now stored at Chalk River, and the others show the effect 
of major variations of the oxides added with the solution.

Glasses 2, 3, 4, 5 and 6 were made to demonstrate the effect of CaO content 
on leaching. The ratio of solutions to solids was kept constant at one litre per kg.

Glasses 8 and 9 were made with A1 and Zr added to the basic composition 4. 
The quantity of each addition corresponded approximately to what would be 
contained in a typical waste solution resulting from dissolving fuel and sheath 
together.

Glasses 10 to 16 inclusive were compositions selected from many melted 
inactively. The objective was to modify the nepheline syenite-CaO glass in 
such a way that the durability would be maintained or increased while the 
melting temperature was reduced. The seven compositions listed were chosen 
because they melted easily at temperatures from 1,100° С to 1,300° C. U n
fortunately several (12, 13, 14 and 15) were found to be unstable ..(CaTi03 
crystals formed) in the long cooling cycle specified previously. These were 
successfully cooled in one hour and were tested, but their use in fission-product 
disposal is probably impractical.

The leaching rates obtained thus far are presented in Figs. 2 to 5. The 
data are presented as smoothed curves representing the daily determinations. 
The scatter of points about the curves was generally within a factor of two, 
although" occasionally much higher or lower values were obtained. The fluc
tuations, which are not important in the long run, have not been explained 
satisfactorily yet. They greatly exceeded the sampling and counting errors 
expected. All data obtained on these samples showed that the observed rate 
of release of fission products (leaching rate) decreased very rapidly in the first 
few days and then decreased more slowly with increasing leaching time.

Fig. 2 presents the leaching rates obtained from glass of compositions 1, 
4, 7 and 9. All these samples were slow-cooled. The leaching rates of the 2-kg 
samples of glasses 1 and 7 and the 5-gramme sample of glass 4 are equivalent 
within the scatter of the data suggesting that these compositions are equally 
resistant to water. The results obtained with the two-kg sample of glass 4
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Fig. 2 Fig. 3

disagree with those obtained on the б-gramme sample of the same compo
sition. The discrepancy has not been explained. Addition of zirconia (glass 9) 
to composition 4 resulted in little change in durability.

The curves plotted in Fig. 3 show a relatively minor increase in leaching 
rate with increasing CaO content. It  will be noted that the leaching rates of 
these samples, which were quick-cooled, were initially much lower and dropped 
rapidly to considerably lower values than were obtained with slow-cooled 
glass. Some‘additional evidence of this effect of cooling rate is given in Fig. 4, 
in which the leaching rates of slow-cooled, and quick-cooled samples of several 
compositions are compared. In the case of glass 8 the initial effect was a lowering 
of the initial leaching rate by a factor of 104, while for the others the rate was 
lower by a factor of about ten.

The results of tests on samples of compositions 10 to 16 inclusive are shown 
in Fig. 5. Samples 10 and 11 were slow-cooled; the others were quick-cooled.
A  comparison of these data with those relating to compositions 1, 4 and 7 
suggests that compositions 10 and 11 were somewhat superior when the speci
mens were slow-cooled, whereas compositions 12, 13, 14, 15 and 16 were less 
resistant than composition 4 when quick-cooled specimens were compared.

The data presented on leaching of fission products from glass permit only 
broad conclusions at present. Glasses have been made having leaching rates 
ranging from about 1 x 10~4 to 1 x 10-9 g /cm 2-day after several months’ 
leaching. It  is simple to make a glass from which, after about one year’s leach
ing, fission products will be released at a rate equivalent to the removal of ° 
1 x 10“8 g of glass/cm2-day. The effect of adding lime as flux to nepheline 
syenite is minor when the CaO amounts to less than about 30 per cent of the 
glass. Some lime is required to make a glass of good quality, and addition of 
10 to 1 5 w t %  gives a resistant glass.
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LEACHING OF FISSION PRODUCTS FROM GLASS 

EFFECT OF ADDING SELECTED OXIDES

( SEE TABLE Ш  FOR GLASS COMPOSITIONS I

D A I'S  FR O M  S T A R T  OF L E A C H IN G : DAYS FROM START OF LEAC H IN G

Fig. 4 Fig. 5
Among the modified compositions, glasses 10 and 11 were somewhat more 

resistant to water than glass 4. The properties of glasses 12 to 16 inclusive 
were obscured by the difference noted between glasses cooled at different rates. 
The increase in resistance developed on quick cooling is probably only surface 
effect, and quick cooling is not applicable to the manufacture of large pieces 
of glass that must be annealed. Thus increasing the resistance by this means 
may not be reliable. If, on the other hand, the effect can be proved consistent 
and enduring, it may be advantageous to make smaller pieces of glass (greater 
surface/volume), which need little annealing, to decrease the release of fission 
products into water.

Addition of alumina (glass 8) resulted in a much less resistant glass when the 
glass was slow-cooled. Undoubtedly this composition can be modified to give 
adequate resistance if required. Addition of zirconia (glass 9) had little effect
on the resistance of the glass, 
the volume of solution to be

The main effect of either element is to increase 
handled, and it is expected that the problem 

would be avoided by desheathing fuel before processing.
The present data have been obtained in tests of short term compared with 

the lifetime that is necessary in disposing of fission products. While inactive 
glass has existed for many years essentially unchanged, the effects of irradiation 
and fission-product decay on glass are not well known and it will have to be 
demonstrated that these agencies have no serious physical effect on the glass 
and no effect on the leaching rate.

None of the compositions listed in Table III  is typical of the glass that will 
be made from future fission-product solutions when the fission products will 
amount to as much as 3 w t%  of the glass. Inactive melting tests have shown 
that glass containing the elements expected in future wastes is of good appea
rance, but its leaching rate has not yet been measured.
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3.6 Field test of leaching

Concurrent with the laboratory studies of leaching of fission products from 
glass, a test is being run in the field. This test has been described by B an 
croft and Gamble (7). Twenty-five hemispheres of glass 1, each containing 
12 curies of six-year-old mixed fission products, were placed in the ground 
below the water table on a vertical square grid with 30 cm spacing of the 
glass samples. The plane of the grid was perpendicular to the direction of ground
water flow. The water-flow rate was found by tritium tracing to be 7.5 to
12.5 cm per day. Sampling points were installed three metres from the grid in 
the direction of ground-water flow.

Samples of ground water have been taken periodically since August of 
1958, when the glass was buried. Traces of ruthenium ( ~ 6 0  disintegrations 
per minute per 100 ml) were detected in the samples of ground water several 
months after burial of the glass. This ruthenium was subsequently determined 
to be due to unexpected seepage of contaminated water from another source. 
No other radioactive element has been found in the water three metres from  
the glass. The limit of detection is about 10 disintegrations per minute per 
100 ml.

This test has given no positive results, but the fact that no activity has 
migrated in 11 months from the glass through the soil to the sampling points 
in this rather extreme condition of burial is taken as indicating a safe disposal. 
It is expected that this test will be followed by water sampling for several 
years. Sampling of the soil immediately downstream from the buried glass is 
expected to give better evidence about the quantity of fission products released 
from the glass. In the meantime, a second test burial is being planned. It is 
hoped to increase the sensitivity of the test by increasing the concentration of 
the fission products in the glass and by reducing the grid spacing, thus reducing 
the ratio of water volume to glass surface.

4. Extrapolation oí leaching results to future wastes

The fission-product solution assumed for purposes of extrapolation will 
result from the chemical processing of natural uranium irradiated in a heavy- 
water reactor to 10,000 M W d/tonne in 1,000 days. The volume of solution 
after concentration will be 0.25 litre per kg of uranium processed, and one 
litre of solution will be made into one kilogramme of glass. The glass will be 
left in the melting crucible for disposal and the exposed surface will be approxi
mately 0.5 cm2/g of glass.

The leaching-rate curve used for extrapolation is that presented in Fig. 6. 
This curve relates to the leaching of glass 1 in distilled water at 25 to 28° C, 
for which data have been accumulated for almost a year. The first thirty days 
of the curve was determined from the averaged daily leaching rates of thirty 
specimens. Inspection of the leaching curves presented earlier in this report 
will show that there are différences in slopes between the various curves as 
well as differences in leaching rate at any given time. Thus this curve will not 
describe exactly the leaching of fission products from glass made >vith future 
wastes, but it is accepted as typical for the present purpose.
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LEACHING OF FISSION PRODUCTS FROM GLASS NO .I

Fig. 6

The curves can be fitted reasonably by an expression of the type
S t =  f e - « t + h e - k t  +  g oo *

The specific equation fitting the curve in Fig. 6 is S t = 2 . 1  X  10-5 e~°-268t +
1.0 x  10~7 e_ 0-0125t + 1.0 x  10- 8 . The fit of this equation to the curve plotted 

from the experimental data is shown in Fig. 6.
Because of heating by fission-product decay the surface temperature of 

glass made with the future waste solution will be sensitive to the configuration 
in which the glass is dispersed and to the age of the fission products. One possible 
configuration is in the form of infinite cylinders spaced adequately so that 
there is little or no thermal interaction between them. Calculations reported 
in reference (8) indicate that if the surface temperature of the glass is limited 
to that to which present leaching data apply, the effective diameter of the 
cyclinder of glass could be 15 cm if the fission products were allowed to decay 
for at least four years before the glass were buried. In the calculations recorded 
in this section it is assumed that the fission products have decayed four years 
before the glass is produced and buried. Both production and burial are con
tinuous, so the amount of glass in the burial ground increases continuously.

The two quantities of interest are the rate of release of fission products at 
any time and the. quantity of fission products outside the glass at any time. 
Estimates of this type have been reported previously (8, 9). The present esti
mates are modified to take into account the shape of the leaching rate curve 
and the four-year decay time.

Table IV  lists four of the more significant fission products with their 
half-lives, their specific activities and their weight fraction in the total fission 
products from the assumed fuel after four years’ decay.

* For definition of symbols see table of nomenclature.
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DATA FOB CALCULATION OF L¡ AND c¡

TABLE IV
I

Fission product Half-life days
Concentration, Yj 

gi/g o f total 
fission products

Specific activity, a¡ 
curies/g o f  i

Sr-90 10,500 0.0130 137
Ru-106 365 0.00029 3,360
Cs-137 10,950 0.0307 87
Ce-144 282 . 0.00032 3,200

The expressions that give the daily leaching rate (Li) from the steadily 
increasing disposal, and the cumulative fission products (c¡) leached from the 
glass, are the following:

Li" =  У » '0Р ¡ÍTIT (l ' e ~ <,+VT) +  кг!? i1 ' 6 -  <k+V 1

+ т ( 1' е" ' ‘ т)!

Í fci =  yt a¡ 0 P
- Л , Т  ~ (g + V T - S T1 - e 1 e 1 - e

h

к  - J -  ^ i

- л , т  - ( к + Л . Т )  - k T
1 - e 1 . e 1 - e

h

+ Ai

1 —■ e~ ;'jT «
- T e - AiT

h

Tables V  and V I list the calculated values of Li and c¡ at one, five, twenty- 
five and several hundred years after disposals commence. The values given 
in these and subsequent tables are for constant power P equal to 1,000 thermal 
megawatts.

TABLE V

LEACHING OF FISSION PRODUCTS FROM GLASS STORED IN CONTACT WITH
WATER

Fission product
Leaching rate, L¡ curies/day at time shown

One year 5 years 25 years OO

Sr-90 0.080 0.092 0.138 0.212
Ru-106 0.043 0.044 0.044 0.044
Cs-137 0.120 0.139 0.208 0.326
Ce-144 0.044 0.045 0.045 0.045

Daughter activities are not included and are present in equal amount
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TABLE VI
CUMULATIVE AMOUNT OF FISSION PRODUCTS LEACHED FROM GLASS STORED

ГО CONTACT WITH WATER

Fission product
Curies out o f  the glass, Cj, at time shown

One year 5 years 25 years OO

Sr-90 26.9 146 556 3,220
Ru-106 11.2 22.4 ■ 23.2 23.2
Cs-137 42.1 218 2,050 5,150
Ce-144 10.6 18.1 18.3 18.3

Daughter activities are not included and are present in equal amount

TABLE VII
TOTAL CURIES OF FISSION PRODUCTS IN THE BURIAL AREA AT EQUILIBRIUM

Fission product Curies present, C¡ oo
£ ) -

Sr-90 2.7 x 107 8.2 xlO3
Ru-106 5.1 xlO5 . 2.2x 104
Cs-137 5.0 x Ю7 9.7 x 103
Ce-144 4.1x10s 2.2 x 104

Daughter activités are not included and are present in equal amount

The equation used to represent the variation of leaching rate with time (St) 
and used to calculate Li and c¡ permits an assessment of the worth of pre
leaching the glass in controlled conditions before it is buried in the ground. 
The fission products leached out in such a step would be recycled to the process 
after evaporation. Ce-144 and Sr-90 are taken as representative fission products 
of short and long half-lives. Tables V III  and I X  give approximate values of 
Lj and cj for these two fission products at four times during the life of the dis
posal for no pre-leach, and for pre-leach periods of about 40 days and one 
year.

The calculations relating to this hypothetical disposal of glass in a conti
nually wet environment show that at equilibrium operation about one part 
in 104 of the total activity in the disposal will be more or less mobile, depending 
on the characteristics of the area. They also show that leaching the glass before 
burying it is an unwarranted complication. Although such a step would reduce 
the leaching rates of all fission products, the quantity of the two long-lived 
fission products— Sr-90 and Cs-137— free of the glass at equilibrium operation 
is reduced by less than a factor of two. This conclusion is subject to future 
modification. I f  it is shown that the leaching rate continues to decrease with 
time to a level of 10-9 g/cm2-day, pre-leaching could be a useful method of 
restricting the release of fission products to the environment.

The calculations relate to a continuously wet disposal; but it is probable 
that a disposal could equally well be made above the water table, where only
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TABLE V III
THE EFFECT OF PRE-LEACHING ON THE DAILY LEACHING RATE (L¡) FROM

A CONTINUING DISPOSAL

Fission
product

Time since 1st 
disposal 

Years

Daily leaching rate, L j (curies/day)

No pre-leach 40-day pre-leach One-year pre-leach

Ce-144 1 0.044 0.0046 0.0012
5 0.045 0.0055 0.0021

25 0.045 ' 0.0055 0.0021
oo 0.045 0.0055 0.0021

Sr-90 1 0.080 0.011 0.0037
5 0.092 0.023 0.016

25 0.138 0.069 0.061
oo 0.212 0.143 0.135

Daughter activities are not included and are present in equal amount

TABLE IX
THE EFFECT OF PRE-LEACHING ON THE CUMULATIVE AMOUNT OF FISSION 

PRODUCTS LEACHED FROM GLASS

Fission
product

Time since 
first dis

posal 
Years

Cumulative amount o f fission product, cj, curies

No pre-leach 40-day pre-leach One-year pre-leach

Ce-144 1 10.6 1.01 0.19
5 18.1 2.16 0.79

25 18.3 2.22 0.84
oo 18.3 2.22 0.84

Sr-90 1 26.9 1.8 0.37
5 - 146 26.2 14.0

25 556 131 88
oo 3,220 2,160 2,050

D aughter activ ities are n o t  in cluded  and  are present in equal am ou nt

water contributed by precipitation would be effective in leaching. In this case 
the release of fission products during their hazardous lifetime would be much 
lower and a pre-leaching step might be of value to restrict the release to environ
ment still more.

5. Storage methods

The temperature in glass containing fission products has been estimated in 
reference (8) for various storage conditions. A t short decay times the glass 
must either be cooled artificially or suitably dispersed to permit natural coohng 
if rather high temperatures are to be avoided.

Several methods of storage of glass containing fission products were dis
cussed in reference (8) and summarized in reference (9). Consideration of the
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effects of leaching combined with the probable effects of elevated temperatures 
resulted in the conclusion that the glass should be stored in dry conditions, and 
that the three most promising methods were burial in dry ground near the 
surface, storage in specially-constructed caverns in natural, water-tight for
mations, and storage in concréte vaults near the surface. The methods rejected 
were burial in wet ground, storage in natural caverns or mineshafts, storage in 
drilled holes, burial in permafrost and disposal in the ocean.

There is no firm reason to change these conclusions at present, although some 
of the new data obtained suggest that there are further possibilities. The pre
liminary results of the test of burial in the ground below the water table showed 
that no detectable strontium or caesium had moved to a point three metres 
from the buried glass. The soil in the test area is a permeable sand having a 
small ion exchange capacity and is not considered particularly good for re
taining fission products. Thus it is considered that there is a possibility that 
glass containing suitably-decayed fission products may be buried safely in any 
soil of equivalent or better properties without provision of an unduly large 
exclusion area. The accumulation of an additional year’s satisfactory leaching 
experience is also reassuring, since this is one of the areas in which exist a. 
number of questions affecting the selection of storage method. Among these 
are :

1. Are the leaching rates as measured at present maintained for a long 
time ?

2. W hat is the effect of increased temperature on the glass and on leaching ?
3. W hat is the effect of irradiation on the glass and on leaching ?
4. W hat is the. effect of minor change in the composition of the glass resulting 

from fission-product decay ?

6. Present status

The development of the process for disposal of fission products in glass is 
proceeding along the following lines. The studies of leaching are being continued 
in both the laboratory and in the field. A  second field test of larger size and 
improved sensitivity is planned to start early in 1960. The estimation of the 
costs of processing wastes into glass by this method and of disposing of the 
glass is being improved by doing a more thorough study of the design of a 
plant. It  is expected that a demonstration plant will be built to incorporate 
all existing wastes stored at Chalk River into glass. The glass would then be 
used for a large-scale test of a selected method of disposal.

7. Summary

It  has been shown that fission products can be put safely into a durable 
glass constituted from nepheline syenite, lime, corrosion-product oxides and 
fission-product oxides. The problems associated with the volatility of two 
fission products, ruthenium and caesium, have been overcome by the use of 
suitable adsorbers. Iron oxide is used to adsorb ruthenium and a silicate is 
used to adsorb caesium.

The method by which the glass containing fission products is ultimately 
stored or disposed of depends on the properties of the glass and on the con
centration of fission products in it. The removal of heat resulting from fission- 
product decay requires either artificial cooling or adequate dispersion of the
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glass to provide natural cooling. The former is very expensive and practically 
requires storage in a vault of some type. The latter can be achieved by burial in 
the ground. I f  dry ground is available there is no problem, since leaching, the only 
way in which fission products are likely to leave the glass, will not occur. The 
preliminary results on leaching indicate that there is a possibility that glass 
containing fission products can be buried safely in ground below the water 
table in selected areas. The rates of release of fission products by leaching are 
small, and the retention by the soil will further restrict the mobility of the 
released fission products.

Nomenclature

a¡—  the specific activity of nuclide i in curies/g
Cj—  the cumulative amount of nuclide i leached from the glass after T

days of continuous production, curies
f, g, h, к— constants
t—  time since leaching began, days
tx/ 2i—  the half-life of nuclide i
Cioo—  curies of nuclide i in the buried glass at time T >  5 t1/ 2¡
Lj—  the rate of leaching of nuclide i from the glass at time T for a cumu

lative disposal, curies/day
P—  the power of the reactors supplying fission products to the plant,

thermal megawatts. One thermal megawatt is taken as equivalent 
to producing one gramme of fission products per day. P =  1,000 
thermal megawatts in the calculations

St—  the leaching rate at time t, g/cm 2-day
Soo—  the constant leaching rate assumed for times greater than those for

which there is experimental data. =  1.0 x  10-8 g/cm 2-day
T —  the time since the first glass was made and buried, days
Ai—  the decay constant of nuclide i, days-1
0 —  the surface to weight ratio of the glass. For the crucibles of glass

this ratio is approximately 0.5 cm2/g
y¡—  the concentration of nuclide i in g of i per g of total fission products

at the time the glass is produced.
For natural uranium irradiated to 10,000 M W d/tonne in a typical 

heavy-water-moderated reactor, assuming constant flux and neglect
ing neutron capture ,

_  r0 .55 (Y 235)i 0.45( Y239)i"| A ¡ (1 - e ~ AiB ) e _  Ai To

y i — L 235 +  239 J 100 ¿ ¡D

where (Y235)¡ and (Y239)¡ are the atom per cent yields of nuclide i 
in the fission of U -235 and Pu-239 respectively 

Aj—  is the atomic weight of nuclide i
D —  is the irradiation time, specified as 1,000 days
T0—  is the cooling time, specified as four years
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D I S C U S S I O N

Mr. H.J. Dunster (United Kingdom) : I should like to ask Mr. Larsen a 
slightly unfair question, namely, if he can give us some outline of the policy 
which led to the decision that the concentration in the fjord should not exceed 
one-tenth of the maximum permissible concentration at a distance of 10 m  
from the outfall ?

Mr. I. Larsen (Denmark) : As I am not a health physicist I  cannot answer 
that question. W e'feel that since we know so little about radioactivity, we 
should reduce it to the minimum possible. I do not think I  can say more 
about it.

Mr. V .I. Spitsyn (Union of Soviet Socialist Republics) (translated from 
Russian) : Mr. Bovard said, in his paper, that the adsorption of radioactive 
wastes was studied on quartz and mica. W e know, from Soviet and other 
experiments, that adsorption is particularly strong on clays. Has this been 
studied ? Allow me at the same time to make a short statement concerning 
the same paper. I cannot share Mr. Bovard’s view that the disposal of radio
active wastes into waters, into rivers, is unavoidable. While we do not wish 
to be defeated by natural forces, as he said, it would be even worse, I  think, 
if we were to accept radioactive pollution of waters as inevitable.

Mr. P. Bovard (France) (translated from French) : W e agree that the disposal 
into rivers should be as low as possible. W e must monitor radioactivity but it 
is not the function of our laboratory to devise methods for the treatment of 
effluents. I am afraid, therefore, I am not qualified to reply regarding this 
point. W aste disposal should, obviously, be kept to a minimum and I  should 
like to point out that the quantity of waste at present disposed of in France 
is very small. Of course it is technically extremely difficult to avoid water 
contamination completely. In some cases, due to carelessness or accident, radio
active effluent will be carried into the sewage. It is our job to ensure that this 
occurs as infrequently as possible.

The Chairman (Mr. F. Duhamel, France) (translated from French) : I  could 
reply, on behalf of the French contingent, to Mr. Spitsyn, by quoting a case 
where we were forced to decontaminate natural water. A  uranium mine had 
dried up the wells around; when the wells were refilled the water had to be 
decontaminated. This was natural water.

Mr. T.J. Barendregt (Norway) : I should like to ask Mr. Larsen if he would 
give us an estimate of the cost per cubic metre of water treated in his plant, 
including the cost of treating the sludge and the solids ?

Mr. I. Larsen: I think the operation costs of our plant are $1 per cubic 
metre, excluding provision for amortization of the plant. The construction 
costs of the whole plant are about $ 150,000; I can say no more. It depends 
very much on the volume of effluent treated in the plant.

Mr. A . Facchini (Italy) (translated from French) : Í  should like to ask 
Mr. Larsen how the.vapour is purified in the evaporator and how the formation 
of emulsion, or foam, can be controlled in the evaporator.

Mr. I. Larsen: The vapour is not cleaned in the evaporator. W e have seen 
no emulsion. I f  you mean foam, we have had certain problems but they have 
now been solved.

Mr. A . Guery (Israel) : Had Mr. Larsen any trouble, as far as maintenance 
is concerned, with his mechanical recompression unit and with his second
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evaporator when it goes to dryness. I understand that once these units are 
contaminated it is very difficult to do any maintenance work on them ?

Mr. I. Larsen: The vapour compression evaporator may be emptied, and 
when it is emptied we can do maintenance work; it can be decontaminated 
when we ourselves are outside the walls and this can also be done in the case 
of the second evaporator.

Mr. J.A. Lieberman (United States of America) : I should like to ask Mr. 
Wormser a question in three parts concerning his compression or treatment 
of solid waste. W hat kind of volume reductions does he get with the com
pression, what is the finished density of the material and what do they do 
with the drums when they are filled 1

Mr. <j. Wormser (France) (translated from French) : In reply to the first 
question I should like to say that the factor of volume reduction for the 
laboratory wastes which we are compressing is approximately 6. This is an 
average for a couple of hundred drums. W ith regard to the density of laboratory 
waste, consisting of paper, other material or even scrap, the weight of also : 220 1 
is about 240 kg, approximately Ito  1. In reply to the third question, I  should 
like to say that for the time being, as M. Céré indicated yesterday, French 
policy consists in storing provisionally all the drums in one place, in order to 
be able to monitor them until a decision is taken regarding their final disposal.

Mr. F.R. Bruce (United States of America): I wonder if Mr. Wormser could 
comment on the cost of low-level waste treatment at Saclay %

Mr. G. Wormser (translated from French) : It is very difficult to determine 
the cost of processing wastes in Saclay, since the processing plant there is a 
pilot facility and it is, therefore, difficult to indicate the cost of labour and 
amortization. I can say only that the cost of chemical products used in chemical 
processing is approximately between 200 and 600 francs per cubic metre. Of 
course, we have to add the cost of transportation of the effluents which is 
approximately 700 francs per cubic metre.

Mrs. Z .V . Yershova (Union of Soviet Socialist Republics) (translated from 
Russian): I should like to know which method of control is used in Saclay 
before disposal into bodies of water or rivers, continuous control or sampling.

Mr. G. Wormser (translated from French): Before the treatment we control 
the effluents non-continuously by sampling, in order to determine the most 
appropriate chemical treatment. In the case of waters of low activity that are 
disposed into the ponds at Saclay we use both methods of control, according 
to the laboratories, i.e. either non-continuous control by sampling and analysis 
or continuous control by a system that we have worked out using an immersed 
counter and an automatic ally regulated electric water-valve, when the activity 
goes beyond a certain threshold.

The Chairman (translated from French) : Does Mr. Mawson think that it is 
necessary to carry out major hydrogeological studies when as at Chalk River, 
the material is stored in trenches, in the soil and in wells.

Mr. C.A. Mawson (Canada): Yes, I believe that it is necessary to continue 
making hydrological studies. It  certainly is necessary at Chalk River because 
we not only put the material into trenches but also run active water into the 
ground, into the reactor pit and into the chemical pits. W e also put slightly 
active water down the process sewer into the Ottawa River and, therefore, 
we must carry out general environmental investigations. Even if we were not 
doing so, I think it is quite obvious that when you are running a plant someone,
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sooner or later, will always turn the wrong valve and it is necessary, therefore, 
to carry out monitoring continually in this kind of operation.

Mr. A .K . Ganguly (India) : Leaching of fission products seems to make the 
disposal of high-level wastes by fixation in glass much more difficult. May I  
enquire iPMr. Aikin has looked into the feasibility of coating the active glass 
mass with an inactive glass coating of similar composition or putting such 
wastes in some kind of inactive ceramic container required for disposal ?

Mr. A .M . Aikin (Canada) : Yes, we have examined this possibility, not 
experimentally but on paper. W e feel that, if we were to coat the glass with 
another outside coating of ceramic material or put it in a metal container, 
this would add considerably to the cost of our process and would make it 
much more complicated, and we still hope that we may be able to find a process 
that would be safe and cheap, without adopting this troublesome procedure.

Mr. P. Leveque (France) (translated from French) : M y question is related 
to that of our Chairman concerning the necessity for hydrogeological studies 
in areas similar to Chalk River. I  am not quite in agreement with Mr. Mawson 
and I think that it is necessary, before burying radioactive wastes in the soil, 
to determine precisely the hydrodynamical properties of the soil. The best 
installations are never perfectly safe and leaching by infiltration and under
ground waters is obviously dangerous; therefore it is absolutely necessary to 
carry out a detailed study of the behaviour of underground waters and the 
fixation ratio of the soil through which they pass.

Mr. C.A. Mawson: I  must have failed to make myself clear since that is 
precisely the point I was making. W e must continue these investigations on 
quite an elaborate scale and, in fact, we do. W e know a great deal about the 
hydrology and geology of our soil and we are continuing this study. W e know 
rather precisely where the waters 'go and how much gets into the Ottawa 
River. W e think that we shall have to continue this study as long as we dispose 
waste into the ground. I  am not prepared to believe that a concrete trench is 
an impermeable object, because I know very well that it is not. Consequently, 
the material which you have put into the concrete trench will get out sooner 
or later. ‘

Mr. J. Pomarola (France) (translated from French): I  should like to ask 
Mr. Aikin if he could indicate, even approximately,, the cost of the disposal 
of fission products by incorporation into glass and the approximate cost 
when this is carried out on an industrial scale ?

Mr. A .M . Aikin: So far our, operations have been on a very small scale. As
I  mentioned, we have processed only about 3,000 curies of fission product 
activity. W e have, of course, buried some of these rods of glass in the ground 
and are measuring the leaching in the ground. The cost of these operations 
bears no relation to the future costs of a processing plant. W e can only 
give figures that we have estimated from cost studies and these figures, of 
course, will vary considerably according to the rate of processing. Our estim
ates are however, in the range of about 25— 50 cents per gramme of fission 
products. This would be roughly 1— 2%  of the total power costs, but since 
the fuel processor will be responsible for handling these very active wastes, 
it might amount to 30— 4 0 %  of the total fuel processing costs.

Mr. Y .I. Spitsyn (translated from Russian): I  should like to ask Mr. Mawson 
if there is any flow of activity from the storage pits into the Ottawa River 
and, if so, what is the amount |of activity ? Secondly what is the level of activity
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of the products which are stored in concrete pits ? The workers shown on the 
slide were lowering the waste very close to it, without any protection.

Mr. C.A. Mawson: There is only one outlet from our disposal areas into the 
Ottawa River, which is down Perch Creek, and Perch Creek is running at about 
30 per cent of ICRP occupational water tolerance, assuming that all tlfe material 
in it is strontium-90. In the case of the material which was put into the con
crete monoliths, the liquid contained 5 micro-curies per millimetre and there 
were 400 curies of strontium-90 altogether: 80 cubic metres of liquid, contain
ing 5 micro-curies per millimetre, were made into the roll of concrete mono
liths which you saw in the slide.

Mr. P.V. Zimakov (Union of Soviet Socialist Republics) (translated from 
Russian) : One of Mr. Mawson’s slides showed us a disorderly heap of low- 
activity wastes which they intended to bury. Have no attempts been made 
to deal more carefully with such low-activity wastes, for instance, by com
pressing them and by putting them into some light packaging or sacks, or 
have they been buried in the disorderly fashion shown on the slide ?

In the first part of his paper Mr. Aikin described some very interesting me
thods for preventing the spraying of aerosols and for their capture. Have any 
attempts been made to prevent the forming of aerosols by using a chemically 
suitable composition for melting the glass and adopting appropriate procedures. 
Furthermore, Mr. Aikin did not give the temperature of the melting process 
and its duration.

Mr. L.A. Mawson: I  have just remembered that I  did not answer part of 
the earlier question. It was said that the high-level disposal into one of our 
concrete tile holes was being done by workers who were not protected in any 
way. This is not true. The very active disposal takes place inside the lead 
flask which you saw standing on the concrete pad; this lead flask weighs 6 tons. 
For that reason the workers did not seem to be protected in any w ay; they 
were, in fact, protected by several inches of lead because the waste falls out 
of that flask straight down the hole and, consequently, the workers were not 
exposed at all. The only exposure to which workers are subjected is just at the 
moment when the waste is falling from the flask into the hole, a fraction of 
a second, and that is why, on the slide, there was a man standing there with 
a radiation monitor.

Somebody spoke about the disorderly disposal of the low-level wastes. W e  
are aware of this, but we have a very great deal of ground and it is much cheaper 
to dig a trench and dispose these wastes into the sand than it is to compress 
or incinerate them. W e know perfectly well, however, that in a few years we 
shall be operating power stations quite close to large cities and, although we 
could go on, as a matter of fact, for many years just digging holes into the 
ground and depositing waste in them, we cannot do so close to a big city, be
cause the ground is very valuable. The ground on which our plant is located is 
worthless for anything except atomic energy projects and growing trees and, 
for that reason, we can afford to. dig a hole and dispose the waste into the 
ground, and this is what we do. It is the cheapest way of doing it. It looks 
messy and, I must admit, it is messy.

Mr. A.M. Aikin: W ith regard to the filtering of the aerosols from the melts 
during the drying and melting operations in the manufacturing of the glass, 
the materials that come off the pits during drying are not strictly aerosols, 
the ruthenium and caesium are there as volatile gases and must be absorbed 
and removed chemically. The aerosols can be filtered and any aerosol contamin
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ation is removed mechanically. This is why we use the'iron oxide and silicious 
material to remove the ruthenium and caesium. W e have operated these 
absorbers on a temperature of 400— 800° С without much change in their 
efficiency. I am not sure whether the question referred to the temperature of 
operation of the absorbers or the temperature of operation of the glass itself. 
The glass itself is heated to a temperature of 900° С over a period of a few hours 
to complete the dry denitration, then one hour at 1350°, and it then takes 
about five to six hours to cool to approximately room temperature.
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THE PRACTICE OF W ASTE DISPOSAL IN THE U N ITED  
KINGDOM ATOMIC EN ERG Y A U T H O R IT Y

Abstract
The United Kingdom Atomic Energy Authority operates establishments 

in locations ranging from the South of England to the North coast of Scot
land. The functions of these establishments include the production and pro
cessing of nuclear fuels, the production of electricity and isotopes for com
mercial sale, the development of new types of reactors and the conduct of 
research in all the associated fields. The Authority therefore has a wide variety 
of wastes to deal with and they arise in a number of different places. The 
main high-activity wastes, both liquid and solid, are stored in special tanks 
and containers, while the low-activity large-volume liquid wastes are released 
in carefully controlled amounts to the sea or to rivers. Low-and medium- 
activity solid wastes are buried in selected areas where there will be no inter
ference with water supplies, or sunk on to the sea bed. The paper summarizes 
the methods in use and gives typical quantities of liquid and solid waste 
arising annually for disposal by the various methods.

METHODES EMPLOYEES PAR L ’ATOMIC EN E RG Y A U T H O 
R IT Y  DU ROYAUME-UNI POUR ELIMINER LES DECHETS

RADIOACTIFS
Résumé

Les divers établissements de VAtomic Energy Authority du Royaume-Uni 
sont échelonnés entre le sud de l’Angleterre et la côte septentrionale de l’Ecosse. 
Ces établissements sont notamment chargés de la fabrication et du traite
ment des combustibles nucléaires, de la production d’électricité et de la 
production d’isotopes à des fins commerciales, de la mise au point de nouveaux 
modèles de réacteurs et des recherches effectuées dans tous les domaines 
connexes' U Atomic Energy Authority doit donc procéder, en plusieurs points 
du territoire, à l’élimination de toute une série de déchets radioactifs d’origines 
diverses. Les principaux déchets, liquides et solides, à radioactivité élevée 
sont enfermés dans des réservoirs et récipients spéciaux, tandis que les volu
mineux déchets liquides à faible radioactivité sont évacués, par quantités 
soigneusement contrôlées, dans la mer ou les cours d’eau. Les déchets solides, 
de radioactivité faible ou moyenne, sont enfouis dans des emplacements 
spécialement choisis — où ils n’ont aucune possibilité de contaminer les 
ressources en eau — ou noyés au fond de la mer. Le mémoire donne un aperçu 
des diverses méthodes employées et indique quelles sont les quantités de 
déchets liquides et solides qui doivent être éliminées, tous les ans, suivant 
chacune de ces méthodes.

ПОРЯДОК УДАЛЕНИЯ РАДИОАКТИВНЫХ ОТХОДОВ, 
ПРАКТИКУЕМЫЙ КОМИССИЕЙ ПО АТОМНОЙ ЭНЕРГИИ 

СОЕДИНЕННОГО КОРОЛЕВСТВА
Резюме

Комиссия по атомной энергии Соединенного Королевства имеет предприятия 
в различных районах страны от южного побережья Англии до северных берегов 
Шотландии. Эти предприятия заняты производством и переработкой ядерного 
топлива, производством электроэнергии и изотопов для коммерческих целей,
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разработкой новых типов реакторов и ведением научно-исследовательской 
работы в различных областях. В связи с этим Комиссии приходится решать 
вопросы удаления различных видов радиоактивных отходов в различных по 
характеру районах. Большая часть отходов с большой активностью (как в 
жидком, так и в твердом виде) хранится в специальных контейнерах. Жидкие 
отходы с низкой активностью отводятся в море или в реки, причем количество 
отводимых отходов тщательно контролируются. Отходы в твердом виде, 
имеющие низкую и среднюю активность, захороняются в специальных районах 
в грунт или на дне моря. В данном документе рассказывается об используемых 
методах удаления отходов, приводятся данные о количестве жидких и твердых 
отходов, которые ежегодно удаляются путем использования для этих целей 
различных методов.

SISTEMAS DE EVACUACION DE DESECHOS EN LA 
UNITED KINGDOM ATOMIC ENERGY AU T H O R IT Y

Resumen
La United Kingdom Atomic Energy Authority tiene en funcionamiento 

instalaciones situadas desde el sur de Inglaterra hasta la costa norte de Es
cocia. Las funciones de estas instalaciones incluyen la producción y elabora
ción de combustibles nucleares, la producción de electricidad e isótopos con 
fines comerciales, el estudio de nuevos tipos de reactores y la investigación 
en todos los campos afines. Por lo tanto, la Authority tiene que resolver el 
problema de la evacuación de desechos muy variados que se producen en 
una gran cantidad de lugares distintos. Los' desechos principales de alto 
nivel radiactivo, tanto líquidos como sólidos, son almacenados en tanques 
y recipientes especiales, mientras que los desechos líquidos de bajo nivel 
y de gran volumen son evacuados en cantidades exactamente controladas 
hacia el mar o los ríos. Los desechos sólidos de nivel medio o bajo son ente
rrados en zonas seleccionadas donde no podrán entrar en contacto con los 
suministros de agua, o son hundidos en el fondo del mar. La memoria resume 
los diversos sistemas utilizados y da cantidades típicas de los desechos líquidos 
y sólidos que se producen anualmente y que son evacuados por dichos sistemas.

THE PRACTICE OF WASTE DISPOSAL  
IN THE UNITED KINGDOM ATOMIC ENERGY  

AUTHORITY

H. J. D u n ste r  and L. F. U. Wix 
U n ited  Kingdom  Atom ic E n e rg y  A u th o r ity ,

H e a lth  and S a fe ty  B ranch,
U n ited  K ingdom

1. Introduction

The problem of waste disposal is as old as life itself, and with the develop
ment of industrial civilisation man has tended to regard his own, or his neigh
bour’s, surroundings as the natural resting-place for his waste materials. 
As communities and industrial centres grew the need for limiting and cbntroll-
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ing this use of the environment became more and inore apparent, and we are 
now going through a phase in which the mistakes of the past are being slowly 
and expensively rectified. These mistakes have sometimes been due to lack of 
knowledge of the ways in which waste materials could damage the environ
ment and sometimes to lack of judgement and a false assessment of the eco
nomic balance between the disposer and the community. There is no reason 
why either of these factors should lead to unsatisfactory methods of disposal 
of radioactive wastes. Man’s knowledge of the deleterious effects of radiation is 
by no means complete, but it is probably as extensive as his knowledge of any 
other single potential source of injury. Moreover, his attitude towards it is 
one of greater concern and caution than towards any other comparable danger. 
A t the same time, almost all users of radioactive material recognise that they 
will damage the future of their industry, perhaps irreparably, if they adopt 
an irresponsible attitude towards the disposal of radioactive waste. In return, 
they have the right to expect a balanced appreciation and understanding of 
their problems by the community for which they work.

2. Basic methods of disposal

Radioactive wastes vary so much that no single method of disposal can 
be universally adopted. It  is, however, possible to class the different methods 
under two broad headings: storage, and release to the environment. The 
latter group of methods has sometimes been regarded as totally undesirable, 
but in practice society has never been able to exploit a new material or fuel 
without accepting some dispersion of the associated wastes. This situation 
applies exactly to radioactive materials. I f  society wishes to use radioactivity 
and nuclear power, it must accept some release of radioactivity to its environ
ment. This will not be a new feature of man’s environment, since the air 
he breathes, the food he eats, and the ground he stands on have always been 
naturally radioactive. This does not mean that the discharge of radioactive 
wastes should be uncontrolled. On the contrary, it is of the utmost importance 
that strict control should be maintained so that the radiation exposure both 
of individuals and of the population as a whole remains below the maximum  
permissible figures agreed both nationally and internationally.

The amount of radioactive material arising in the form of waste is now 
so large that dispersal into man’s environment cannot be regarded as a feasible 
solution to the disposal of the principal waste— the fission products from the 
generation of nuclear power. These wastes, as well as other small-volume, 
high-activity wastes, are concentrated to the minimum practicable volume 
and stored as liquids. A t present these materials are stored under controlled 
conditions on the premises of the producer, but attention is being directed 
to the possibility of converting them to solid form and using the depths 
of the oceans or geological formations providing natural isolation. In practice, 
these regions are not completely isolated, and it is the precise degree of iso
lation that has to be studied in order to assess their suitability. Such areas 
are already widely used for the disposal of moderate- or low-activity wastes 
for which the known degree of isolation is completely adequate.

The basis of the other methods of disposal is dilution. The aim is to achieve 
sufficient dilution during and following release that the amount of radio
activity reaching any one person is trivial. A t the same time it is necessary 
to bear in mind the possible genetic consequences of small increases in the
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exposure of large numbers of people. Attention must also be paid to the 
reconcentrating processes which occur in the environment, because these 
processes may well set a limit to the amount of radioactivity that can be 
discharged. Discharges of radioactivity are already being made into sewage 
systems, rivers, and coastal seas.

3. Wastes arising from the operations oí the United Kingdom Atomic Energy 
Authority

The United Kingdom Atomic Energy Authority operates a wide range 
of processes employed in the production of uranium metal from ores and 
concentrates, in the conversion of this to plutonium, including the associated 
chemical processing, in the production of electrical power and isotopes for 
commercial sale, in the development of new types of reactor, in the production 
of enriched uranium and in the fabrication of a variety of radioactive and 
toxic materials into components such as fuel elements and their cans. Extensive 
research programmes are also carried out in support of this work and with 
a view to future developments, such as controlled thermonuclear power. 
Some of this research work is done at the production establishments but much 
of it takes place at special centres, of which Harwell is probably the best known.

АД these establishments produce liquid, solid and gaseous wastes and much 
of the waste material is contaminated to some extent by radioactive material 
which is not economically worth recovering. In the processing of the spent 
fuel from reactors and in the production of uranium enriched in the isotope 
uranium-235, some of the by-products are not yet marketable in the quantities 
which are being produced and thus form waste materials. Much of the radio
active dust in the gaseous wastes is removed by air-cleaning devices and gives 
rise to secondary solid, or in a few cases liquid, wastes. The disposal of gaseous 
waste is not considered further in this paper. The types o f waste material 
arising within the Atomic Energy Authority can best be described under the 
headings of the principal types of operation.

Production and fabrication of uranium

The processes produce liquid wastes from chemical treatment of the raw 
material and subsequent wet processing. Most of the uranium in these liquids 
is recovered by precipitation. The solid wastes include insoluble slags, old 
ore drums, discarded equipment and incinerator ash. The uranium content 
is low, usually less than 0 .1 % .  Materials of high uranium content, such as 
coolant from lathes used in the fabrication of uranium components, are sent 
to a recovery plant and are not regarded as waste. This is particularly im
portant when the uranium is enriched in the isotope uranium-235 because 
the economic value of this material is considerable.

Reactor operation

The amount of radioactive waste produced by reactor operations depends 
greatly on the type of cooling of the reactor, but is not usually large if the 
reactor has a closed primary coolant circuit. Low-activity liquid wastes occur 
when irradiated fuel elements are stored under water before chemical pro
cessing, and varying amounts of solid wastes, some of them highly active, 
result from the temporary use of experimental equipment in reactors. This 
is particularly true of reactors used for testing engineering components and
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coolant circuits in the development of advanced types of reactors. Minor 
wastes also arise from the decontamination of equipment and from gas filters.

Processing of irradiated fuel

The first stage in the processing is the removal of the fuel can or sheath. 
This is usually done mechanically under water, and the cans form a highly 
active solid waste, while the water becomes moderately contaminated, mainly 
by fission products. The fuel is then dissolved and the fissile material re
covered and purified. Most of the fission products appear as a very highly 
active liquid waste, which is kept substantially free from other materials 
so that it can be concentrated if necessary. A  small fraction of 1 %  of the fission 
products remains with the fissile material and is removed at various puri
fication stages, causing the formation o f moderate or low-activity streams. 
These low-activity streams also contain traces of the fissile materials. A  chemi
cal treatment plant requires ancillary processes such as control laboratories, 
laundries, and decontamination centres. All of these produce low-activity 
liquid and solid waste. A t Windscale Works, in Cumberland, which is the 
United Kingdom centre for processing irradiated natural uranium, there 
is also a plant for producing plutonium metal. Unless the plutonium content 
is very small, the wastes are treated for the recovery of the plutonium.

Enrichment of uranium

Uranium is enriched in the isotope uranium-235 by the repeated diffusion 
of the gaseous uranium hexafluoride through membranes. The entire process 
takes place in a vacuum-tight plant at a pressure below atmospheric pressure. 
A  small amount of contaminated waste results from the decontamination 
of plant components for maintenance. The principal waste is the depleted 
uranium, containing too little uranium-235 to be worth further processing.

Commercial production of isotopes

Radioactive isotopes are prepared principally by irradiating materials 
in nuclear reactors. In some cases the irradiation is followed by chemical 
processing, in others merely by  subdivision and packaging. Chemical separation 
of individual fission products from the waste arising from the processing 
of irradiated reactor fuels has also been used for the production of sources 
of caesium-137 and strontium-90. All these processes give rise to substantial 
amounts of contaminated liquid and solid waste, although the scale is not 
to be compared with the processing of irradiated fuel.

Research

Except for certain large-scale research projects such as pilot plants for chemi
cal treatment of irradiated fuel, research activities usually give rise to only 
small amounts of radioactive waste. On the other hand, the range of variety 
is almost unlimited and the composition and activity level varies widely 
from day to day. The treatment and handling of these wastes therefore requires 
techniques of the greatest flexibility. A  considerable amount of the solid 
waste is combustible and its volume is substantially reduced by incineration. 
Special plant is used and great attention is paid to the removal of radio
activity from the effluent gases. The secondary wastes are the ash, the effluent 
gas filters, and the scrubber liquors.
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4. Some typical amounts oi waste

The amounts of waste for disposal depend greatly on the details of the 
operating methods of the processes involved and on the degree of segregation 
of radioactive from normal waste. The following figures for some of the Atomic 
Energy Authority’s establishments are therefore intended only to indicate 
the order of magnitude of the problem as it stands today. The effect of the 
United Kingdom nuclear power programme is discussed in another paper 
presented to this conference by Mr. G. K. Dickson.

The establishments chosen to provide examples of the Authority’s problem 
are :

Springiields Works, near Preston, Lancashire, which produces natural- 
uranium fuel elements;
Capenhurst Works, near Chester, Cheshire, where uranium is enriched in 
the isotope uranium-235;
Windscale Works in Cumberland, which produces plutonium and purified 
uranium from irradiated natural-uranium fuel, and which includes the 
nuclear power station, Calder Hall;
Chapelcross Works, near Annan, Dumfriesshire, in Southern Scotland, 
which is a further nuclear power station;
Dounreay Experimental Reactor Establishment, Caithness, in the North 
of Scotland, which, in addition to reactors such as the experimental fast 
reactor, has chemical plant for manufacturing and processing enriched- 
uranium fuel elements;
Atomic Energy Research Establishment, Harwell, Berkshire, which engages 
in research in all aspects of atomic energy; and
Radiochemical Centre, Amersham, Buckinghamshire, where radioactive 
isotopes are processed for commercial sale.
Table I shows the principal types of waste produced by these establishments, 

together with the quantities and, where possible, an estimate of the radio
activity. The method of disposal is also shown.

TABLE I
TYPICAL QUANTITIES OF RADIOACTIVE WASTE FROM ESTABLISHMENTS OF 

THE UNITED KINGDOM ATOMIC ENERGY AUTHORITY

Establishment Type o f Waste (') Amount o f Waste and (2) 
Radioactive Content Method o f Disposal

Springfields

Liquid

Solid

Process residues

2 x 106 m3/year 
30 с/year, alpha 
1,200 с/year, beta 
1,000 tons/year(4) 
less than 0.1 % Ú

Pipeline to tidal 
estuary(3)

Tipping in disused 
quarry(3)

Storage in drums on 
concrete raft

Capenhurst

Liquid

Solid

Depleted uranium

3 x 106 m3/year 
1 с/year, U 
200 tons/year(4) 
less than 0.1% U

Open brook to tidal 
estuary(3)

Tipping in disused 
quarry(3)

Storage
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Establishment Type o f Waste (x) Amount o f  Waste and (2) 
Radioactive Content Method o f Disposal

Windscale

Liquid

Solid (H.A.)

Solid (L.A.)

Effluent treatment 
sludge 

Fission products

7 x 106 m3/year
50.000 с/year, beta
40.000 с/year, Ru

2.000 с/year, Sr
50 с/year, alpha

1.000 m3/year

3.000 m3/year 

500 m3/year

Pipeline to open 
sea(3)

Storage in special 
buildings(3)

Burial in controlled 
areas(3)

Tank storage

Tank storage

Chapelcross Liquid 2 x 104 m3/year

0.5 с/year alpha and 
beta

Pipeline to tidal 
estuary(3)

Dounreay

Liquid

Solid (H.A.) 

Solid (L.A.) 

Fission products

105 m3/year 
1,500 с/year, beta

4 с/year, Sr
5 с/year, alpha

■ - ( 5)

300 m3/year

Pipeline to open 
sea(3)

Burial in shaft in 
rock(3)

Burial in controlled 
area(3)

Tank storage

Harwell,

Liquid (L.A.)

Solid (L.A.)
(including sludges 
and incinerator 
ash)

Solid (M.A.)

Liquid and solid 
(H.A.)

6 x 105 m3/year 
0.02 с/year, alpha 

10 с/year, beta 
0.3 с/year, Sr 

700 tons/year(4) (6)
3 с/year, alpha 

60 с/year, beta

50 tons/year(4) (6)
6 с/year, alpha 

1,000 с/year, beta

Pipeline to River 
Thames(3)

Dump in light drums 
on bed of English 
Chanriel(3)

Dump in strong 
drums on bed of 
Atlantic Ocean(3)

Storage in tanks or 
special buildings

Amersham

Liquid (L.A.) 

Solid

2,000 m3/year 
0.006 с/year, alpha 

2 с/year, beta 
32 tons/year(4)

To sewer(3)

Transferred to 
Harwell

(!) L. A. —  Low activity, М. А. —  Medium activity, H. A. —  High activity. These terms are not susceptible 
to precise definition, and usage varies from one establishment to another.

(2) Quantities are approximate and are based on the year 1958.
(3) Conditions o f disposal by  these methods are controlled by written authorisation issued by two

Departments o f H. M. Government, both o f which use inspectors to ensure that the Authority
complies with the terms o f the authorisations.

(4) Metric tons (1000 kg).
(5) Little use yet made o f this method— no representative figures available.
(6) These are net weights, excluding shielding material and drums.





R A D I O A C T I V E  W A S T E  C O N T R O L  A T  T H E  U N I T E D  K I N G D O M  
A T O M I C  E N E R G Y  R E S E A R C H  E S T A B L I S H M E N T ,  H A R W E L L

Abstract
The paper outlines the present practices in the control and treatment 

of radioactive wastes at Harwell.
The large-volume, low-level active liquid effluent is treated by phosphate 

coagulation methods and, eventually, discharged to the River Thames. The 
medium-level wastes are segregated and undergo a two-stage chemical treat
ment followed by passage through columns of Vermiculite. The latter process 
has been found to be effective in removing radoicaesium, which is not dealt 
with efficiently by the precipitation methods used. Liquid wastes with a high- 
activity content are stored and a new plant, incorporating chemical treat
ment, ion exchange and evaporation, is being installed.

The chemical sludges formed in the treatment processes are dumped at 
sea after de-watering by filtration.

The contaminated solid waste is either stored or disposed of at sea. It  is 
important to reduce the volume as much as possible and the methods employed 
include pressure baling, melting and incineration of combustible matter.

Small quantities of activity are discharged to the atmosphere through 
exhaust stacks. The cleaning of this discharge air is commonly achieved by  
the use of high-efficiency filters or liquid scrubbing systems. Regular stack 
monitoring is carried out and this is backed up by a comprehensive district 
sampling programme.

T R A I T E M E N T  D E S  D E C H E T S  R A D I O A C T I F S  A U  C E N T R E  D E  
R E C H E R C H E  S U R  L ’ E N E R G I E  A T O M I Q U E  D E  H A R W E L L

Résumé
L ’auteur décrit les méthodes de contrôle et de traitement des déchets 

radioactifs qui sont appliquées au Centre de Harwell.
Le volume considérable des effluents liquides de faible activité est traité 

par des méthodes de coagulation au moyen des phosphates, puis évacué 
dans la Tamise. Après séparation, les déchets d ’activité moyenne sont soumis 
à un traitement chimique en deux temps, avant de traverser des colonnes 
de Vermiculite. On a constaté que ce dernier processus éliminait le radio- 
césium, ce que les méthodes de précipitation utilisées ne permettent pas 
de faire de manière efficace. Les déchets liquides d ’activité intense sont stockés; 
on construit une nouvelle usine, qui comprendra des installations pour le 
traitement chimique, l ’échange des ions et l ’évaporation.

Les impuretés chimiques qui se produisent au cours des processus de traite
ment sont évacuées dans la mer après filtrage.

Les déchets solides contaminés sont stockés ou évacués dans la mer. Il 
importe de réduire le volume des déchets dans toute la mesure du possible; 
parmi les méthodes appliquées à cet effet, il y  a lieu de signaler le paquetage 
sous pression, la fusion et l ’incinération des combustibles.

De petites quantités de substances radioactives sont évacuées dans l ’atmo
sphère par des dispositifs d ’échappement. D ’ordinaire, l ’épuration de l ’air 
évacué se fait au moyen de filtres à grand rendement ou de systèmes de net
toyage par liquide. On contrôle régulièrement les dispositifs d ’échappement 
et ce contrôle est complété par l ’examen d ’échantillons prélevés dans toute 
la région.
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К О Н Т Р О Л Ь  ЗА У Д А Л Е Н И Е М  Р А Д И О А К Т И В Н Ы Х  О Т Х О Д О В  В 
Х А Р У Э Л Л С К О М  Н А У Ч Н О - И С С Л Е Д О В А Т Е Л Ь С К О М  Ц Е Н Т Р Е  

П О  А Т О М Н О Й  Э Н Е Р Г И И  
Резюме

В документе излагается порядок обработки радиоактивных отходов и 
контроля за их удалением, принятый в Харуэлле.

Жидкие отходы с низкой активностью обрабатываются путем применения 
фосфатно-коагуляционного метода, а затем отводятся в Темзу. Отходы со 
средней активностью отделяются и проходят химическую обработку в два 
этапа, после чего они пропускаются через вермикулитовые колонки. Этот 
метод позволяет эффективно удалять из отходов радиоактивный цезий, который 
не поддается осаждению. Жидкие отходы с высокой активностью отводятся в 
хранилища. В настоящее время строится новая установка, которая позволит 
проводить химическую обработку таких отходов, будет иметь ионо-обменники 
и дает возможность осуществлять выпаривание отходов.

Химические материалы, использованные для обработки отходов, после обез
воживания и фильтрования отводятся в море.

Твердые радиоактивные отходы либо хранятся, либо удаляются в море. 
Весьма важно уменьшить объем таких отходов. Для этой цели твердые отходы 
плавятся, размельчаются или сжигаются.

Небольшое количество отходов отводится в атмосферу через дымоходные 
' трубы. Очистка отводимого таким путем воздуха осуществляется с помощью  

высокоэффективных фильтров. Регулярно проводится дозиметрический кон
троль дымоходных труб и взятие проб воздуха для этой цели.

CONTROL D E  DESECHOS R AD IACTIVO S E N  E L  A .E .R .E ., H A R W E L L
Resumen

El autor describe los procedimientos empleados en las instalaciones de 
Harwell para el control y  el tratamiento de desechos radiactivos.

Los efluentes líquidos de gran volumen y bajo nivel de actividad se someten 
a tratamiento utilizando métodos de coagulación mediante fosfatos y  se 
descargan en el Támesis. Los desechos de nivel medio de actividad, una vez 
separados, se someten a un tratamiento químico en dos faces y seguidamente 
se les hace pasar a través de columnas de vermiculita. Se ha comprobado 
que esta última operación permite separar el radiocesio, lo cual no puede 
lograrse eficazmente con los métodos de precipitación empleados. Los residuos 
líquidos de elevado nivel de actividad pasan a depósitos de almacenaje; se 
está construyendo una nueva instalación en la que se combinarán los pro
cedimientos de tratamiento químico, intercambio iónico y  evaporación.

Los lodos químicos que se producen en los procesos de tratamiento son 
hundidos en el mar en recipientes especiales, una vez separada por filtración 
el agua que contienen.

Los desechos sólidos contaminados son almacenados o bien hundidos en 
el mar. Es importante reducir su volumen en la medida de lo posible; los 
métodos empleados para ello consisten en el embalado a presión, la fusión 
y la incineración de los materiales combustibles.

Pequeñas cantidades de radiactividad pasan a la atmósfera través de 
chimeneas. La purificación de este 'aire que sale de las instalaciones se efectúa 
generalmente mediante filtros de alta eficacia o con sistemas de filtración 
por rociado. Las chimeneas son objeto de un control metódico, complementado 
con un amplio programa de muestreo por sectores.

412



RADIOACTIVE WASTE CONTROL AT THE  
UNITED KINGDOM ATOMIC ENERGY RESEARCH  

ESTABLISHMENT, HARWELL
R. H. Burns 

U n ited  K ingtom  Atom ic E n e r g y  A u th o r ity  
U n ited  K ingtom

1. Introduction

At the Harwell establishment of the United Kingdom Atomic Energy 
Authority research is carried out on the whole field of atomic energy and 
allied sciences. In addition there is a considerable production of radio
isotopes for use in industry and medicine.

The level of activity in the waste is low in comparison with that of other 
establishments where chemical processing of spent nuclear fuel is undertaken. 
Nevertheless, the effluents are very variable in character and may contain 
a heterogeneous collection of radioactive and non-radioactive materials.

2. Liquid Effluents

As Harwell is situated in thé Thames Catchment Area, liquid effluents 
are of prime importance. The only approved channel for the regular discharge 
of radioactive liquid effluents is the river Thames, but as this is the main 
source of London’s drinking-water supply strict supervision must be exercised. 
This necessitates careful segregation of the various radioactive liquids and 
calls for facilities for the control of the effluent at all stages from the laboratory 
to the river.

2.1. Drainage Systems
There are four separate drainage systems hi use, namely, those for:
a) surface water;
b) sewage;
c) trade waste; and
d) radioactive effluents.
The total water usage on the site approximates 1 x 106 gallons per day 

and most of this finds its way into one or other of the last three drainage 
systems. The general effluent system at Harwell is illustrated in Fig. 1.

The surface water, or rain-water from roofs and roads, is sampled continu
ously and, normally, discharges into a small local stream. Any contamination 
of this drain can arise only as the result of an accident, such as a spill on 
the roads or the failure of a filter on a building extractor, and immediate 
steps can be taken to divert the liquid into the radioactive effluent treatment 
plant. Provision is to be made in the near future for diverting the surface 
water to holding reservoirs in case of a large-scale site incident. The size 
of these reservoirs has been planned to cope with the highest rainfall ex
perienced during the past ten years over any three consecutive days. Sub
sequently the contaminated water will be transferred to the radioactive 
effluent plant for treatment and controlled discharge to the Thames.

The sewage from the Establishment is treated in a conventional treatment 
plant and the treated effluent is batched and tested. If this liquid is found 
to be contaminated it is transferred to the radioactive effluent treatment 
plant, otherwise it is discharged into the same stream as receives the surface water.
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Fig. 1



The trade-waste drain serves the inactive buildings and also takes the 
blow-down from the various reactor and other cooling systems. The effluent 
is clarified, after chemical treatment if necessary, batched and tested. It  
is then transferred either to the radioactive effluent treatment plant or to 
a discharge tank for disposal into the river Thames.

2.2 Radioactive Effluents

The control of the radioactive liquid effluents commences inside the labora
tory or process area. W hen any new project is started, an assessment is made 
of the nature and activity level of the liquid or solid wastes likely to occur. 
Suitable containers are then designed and supplied into which are placed 
the main radioactive wastes arising. АД other radioactive liquid waste flows 
to holding tanks outside the building which, when full, are mixed, sampled 
and tested. Depending on the analytical results obtained on the samples, 
the liquid is diverted to the low-, medium-, or high-activity streams.

The holding or delay tanks in the buildings vary in size and construction 
but have certain things in common. They are tanks within tanks, so that any 
leakage can be noted and. contained : no bottom outlets are permitted and 
any transfer from the tank is by pumping, necessitating the presence of an

Fig. 2
Simple type delay tank system
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operator and thereby increasing the control exercized. The pumps are also 
used for recirculating the tank contents to ensure adequate mixing before 
sampling. The sample is taken from a bleed valve on, the pump circuits whilst 
the effluent is being re-cycled. Fig. 2 shows a typical simple delay-tank 
system. The pipes used are either stainless steel or polythene and the most 
serviceable lining for the inner steel tanks has been found to be chemically 
resistant hard rubber. The outer tanks are of such a size that they will contain 
the contents of, all the inner tanks should leakage occur. A  full description 
of the delay-tank system was given in papers presented to the Institution 
of Civil Engineers in 1955 (1), (2).

The delay-tank system has proved to be of great use. It enables the effluent 
to be separated at source into fractions of low-, medium- or high-level, 
thus preventing the large volume of liquid that has to be handled daily from 
being contaminated by the effluent from a particular building which may be 
of a high level of activity through accidental misuse of this drainage system. 
It is always more economical and satisfactory to treat small rather than large 
volumes of appreciably active effluent. A  high content of activity in a delay 
tank is, in addition, often the first indication that an unsuspected loss of 
valuable material is occurring and, as such, is welcomed by the workers 
in the laboratory or process area concerned.

I f  the delay-tank effluent is found to be of a low level of activity, it is pumped 
to the active drain and flows by gravity to the effluent treatment plant. 
Considerable thought was given during the design stage to the provision 
of means whereby any failure of the effluent pipe lines. involving leakage 
could be detected or the leakage constrained. I t  was decided to carry the pipes 
up to the delay tanks in asphalt-lined ducts so as to prevent direct leakage 
to the ground and allow regular inspection and maintenance. From the delay 
tanks to the treatment plant conventional spigot and socket salt-glazed pipes 
with rubber latex joints were used with facilities for regular pressure testing 
between manholes. It  was felt that the measurement of the activity level 
of the effluent in the delay tanks would ensure that the liquid pumped to 
the active drain was such that no hazard would arise even if a small leak 
developed.

2.3 Low-Level Treatment Plant

The low-level plant, which was designed in 1946, is illustrated in Fig. 3. 
Although this installation has functioned satisfactorily it has certain definite 
limitations and the design would not be-repeated (2). It consists of two 300,000 
gallon pre-treatment batching tanks (Tanks 1 & 2) constructed from acid- 
resisting bricks set and jointed with rubber latex cement. These tanks have 
sloping bottoms, sludge sumps and six stirrers in each tank. The effluent 
may be withdrawn from the bottom of the tanks or by means of floating-arm 
outlets.

The effluent discharged from the building delay tanks is batched in either 
Tank 1 or 2, stirred and sampled. The results obtained on the sample provide 
a check on the figures obtained from the delay-tank samples and decide the 
treatment required to render the effluent suitable for discharge into the river 
Thames.

The first stage of the present treatment given to this low-level effluent 
comprises raising the pH  value to 9.5 by the addition of sodium hydroxide 
solution. The addition of this chemical is carried out in Tanks 1 and 2. When

416



l 0 ' p e r m u t it  '
INCINERATOR P R E C IP IT A T O R BRAITHWAJTE tank :

■ 4 ] 1 1 1

MULBERRY TANKS.

□  □ □ □
□  □ □ □  '

H A R W E L L  EFFLUENT TR EATM E N T PLANT

Fig.S .

conditions are satisfactory the effluent is run through the plant to the first 
of three small reaction tanks (Tanks 3, 4 and 5). In  these a solution of trisodium 
phosphate is added sufficient to give 100 ppm phosphate (P 0 43~) in the 
treated effluent. The water supplied to the Harwell Establishment contains 
appreciable amounts of calcium salts. A t thé pH  value used, the calcium 
reacts with the phosphate added to form an insoluble hydroxyapatite. This 
precipitate removes á high percentage of most of the radioisotopes present 
in the effluent by co-precipitation and adsorption.

From the reaction tanks the effluent flows to two clariflocculators (Fig. 4) 
of standard design, and in these the separation of the solid matter, which
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now contains the majority of the radioisotopes originally present in solution, 
takes place. The thin slurry is removed from the central sludge hopper either 
continuously or intermittently, depending on the nature of the precipitate, 
by means of diaphragm pumps.

The clarified liquor from the clarifiocculators passes to one of two final 
batching tanks (Tanks 6 and 7). These tanks are similar in capacity to the 
first batching tanks but are of concrete construction. Efficient stirring facilities 
exist and sparge-pipe samplers are provided. When full, the tanks are sampled 
and the usual analysis carried out to determine if the effluent is satisfactory 
for discharge into the Thames. I f  the treatment has not been successful, 
the contents of the tank are pumped back into either Tank 1 or 2 and the 
treatment repeated or modified as required.

I f  the effluent is suitable for discharge, two further samples are taken, 
one for the Radiochemical Inspector of the Ministry of Housing and Local 
Government and one for the Metropolitan Water Board. The first is required 
under the terms of the Atomic Energy Authority Act, 1954. The second 
enables the Water Board to check the activity level of the effluent discharged 
to the river, which constitutes the main source of drinking-water for London 
and for which the Water Board is responsible.

2.4 Discharge to the Thames

W hen a discharge to the Thames is commenced, the effluent flows by  
gravity into the final tank (Tank 8) and from there it is pumped to a break 
tank situated on the highest ground in the neighbourhood. During the discharge 
the liquid is kept stirred in Tanks 6, 7 and 8. Besides the limitations of the 
activity level, the effluent discharged has to conform to the regulations laid 
down by the Thames Conservancy. This entails careful attention to the bio
chemical oxygen demand and the suspended solids content and ensures the 
absence of any other contamination which would interfere with fish or plant 
life or render the water unsuitable as a drinking-water source.

The meter readings on the control panel in the final pump house are in
tegrated and recorded. These records are open to inspection by any interested 
party. The pH  value of the effluent discharged is also continuously recorded.

From the break tank the effluent flows by, gravity through an 18-inch 
cast-iron main about 6 miles long, entering the Thames at Sutton Courtenay. 
There are eleven isolation valves at approximately equal distances along 
the pipe-line and six air valves at the highest points. Each valve pit is such 
that it will contain any leakage which might occur. The main is under constant 
supervision and a leak detector is installed to ensure early indication of any 
leakage.

The valve-house at Sutton Courtenay contains two Larner Johnson 
valves, one motorized and operated by the height of the liquid in the break 
tank and the other hand-operated; the latter is used to regulate the rate 
of discharge. The choice of this type of valve ensures that the main is charged 
at all times and prevents the development of undue surge pressure. Within  
the valve-house the main splits into three sparge-pipes, the flow through 
any of which can be controlled by gate valves. These sparge pipes discharge 
into a backwater approximately 50 yards above the point where the back
water joins the main river. The nozzles in the sparge-pipes are situated so 
that the effluent is directed into the region of maximum turbulence in the 
river water at the point where it tumbles over a specially built weir. By this
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means maximum aeration of the effluent is ensured and efficient mixing with 
the river water is obtained. One of the discharge pipes is so arranged that 
the effluent can be discharged into the main river even at times of minimum 
flow. Fig. 5 shows a discharge of effluent taking place.

A  further sample, for record purposes, is taken as the effluent enters the 
Thames and periodical investigations of the river and its bottom below the 
outfall are made to ascertain if efficient mixing is being obtained and if there 
is any build-up of activity on the sides or bottom of the river.

2.5 Sludge Handling

The chemical sludges arising from the treatment of effluent are handled 
by either

(a) pressure filtration; or
(b) freezing, thawing and vacuum filtration.

The sludges, after preliminary settling; may contain an average of 3 %  sus
pended solids. They are difficult to filter and the final sludge-cakes produced 
by normal filtration methods usually contain up to 8 4%  water. Centrifuging 
gives no better results and, in addition, the centrifuged effluent is often 
unsatisfactory as regards clarity. The freezing treatment gives rise to a granular, 
solid matter which settles and filters well. The solids content of the sludge- 
cake after filtering is often twice that obtained by straight filtration of the 
untreated sludge, and the final sludge volume is approximately 50 %  of that 
normally obtained. The mechanism of the process appears to be that the 
freezing process concentrates the electrolytes around the colloidal sludge 
particles, giving rise to coagulation. The sludge-cakes are transferred to 
mild-steel drums, sealed and dumped at sea in specially selected areas.

Fig. 5
Discharge of effluent to the river
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2.6 Medium-Level Plant
The medium-level effluent is treated in a smaller plant, á flow diagram 

of which is shown in Fig. 6. The raw and treated effluent tanks (1 and 10) 
are of 6,000 gallons capacity, and the flow' through the plant is maintained 
at between 500 and 1000 gallons per hour.

Fig. 6
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The raw effluent is transferred into the first of the mixing tanks ( 2 ) into which 
is also pumped, continuously, the chemicals needed for the first stage treatment. 
The treated effluent then flows through the Pulsator Unit (4) or the first 
precipitator (5). Both these work on the principle of maintaining a sludge 
blanket at a suitable height within the apparatus by controlling the flow 
rate. Through this blanket must pass all incoming treated effluent. This 
arrangement facilitates the growth of the particles either originally present 
in the effluent or formed by the chemical treatment. The volume of sludge 
produced increases with the continued addition of chemicals and effluent; 
this makes the blanket rise above the height of balance and it is necessary 
to remove a proportion of the sludge periodically to maintain the sludge blanket 
at a constant depth and density. The sludge so removed flows to the sludge 
tank (9) for settlement and any supernatent is pumped back into the raw- 
effluent feed.

Much work has been carried out at Harwell over the past ten years on 
chemical treatment methods. Early work, subsequently confirmed, shows 
that the phosphate process was the most satisfactory method for effluent 
from a Research Centre, which may contain a large variety of radioactive 
isotopes. It has also been proved that the higher the pH  value the greater 
the efficiency of removal, the optimum value being about 11.5. For Harwell 
effluent the best conditions are obtained when the ratio P 0 43“ /Ca2+ is appro
ximately 1.6, with a minimum dosage of 50 ppm Ca2+. I f  this is not present 
in the effluent it is most conveniently added as calcium chloride or nitrate. 
It has also been shown that a denser precipitate is formed if a ferric or ferrous 
salt (40 ppm as F e3+ or Fe2+) is added as a conditioning agent.

This calcium-phosphate-iron precipitation treatment is the one employed 
as the first stage in the Medium-Level Plant. The pH  value is adjusted to 
11:5 by the addition of sodium hydroxide. A t one time lime was used, but, 
apart from the difficulty of attaining the required pH  value, the use of this 
gave rise to increased sludge and tended to favour delayed precipita
tion. ■

The phosphate treatment has given consistently good results. On an 
average, 99%  of the alpha-emitters are removed and approximately 89%  
of the mixed beta-emitters. The residual activity is due largely to caesium, 
with some strontium, ruthenium and iodine.

Previous work in this field has shown that sulphide со-precipitation is 
effective for ruthenium if carried out in acid solution. It would be incon
venient to bring the pH  value down to about 3.0 aftér the phosphate stage, 
and so the normal practice is to form a ferrous sulphide precipitate by the 
addition of ferrous sulphate and sodium sulphide without adjustment of 
the pH  value. The optimum dosages are 20-ppm Fe2+ and 2 0 ppm S2 - . In addi
tion it is desirable to add 20 ppm Ca2+, which neutralises the charge on any 
ferrous sulphide colloidal particles, leading to efficient coagulation. This 
second-stage treatment is carried out in the Precipitator (6), the chemicals 
and effluent having been mixed whilst passing through the second mixing 
tank (2).

The efficiency of the treatment for radioruthenium is variable, depending 
on the form present, but the process is effective in removing radiocolloids 
and in entrapping light floe particles carried over from the phosphate treat
ment. The average removals increase to 99 .8% for alpha-emitters and 9 1%  
for beta-emitters as the result of this second-stage treatment.
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The efficiency of the chemical treatment is poor for radiocaesium and for 
this monovalent element some form of ion-exchange process is desirable. 
The use of normal synthetic ion-exchange resins, whilst giving good results, 
is only economical if the exhausted resin is regenerated. For storage or disposal 
of concentrated active residues a solid or semi-solid state is advisable; the 
regeneration of ion-exchange material gives rise to active solutions containing 
a large amount of dissolved solids. In consequence use is made at Harwell 
of a cheap, expendable, naturally occurring ion-exchange material; of the 
many tried, crude vermiculite is the most satisfactory. The Medium-Level 
Plant includes four vermiculite columns (7) through one or more of which 
is passed the effluent from the sulphide precipitation. After the combined 
chemical and ion-exchange process, virtually no alpha-emitters remain in 
the effluent and only about 0.3 to 0 .5 %  of the original beta-emitters. This 
residue is due mainly to anionic and non-ionic compounds.

The phosphate and sulphide sludges from the Medium-Level Plant undergo 
the freezing treatment, previously described. The filter-cakes are transferred 
to special containers which are sealed and subsequently dumped at sea. 
W hen the vermiculite beds are exhausted, the contents are fluidized and 
transferred to sea disposal drums. A  fuller description of the Medium-Level 
Plant was given at the Second United Nations International Conference on 
the Peaceful Uses of Atomic Energy.(3)

2.7 High-Level Radioactive Effluents

The High-level effluent arising at Harwell comprises mainly the liquids 
discharged to the special containers supplied to the laboratories and Process

B l

Fig. 7
High level storage tanks

Areas (Section 2.2). The contents of these are transferred to special storage 
tanks (Fig. 7), and are separated at this stage according to their chemical 
nature and the half-lives of the isotope or isotopes present. These storage
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tanks are heavily shielded and are contained within an outer basin so that 
any leakage or spillage is retained. The contents of the special containers 
are emptied by connecting to a shielded receiver to which a vacuum is applied. 
This receiver is free to move along rails on top of the storage tanks and is

Fig. S
Mobile receiver on high-level storage tanks

emptied by gravity into the tanks below. (Fig. 8). It is considered unwise 
to pump these liquors in case faults should develop in the discharge lines.

I f  the half-lives of the nuclides present are short, storage for approxi
mately ten half-lives may be all that is necessary before the liquor is trans
ferred to the medium-or low-level treatment plants. However, long-period 
storage is not considered desirable at Harwell since the site is in the Thames 
Catchment Area, and some years ago a pilot plant was installed to deal with 
these wastes. As a result of the work carried out and, in particular, the ex
perience gained with the Medium-Level plant, a new installation has been 
planned and is in process of erection. A  flow diagram of the new plant is 
shown in Fig. 9. As will be seen, chemical-treatment tanks are included which 
can be used for batch treatment or as continuous-flow precipitators. Sludge-, 
settling columns, expendable ion-exchange columns and an evaporator, 
are also to be provided. The chemical sludges formed will either be dealt 
with in the existing sludge-handling facilities or adsorbed on to exfoliated 
vermiculite in shielded disposal drums, depending on the activity level of 
the batch of effluent treated.

The evaporator is of the single-effect type and consists of a steam coil 
within a tank. A  foam-breaker in the form of a pancake coil is mounted just 
above the liquor level. Attached to the kettle is a column at the top of which 
is a partial-condenser coil to produce a reflux effect. The column is steam- 
jacketed and can be random-packed with raschig rings or other promising 
material. Provision is made at the top of the column for an acid or water 
wash; the steam coil is mounted on a trolley and can be withdrawn for in
spection and cleaning as desired.

423



CHEMICAL MIXING 
VESSEL

HIGH LEVEL ACTIVITY EFFLUENT TREATMENT PLANT FLOW SHEET

Fig. 9

The plant will be very flexible and any or all of the processes catered 
for may be used. It is confidently expected that decontamination factors of 
10s to 10e will be obtained.

2.8 Permissible Discharge to the River Thames

Under the terms of the Atomic Energy Authority Act, 1954, no radio
active waste may be discharged on or from any Establishment of the United 
Kingdom Atomic Energy Authority without authorization from the Minister 
of Housing and Local Government and the Minister of Agriculture, Fisheries, 
and Food. In the case of discharges to the Thames, it is considered that the 
greatest hazard could arise as the result of ingestion of the contaminated 
water by the population of London. Maximum permissible limits have there
fore been laid down for the, activity level of the river. These have been based 
on the assumption that any one person might ingest 21/2 litres of the crude 
river water every day of his or her life.

Although each isotope has its own particular maximum permissible con
centration in water, it would be quite impossible to analyse the effluent 
from a Research Centre for every isotope that could, be present. It is, however 
possible to group the isotopes according to their toxicities and the levels
and groups laid down for the Thames are:

Radium
Other a-emitters 
Strontium isotopes 
Other /Remitters

4 x 10~10 microcuries per millilitre
2.4 x 10-9 microcuries per millilitre
2 x 10_ 8 microcuries per millilitre
1 x 10_ 6. microcuries per millilitre
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and these are considered as mutually exclusive. As will be seen these levels 
are between one-tenth and one-hundredth of the occupational levels as re
commended by the International Commission on Radiological Protection 
(ICRP). It is the practice, in .Great Britain, to introduce such safety factors 

, when the general public can be affected.
On the basis of the above figures the relative toxicities, “ other /5-emitters” 

being taken as unity, are: 2500 for Radium; 420 for other «-emitters; and as a 
close approximation, 50 for Strontium to 1 for other /3-emitters.

The harmonic mean flow of the rivér at the discharge point is 681 x 109 ml 
per day. Thus, if only other ¡8-emitters are being discharged it would be pos
sible to dispose of :

1 X 1 0 -6 x 681 x 109 x 30 X iO -6

or, in round figures; 20 curies,, in 30 days (1 m onth).,If the effluent contains 
isotopes from all the four groups, the permitted monthly discharge, all acti
vities being expressed in curies,'becomes:

(Ra x  2500) +  (other «-emitters x 420) + . (Sr x 50) +  other ^-emitters shall
be less than 20. '

A  further condition is that not more one-quarter of the authorized monthly 
amount may be discharged in any one day.

Under the Atomic Energy Authority Act, the Authority is required to 
take samples of each batch of effluent discharged and to keep these for checking 
by the Radiochemical Inspector on behalf of the Minister of Housing and 
Local Government. Further, the Minister must be, supplied with details 
of each discharge made and the analytical results given must be obtained 
by methods approved by the Minister. Accredited representatives of the 
authorizing Ministers have the right of entry at any time and may take or 
request any samples they wish in order to satisfy themselves that the autho
rizations granted are not being or are not likely to be exceeded.

3. Radioactive solid wastes

The radioactive solid waste arising at Harwell is very varied in character ; 
it consists of paper, plastics, building material, metals, animal carcasses, 
filters, protective clothing, etc. The amount is considerable, being approxi
mately 29 tons or 3,200 cubic feet per week. There is no simple single operation 
which will concentrate this so as to reduce the storage or disposal problems. 
Further, as genuine dilution is: virtually impossible, disposal is more difficult 
than in the case of liquid and gaseous wastes.

The three generally accepted methods of handling solid waste are storage, 
burial and sea-dumping. Burial is not used at Harwell as the Establishment 
is situated in the Thames Catchment area and there is always the possibility 
that activity, from buried material will be leached out.

3.1 Storage

Storage is used to allow short-lived isotopes to decay. The facilities provided 
consist of below-ground concrete trenches lined with asphalt and steel tubes 
set in a concrete slab (Fig. 10). The trenches are covered with at least two 
layers of removable concrete slabs, so arranged that the joints in the two 
layers are not immediately above each other. The steel tubes have removable
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Fig . 10 
V ertica l storage holes

lead or concrete plugs and the air from the tubular storage area is extracted 
and filtered before discharge into the atmosphere.

The storage area is completely covered to exclude rain and surface water. 
Where a high degree of shielding is required, barytes concrete has been used 
in place of the normal variety. The waste is stored in containers which permit 
removal for periodical monitoring and the positions of the containers in the 
trenches and holes are carefully recorded.

3.2 Sea Dumping

Sea dumping, if carried out in a controlled manner, appears to eliminate 
many of the objections to other methods of disposal. The material must 
be enclosed in a robust container so designed and packed that it will reach 
the sea bed without loss of contents. The completed container must have a 
density greater than 1.2 gm. per cubic centimetre, and every effort must 
be made to ensure that voids are absent.

It is common practice to provide means of equalizing the pressure between 
the inside and outside of the package in order to prevent the container being 
ruptured by hydrostatic pressure. This can be accomplished conveniently 
by inserting a small thin-walled metal tube into the contents from outside 
and crimping the inner end of the tube shut to prevent leakage during handling 
before dumping.

Steel drums are used and these may require an inner shell of reinforced 
concrete to provide extra shielding. The gamma dose rate permissible at 
the surface of the containers is governed by the integrated dose from the 
whole cargo, the location and method of storage aboard the ship and the 
handling time involved. Harwell experience has shown that if the average 
dose rate at the surface of the container does not exceed 20 mr/h then no 
radiation hazard will be experienced by operating personnel.

Two types of sea-dumping are carried out from Harwell. Those materials 
which are known to be of a very low level of activity are disposed of in a



dumping area in the English Channel. The depth of water in this area is 
approximately 100 fathoms and no fishing takes place in the neighbourhood. 
The maximum amount disposed of in this area is 5,000 tons per year of low- 
activity waste estimated not to exceed 200 curies of alpha radioactivity 
and 4,000 curies of beta-gamma radioactivity.

The limits set can be shown to be very safe. I f  a tide run of 20 miles and 
a zone 1 mile wide is assumed, any activity seeping out of the containers 
will be diluted quickly in more than two cubic miles of water. Two cubic 
miles is 8.3 x 1015 ml and this could be contaminated with over 6,000 curies 
of Strontium-90 before the maximum permissible concentration in water, 
as recommended by the ICRP for occupational workers, was reached. As 
the water in the area in question is changed frequently the safety factors 
are obviously great.

W aste material with any significant associated radioactivity is always 
disposed of in ocean deeps beyond the continental shelf. The depth of water 
must be greater than 1500 fathoms and the area must be approved on behalf 
of the Minister of Agriculture, Fisheries and Food. The amount disposed 
of in this way is small and the limits set are governed by the radiation levels 
from the containers. These are such as to prevent any hazard to personnel 
during shipment and dumping operations.

Records are kept of the amount and activity level of all material dumped 
at sea and each operation is supervised by a responsible officer of the Atomic 
Energy Authority.

3.3 Volume Reduction

Before solid waste, is stored or disposed of, it is usually advantageous to 
reduce its volume. Three methods are in use at Harwell: baling, incineration 
of combustible material and melting.'

For the first of these methods, a hydraulically operated press is used and 
the operation carried out in a sealed area to prevent the escape of dust. The 
volume reduction obtained dépends on the type of waste material, but with 
paper, glassware, thin-walled metal tubing etc. a 10 to 1 value may be expected.

Experience at Harwell has shown that incineration of combustible radio
active solid waste effects a very considerable saving in storage, transport 
and disposal costs, as a volume reduction of about 80 to 1 is obtained. Provided 
the gas purification system is well designed, the activity level of the stack 
discharge is very low. Fig. 11 shows the general principles of the plant in 
use at Harwell. The waste is first sorted in a glove-box and the non-combustible 
material separated. The residue is fed through a chute with double-charging 
doors into the top of the furnace. The air, for combustion, is pre-heated 
by passing it over the outside of the furnace and is introduced at the top 
of the combustion chamber. The fire-bars are water-cooled and may be shaken 
or rotated through 90 degreés if required.

The charge is ignited by oil burners, which may also be used to dispose 
of contaminated organic solvents. The ash formed falls through the grate 
and is collected in an ash drum, the contents of which are sprayed with water 
before the drum is removed.

The flue gases from' the combustion chamber pass to a fly ash settler which 
is also fitted with an ash hopper and collecting drum. The gases next pass 
to an adiabatic cooler where they are subjected to a counter-current water 
spray and then to a Venturi scrubber. In this, the high-velocity gas stream
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is used to disintegrate a water stream admitted at the throat of the scrubber. 
The resulting intimate mixture of air and water then passes to the bottom  
of a cyclone water-scrubber in which the gas and water droplets, which con
tain the majority of the dust particles, are separated. Depending on the 
activity level the purified gases are then sent direct to the stack or to a heater 
and then through filters before passing to the stack.

WASTE IN

T Y P IC A L  LAY OUT FOR R A D IO  A C T IV E  WASTE I N C I N E R A T O R

1. A IR  INTAKE
2. INCINERATOR
3. SORTING CABINET

4 .  FLY ASH SETTLER
5. SAFETY FLAP VALVE

6. ADIABACTIC COOLER
7. VENTURI SCRUBBER
8. THROAT WATER JETS
9. CYCLONE SCRUBBER
1 0 . GAS HEATER

11. FILTERS
12. DISCHARGE STACK
13. FAN
U .  RECIRCULATION PUMP 
15. FILTER

Fig. 11

The scrubbing liquids are maintained at a pH  value of 7.0 by the addition 
of caustic soda solution and are filtered and re-circulated until such time 
as there is a significant build-up in the activity level, when they are discharged 
to the effluent treatment plant. The installation is maintained under negative 
pressure by a fan at the base of the stack. In addition a safety flap valve 
is installed on an extension to the fly ash settler which can be operated should 
the fan fail and which will allow escape of the flue gases outside, rather than 
inside, the building until the fault can be rectified.

The plant as originally designed was constructed of stainless steel, but 
severe corrosion has been experienced in certain 'parts due to the acid gases 
produced when certain plastic material is incinerated. This difficulty has been 
overcome to a large extent by replacing the corroded parts with resin-fibreglass 
laminate components.

The effiency of purification of the exhaust gases depends on the radio
isotopes present in the waste handled. The average results obtained irdicate 
that approximately 9 5 %  of the activity is retained in the ash and about 
4 .5 %  is removed by the scrubbing systems, leaving 0 .5 %  to be handled 
by the filters. Lower efficiencies are obtained if volatile radioisotopes are 
present unless the pH  value of the scrubbing liquid is maintained at a pH  
value of 9.0 or above.
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Certain materials which hâve to be handled at Harwell require a higher 
temperature, for complete combustion, than is attainable with a metal com
bustion chamber. For this reason the second incinerator which is being erected 
will be lined with good-quality fire bricks. In addition it is hoped to eliminate 
the need for a wet scrubbing system and rely on coarse followed by absolute 
gas filters. Otherwise, the same principles will be adopted, including pre
sorting, top feeding, and keéping the plant under negative pressure.

Economical packing of storage or disposal drums is difficult if metal waste 
of various shapes and . sizes as present. Experiments are being carried out 
at Harwell to study the economics of melting such waste in graphite susceptors 
in a high-frequency furnace. Two other possibilities exist. First, it is'■known 
that when many contaminated metals are melted the radionuclides present 
pass mainly to the slag; if the slag is removed, the parent metal can be salvaged. 
Second, when all types of waste are melted together a ceramic is produced 
which offers considerable resistance to leaching by water.

4. Gaseous Wastes

There is only one significant continuous radioactive gaseous discharge 
from the Harwell site, namely argon-41, a rare gas decaying to stable po
tassium-41. This is produced in the cooling air of the BEPO reactor. The 
quantity discharged is approximately 10,000 curies per week at a height 
of 61 metres. The stack height was selected, after careful calculations and 
experiments, to ensure that no hazardous concentration of radioactive argon 
occurred at ground level. The plume has been useful in research on the diffusion 
of gaseous emissions from stacks (4). To prevent the escape of particulate 
matter from a damaged or faulty uranium cartridge in the reactor, the cooling 
air is filtered before discharge and á caustic-soda scrubber can be introduced 
into the system. The scrubber is designed to deal particularly with an accidental 
release of radioiodine occurring as á fission product. Continuous monitoring 
for fission-product leakage is¡ carried out and the radiation level, after the 
filters, is recorded.

In the main radiochemical laboratories, discharges from glove-boxes pass 
through filters on the boxes and then through high-efficiency filters. Similar 
precautions are taken with the extracts from fume cupboards and, finally, 
all air exhausted from the building passes through electrostatic precipi
tators. ;

The other major outlet is from the active incinerator; the method of gas 
purification on this plant has ¡been described above (section 3.3). In addition, 
several minor outlets exist throughout the site; they are fitted with high- 
efficiency filters and the discharges from them are monitored regularly.

The most restrictive alpha-emitter is plutonium-239, for which the authorized 
discharge for the whole site is 75 microcuries per day, and the .most restrictive 
beta-emitter is strontium-90,i for which the level is 75 millicuries per day, 
excluding the discharge of argon-41 from the BEPO stack. Control- in this 
way ensures that the maximum local concentration in air at ground-level 
does not exceed one-tenth of the recommended maximum permissible con
centration for occupational 'workers. The actual amounts released are at 
present less than 10%  of the authorized amounts.
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The stack monitoring is backed up by a district sampling programme. 
This entails the examination of grass, soil and milk and the determination 
of the gamma-radiation levels in the area. Comparisons of samples taken close 
to the site and at a distance have shown no detectable differences.
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S O M E  Q U E S T I O N S  O N  T H E  F I X A T I O N  O F  R A D I O I S O T O P E S  
I N  C O N N E X I O N  W I T H  T H E  P R O B L E M  O F  T H E I R  S A F E

B U R I A L

Abstract
The results given in this paper are based on the fact that the best way of 

burying fission products is to incorporate them in vitrified fused blocks con
taining these fission products. The physico-chemical bases of the transformation 
of liquid waste into solid blocks are shown. The thermogram of this process 
is presented and the analysis of its characteristics given. The conditions of 
fusion of the vitrified mass, in particular those contributing to the fixation 
of radioactive aerosols, are shown.

Some results of studies on the chemical state of radioactive fission products 
in the solid mass in connexion with the leaching of their radioactivity are 
given.

In conclusion, the results of calculations of the temperatures up to which 
the radioactive blocks may be heated according to their characteristics are 
presented.

Q U E L Q U E S  A S P E C T S  D E  L A  F I X A T I O N  D E S  I S O T O P E S  
R A D I O A C T I F S  E N  R A P P O R T  A V E C  L E  P R O B L E M E  D E L E U R  

E L I M I N A T I O N  D A N S  L E  S O L

Résumé
Le présent mémoire est basé sur l ’hypothèse que le meilleur procédé d’élimi

nation des déchets radioactifs dans le sous:sol consiste à les enfouir sous forme 
de blocs coulés dans lesquels ils seraient intimement mêlés à du verre. Les 
auteurs décrivent les phénomènes physico-chimiques qui permettent la trans
formation des déchets radioactifs liquides en blocs solides. Ils donnent le 
thermogramme de ce processus et examinent certaines de ses particularités. 
Ils exposent en outre les conditions de coulage de la masse de verre, notamment 
celles qui facilitent la formation d’aérosols radioactifs.

Les auteurs donnent quelques résultats des études effectuées sur l ’état 
chimique des éléments radioactifs au sein de la masse solide, dans la mesure 
où ces résultats touchent aux problèmes que pose la fuite de la radioactivité 
due au “lessivage” du bloc par l ’eau.

En conclusion, les auteurs indiquent les résultats du calcul des températures 
maxima auxquelles on peut porter les blocs radioactifs compte tenu de leurs 
caractéristiques.

Н Е К О Т О Р Ы Е  В О П Р О С Ы  Л О К А Л И З А Ц И И  Р А Д И О А К Т И В Н Ы Х  
И З О Т О П О В  В С В Я З И  С П Р О Б Л Е М О Й  И Х  Б Е З О П А С Н О Г О

З А Х О Р О Н Е Н И Я

Резюме
Доклад исходит из положения, что наилучшей формой захоронения осколоч

ных изотопов являются стекловидные плавленые блоки, включающие в своей 
структуре эти осколки. Излагаются физико-химические основы превращения 
жидких радиоактивных отходов в твердые блоки. Приводятся термограммы 
этого процесса и анализируются ее отдельные особенности. Указываются 
условия плавления стекловидной массы, особенно способствующие полету 
радиоактивных аэрозолей.

431



Приводятся некоторые результаты изучения химического состояния радио
активных осколков в твердой массе в связи с вымыванием радиоактивности из 
нее.

В заключение приводятся результаты подсчета температур, до которых могут 
нагреваться радиоактивные блоки в зависимости от их характеристик.

A L G U N O S  A S P E C T O S  D E  L A  F I J A C I O N  D E  L O S  I S O T O P O S  
R A D I A C T I V O S  E N  R E L A C I O N  C O N  L O S  P R O B L E M A S  D E  S U  

E V A C U A C I O N  S I N  R I E S G O S  E N  E L  S U E L O

Resumen
Los autores de la memoria parten del supuesto de que la mejor manera 

de evacuar en el suelo los isótopos procedentes de la fisión, consiste en en
cerrarlos en bloques de vidrio fundido. Exponen los principios fisicoquímicos 
de la transformación de los desechos líquidos radiactivos en bloques sólidos. 
La memoria contiene termogramas de este proceso y  un análisis de sus ca
racterísticas. Se indican las condiciones de fusión de las masas de vidrio, 
especialmente las que favorecen el desplazamiento de los aerosoles radiactivos.

Se presentan algunos resultados del estudio de la composición química 
de los isótopos de fisión radiactivos en el interior de la masa sólida en relación 
con la eliminación de su radiactividad mediante el lavado.

Por último, se dan algunos resultados del cálculo de las temperturas a 
que es posible recalentar los bloques radiactivos según sus características.

Н Е К О Т О Р Ы Е  В О П Р О С Ы  Л О К А Л И З А Ц И И  
Р А Д И О А К Т И В Н Ы Х  ИЗОТОПОВ В СВЯЗИ С 

П Р О Б Л Е М О Й  ИХ Б Е З О П А С Н О Г О  
З А Х О Р О Н Е Н И Я

П. В. ЗИМАКОВ, В. В. КУЛИЧЕНКО 
СССР

Определяющим фактором в проблеме безопасного захоронения радиоактив
ных отходов является надежная локализация последних в подходящем месте 
на долгий срок.

Это положение сохраняет свою силу независимо от выбранного места или 
среды захоронения. Главным источником опасности любого „могильника" 
является угроза возможной делокализации — рассеяния из него в окружающую 
среду захороненных радиоактивных изотопов.

Наибольшое значение в последнее время получила задача захоронения оско
лочных радиоактивных изотопов, образующихся в больших количествах во 
многих странах при освобождении энергии деления тяжелых ядер на различных 
ядерных силовых и энергетических агрегатах (,,котлах“).

В настоящем сообщении будут освещены некоторые вопросы, связанные с 
переработкой и захоронением отходов, содержащих осколочные изотопы.

Учитывая наличие в отходах атомных агрегатов таких изотопов, как Sr90, 
Cs137, Pu239, было подсчитано (1, 2, 3), что время необходимой строгой лока
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лизации их составляет несколько сотен лет, пока опасность радиоактивного 
заражения окружающей среды практически не исчезнет.

В настоящее время признано большинством исследователей, что захоронение 
жидких радиоактивных отходов в емкостях из любого материала, независимо 
от места и среды захоронения, является небезопасным. Прямой слив жидких 
радиоактивных отходов в моря и реки нами признается недопустимым.

ТАБЛИЦА 1
ПЕРИОДЫ ПОЛУРАСПАДА И ПРЕДЕЛЬНОДОПУСТИМЫЕ ДОЗЫ 

СОДЕРЖАНИЯ ВАЖНЕЙШИХ ОСКОЛОЧНЫХ ИЗОТОПОВ В ПИТЬЕВОЙ ВОДЕ

И зотоп
П ериод

полураспада
(4 ,5 )

П р едельно
допустим ая 

доза к/л

Sr89
Z r 95 ( + N b 95) 
Ce144 ( +  P r144) 
Ru106(+ R h 106) 
Sr90 ( + Y 90) 
Cs137
p u 23 8

53 ДН.
65 дн. 
275 дн.

1 год 
28 лет 
33 года 
2,4.104 г.

1 - 10~9
5 -Ют»
Ы 0~ 7
1 1 0 -7
1 • 10~10
5-10 -8
5-10-12

Поскольку емкости из любого материала, содержащие радиоактивный ра
створ, не могут неограниченно длительно противостоять коррозии, хранение 
жидких радиоактивных отходов в таких емкостях нельзя признать вполне безо
пасным.

Газообразные продукты радиолиза, который в жидких средах неизбежен, 
создают угрозу повышения давления и скопления взрывоопасных газообразных 
продуктов. Для некоторых радиоактивных растворов газовыделение может 
доходить в сутки до 10 см3 на кюри. Жидкие радиоактивные отходы, особенно 
высокоактивные, при их саморазогревании могут высыхать, что может при
вести к паровым или пирохимическим выбросам и даже к взрывам (6).

Следует признать, что закачка жидких отходов в глубинные скважины не 
может полностью гарантировать от попадания радиоактивных изотопов в 
наружные слои почвы и почвенные воды. Последнее особенно нежелательно 
для жидких отходов с повышенной радиоактивностью. В настоящее время не 
вызывает сомнения положение, что наиболее безопасное захоронение осколоч
ной активности может быть обеспечено путем перевода жидких отходов в 
твердые препараты, которые способны прочно удерживать включенные в них 
радиоактивные осколки-изотопы (1, 3, 8— 13, 16 и др.). Ниже приводятся неко
торые, сюда относящиеся материалы из наших работ, à также работ других 
авторов.

В таблице № 11 сведены характеристики различных твердых препаратов, 
содержащих осколки деления.

Сравнение этих характеристик показывает, что наиболее подходящим для 
безопасного захоронения является препарат типа стекла, который позволяет 
надежно локализовать в нем радиоактивные изотопы. Такой препарат является 
радиационно- и термоустойчивым и приводит к наибольшему сокращению 
объема подлежащего захоронению радиоактивного материала.

Непосредственному получению твердого стекловидного плава, включающего 
радиоактивные изотопы, предшествует операция концентрирования осколочной 
активности жидких отходов или путем сорбции ее на труднорастворимых
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ТАБЛИЦА 2

Препарат
содержащий
осколки

Окислы 
металлов, 
высушен
ные при 
200- 
-250° С 
(1, 10, 14)

Окислы 
металлов, 
прокален
ные при 
500- 
-700° С 
0 . 15)

Прокален
ные глины 
(1, 9, 11, 
14)

Цементи
рованные 
блоки 
(3, 16)

Сплавлен
ные соли 
(1, И)

Препарат
типа
стекла
(I, М, 15)

Трудности '
процесса
приготовления

Сильное
пыление

Пыление Ограни
ченная об
менная 
емкость 
глин

Необходи
мость пе
ремеши
вания

Коррозия
аппара
туры

Высокие
темпера
туры
(>1000° С)

Изменение 
объемов по 
сравнению с

Уменьше
ние до 
100 раз

Уменьше
ние до 
100 раз

Уменьше
ние до 
50 раз

Увеличе
ние на 
30-50%

Уменьше
ние до 
70 раз

Уменьше
ние до 
350 раз

Выделение 
газообразных 
продуктов в 
результате 
радиолиза при 
хранении

есть нет нет есть есть нет

Т ерм остойкость высокая высокая высокая средняя низкая очень
высокая

Теплопровод
ность
ккал/м час °С

0,05 • 0,03 0,05 около 1 до 2

Переход 
осколков в воду

значитель
ный

заметный небольшой небольшой раствори
мы

очень-
небольшой

осадках (гидроокисях, солях фосфорной, щавелевой или других кислот), или 
путем упаривания с получением маточника, содержащего обычно значительное 
количество солей (например, азотнокислых). Оба получаемых концентрата, 
кроме солей или гидратов окисей, среди которых распределены активные 
осколки, содержат в избыточном количестве воду — свободную, кристаллиза
ционную и конституционную. Полное удаление воды, является первым и 
основным условием создания радиационно-устойчивого препарата.

Вторым условием является термическое разложение подверженных радиолизу 
солей (например, нитратов) и практически полный перевод инертных и радио
активных элементов в их окислы.

На рис. 1 показана термограмма обезвоживания гидроокисного осадка 
(пульпы), полученного при переработке растворов, содержащих осколки деле
ния. Удаление свободной и адсорбированной влаги, происходит при низких 
температурах (до 150° С) и сопровождается заметным эндотермическим эффек
том. Наличие эндотермических эффектов при более высоких температурах 
(до 30.0° С) вызывается процессами удаления капиллярноадсорбированной 
воды и дегидратацией некоторых менее термостойких гидроокисей (например,

434



гидроокиси хрома). Экзотермические эффекты, наблюдаемые в интервале тем
ператур от 300 до 600° С, следует объяснить, рекристаллизацией некоторых 
гидроокисей. Дегидратация гидроокисей продолжается до температур 
700—800° С; на термограмме этому соответствуют несколько „эндотермиче- 
ских“ перегибов. Присутствующие в препарате окислы железа и марганца

Рис. 1
Дифференциальная термограмма обезвоживания гидрокисной пульпы

термически диссоциируют при более высоких температурах, что отражается 
эндотермическими эффектами на термограмме.

Если термическая обработка осажденных гидроокисей металлов при темпе
ратурах до 800° С, обеспечивает получение радиационноустойчивых препара
тов, то при такой же обработке, например — нитратных, маточников не дости
гается полного разложения нитратов азотнокислых солей. Для этого оказалось 
необходимым применение вытесняющих реагентов. Так, если внести в маточник 
соответствующее количество кремневой кислоты, то происходит практически 
полное разложение нитратов с выделением окислов азота.

Однако такая обработка еще не обеспечивает достаточно прочной локали
зации осколков, особенно таких, как Sr90 и Cs137, свободные окислы которых 
имеют высокую растворимость в воде.

Повышение химической устойчивости препарата может быть достигнуто 
путем включения осколков в отвердевший расплав типа стекла.

Для этого полученные окислы смешиваются с различными инертными добав
ками, способствующими образованию сравнительно легкоплавких химически 
устойчивых соединений (например, силикатов при добавлении SiOa), или 
растворению высокоплавких компонентов в жидкой фазе легкоплавких добавок 
(например, В20 3). Подбор инертных добавок производится исходя из необходи
мости создания препарата с максимальной локализацией осколков, поэтому 
внесение больших количеств легкоплавких соединений таких как В20 3, Na2C 0 3 
и др. нежелательно. Основными компонентами, обеспечивающими минималь
ную растворимость сплавленного препарата, являются окись алюминия, 
двуокись кремния и некоторые другие.

Следует учесть, что высокотемпературная обработка радиоактивных материа
лов влечет за собой переход части осколочной активности в парогазовую фазу 
и аэрозоли (12, 13, 16). Как показали наши исследования, основной причиной 
образования радиоактивных аэрозолей является возгонка легколетучих соеди
нений в первую очередь таких изотопов, как Ru106, Cs137, Zr95, Nb95.
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Как видно из рис. 2, выделение радиоактивных аэрозолей резко возрастает 
при температурах, превышающих 1200° С. Поэтому к созданию высоко
плавких препаратов следует отнестись с известной осторожностью, особенно 
при переработке высокоактивных отходов. Подавить образование аэрозолей 
является задачей дальнейших исследований. Успеха можно ждать на пути 
лучшего закрепления осколков в твердом плаве путем подбора условий плавле
ния и состава инертных добавок (13, 16).

X экЬ Ra 
л ю -*%

Рис. 2
Образование аэрозолей при термической 

обработке радиоактивных пульп

Рис. 3
Дифференциальная термограмма (I), кривая 
изменения веса при термической обработке (2), 
и растворимость в воде, полученного при 

разных температурах препарата (3) (15)

На рис. 3 показано поведение при плавлении одной из смесей на основе радио
активного гидроокисного осадка. Как видно из сопоставления термограммы, 
кривых изменения веса смеси и растворимости получаемого материала, при 
температуре плавления еще продолжается разложение термонеустойчивых 
соединений, и полученные препараты не обладают максимальной для данного 
состава химической устойчивостью. Поэтому рабочая температура обычно 
превышает температуру плавления и определяется для каждой конкретной 
системы отдельно.

Полученные в результате высокотемпературного сплавления препараты пред
ставляют собой силикатные структуры, содержащие включения различных 
соединений (типа феррохроматов и других простых и сложных окислов). Вымы- 
ваемость осколочной активности из таких структур может изменяться в преде
лах 10“ 4 — 10-8 %  (в зависимости от состава флюсовых добавок) с см2 на 
глубину 2 мм в сутки. Понижение вымываемости по сравнению с прокален
ными окислами обуславливается тем, что в результате высокотемпературной 
обработки в присутствии кремневой кислоты в системе образуются различные 
силикатные соединения отдельных осколочных изотопов, химическая устойчи
вость которых значительно выше, чем у их окислов.

Окислы других радиоактивных изотопов, которые не претерпевают суще
ственных химических изменений при выбранных температурах, благодаря 
наличию охватывающей их силикатной среды, становятся менее доступны
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растворителям. Так например, при температуре образования препарата 1100° 
и „времени провара14 2 часа вряд ли можно ожидать образование силиката 
стронция. Для образования силикатов стронция необходима более высокая 
температура и значительно увеличенное „время провара*1 расплава. Если вымы- 
ваемость Sr89>90 из препарата, полученного при 1100° составляет 6.10-4 % , 
то из этого же препарата, „проваренного" при 1350° в течение 2 часов, вымы- 
ваемость уменьшается до 3.10 4% , а при проваре в течение 4 часа — уже до 
5.10-5 % . „Провар11 при 1350° С в течение 6 часов снижает вымываемость 
Si'89- 90 еще на порядок. Вместе с тем вымываемость Sr89 и Sr90 из плавленных 
препаратов, полученных даже при 1100° С в несколько раз меньше вымыва- 
емости этих изотопов из просто прокаленного порошка окислов.

Выше было указано, что повышение температуры за 1200° С способствует 
резкому увеличению перехода радиоактивных изотопов в аэрозоли и в газовую 
фазу.

Очевидно, работа при температуре 1350° С и чрезмерное увеличение времени 
„провара" расплава не являются желательными. Более целесообразно пойти по 
пути укрепления структуры силикатной среды, включающей осколки.

%

Рис 4
Вымываемость осколочной активности в десятикратном объеме почвенной воды при рН =8(1) 
и p H = 4 (2) из препарата, полученного без дополнительного отжига, и после 2-х часового

отжига в воде при р Н = 4  (3)

На рис. 4 показана изменяемость со временем вымываемости — активности 
из одного из плавленных осколочных концентратов кислыми и щелочными 
почвенными водами. Резкое уменьшение со временем перехода осколков в 
кислую воду объясняется образованием на поверхности препарата пленки крем- 
некислоты, защищающей образец от дальнейшего разрушения. Щелочные воды 
разрушают кремневый склет, что приводит к увеличению со временем вымы
ваемости осколков из стекловидных концентратов.

Следует отметить, что для стекловидных плавленных препаратов, включаю
щих активные осколки, нельзя отождествлять величину химической устойчи- о
вости препарата с величиной вымываемости из него осколочной активности.
Как показывают результаты последовательной обработки растертого в поро
шок препарата различными реагентами при температуре кипящей водяной
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бани (табл. III), осколочные соединения ведут себя несколько иначе, чем 
инертные компоненты, составляющие основную массу препарата, что объясня
ется указанной выше неоднородностью его строения. Неоднородность струк-

ТАБЛИЦА 3

ФРАКЦИОННАЯ РАСТВОРИМОСТЬ СТЕКЛОВИДНОГО РАДИОАКТИВНОГО  
ПРЕПАРАТА (В ПОРОШКЕ) В РАЗНЫХ СРЕДАХ

Реагент
Врем я обработки 

в  часах при 
1 0 0 °С

П отеря в весе в
%

П ер еход  в  раствор  осколков в %

по излу
чению

по излу
чению

Вода 78 13,4 0,03 0,04
ИаОН (20%) 42 11,3 2,5 1,4
СН3СООН (I : I) 72 49,2 93,7 38,8
НС1 (1:1) 78 5,8 3,3 41,0
Нерастворимый
остаток 20,3 0,5 17,8

туры плавленных осколочных препаратов подтверждается результатами рент
генографического исследования (рис. 5).

1
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Рис. 5
Результаты рентгеновского исследования 
плавленных препаратов, полученных при 
быстром охлаждении расплава (I — до 
отжига и облучения, 2 — после отжига 
при 400° С, 3 — после облучения Со60, 
4 — после облучения с одновременным 

отжигом)

Рис. 6
Изменение тепловыделения отдельных 

осколочных изотопов со временем

При быстром охлаждении расплава получается хрупкий стекловидный пре
парат, не содержащий кристаллических включений (I на рис. 5). Его прочность 
можно значительно повысить путем дополнительного „отжига“ при 400— 600° С. 
При этом, наряду со снижением структурной напряженности происходит кри-
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сталлизация некоторых соединений (прежде всего окислов железа), входящих 
в состав сплавленного препарата (2 на рис. 5).

На рис. 5 приведены также рентгенограммы плавленного препарата до (1) 
и после (3) его облучения у  — излучением Со60, а также препарата, получившего 
такую же дозу радиации с одновременным прогревом при 400° С.

Приведенные материалы дают основание для следующих заключений. 
Плавленные препараты, полученные при переработке высокоактивных отходов, 
не могут существовать в чисто аморфном состоянии, они всегда будут содер
жать кристаллические включения: в первую очередь соединений железа, явля
ющихся основными носителями осколков. Основное количество соединений 
кремния в исследованных образцах продолжают оставаться в аморфном состо
янии.

Неотъемлемым свойством радиоактивных изотопов, является генерация ими 
тепла в результате радиоактивного распада. На рис. 6 показано как велики 
„вклады" отдельных осколочных изотопов в общее тепловыделение смеси 
осколочных изотопов (6).

Температуры, возникающие в. препаратах, включающих подобные изотопы, 
зависят также'от теплопроводности (Я) и теплоемкости препарата (С). Зависи
мость температуры саморазогревания цилиндрических плавленных осколочных 
концентратов от их удельной активности, диаметра цилиндра и возраста 
оскольков приведены в табл. IV.

ТАБЛ И Ц А 4
САМ ОРАЗОГРЕВАНИЕ ПЛАВЛЕННЫ Х О СК О Л О Ч Н Ы Х ПРЕПАРАТОВ

— 1,1 ккал/мчас °С  
С —0,2 ккал/кг °С

У дельная 
активность в 

кюри литр

Д иам етр 
в см .

Тем пер атура сам оразогревани я в °С , при возр асте  осколков

75 дней 180 дней 1 год 3 года .

30000 100 15910 6670 2580 490
8 490 206 78 15
4 229 96 38 9

1200 100 640 270 103 20
10 9 4 1 —

10 10 0 5 2 _ _
30 1 1 -- —

. Данные таблицы 4 получены расчетным путем, при этом теплофизические 
характеристики С и Я определены экспериментально. Правильность расчета 
проверена путем экспериментального определения температуры саморазо
гревания натурального плавленного концентрата осколков.

Из таблицы IV видно, что даже в случае высокоактивных плавленных пре
паратов, путем подбора соответствующих размеров, можно исключить опас
ность их чрезмерного саморазогрева. С течением времени саморазогрев 
сильно уменьшается и через 2 —3 года практически может не учитываться.
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Заключение

С точки зрения максимального обеспечения локализации осколков в мини
мальном объеме, препараты типа стекла имеют неоспоримые преимущества.

В настоящем сообщении проанализированы физико-химические основы при
готовления подобных препаратов, а также рассмотрены некоторые особен
ности поведения и состояния включенных „вплавленных" в них радиоактивных 
осколочных изотопов. Работы в этом направлении были начаты сравнительно 
недавно в нескольких странах. Существенные результаты получены уже к 
настоящему времени.

Многообразные исследования по проблеме локализации радиоактивных 
изотопов, с целью обеспечения безопасности захоронения, должны получить 
еще большее развитие в ближайшем будущем.
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SOME QUESTIONS ON THE F IXA TIO N  
OF RADIOISOTOPES IN CONNEXION WITH  

THE PROBLEM OF THEIR SAFE BURIAL
P. V. Z i m a k o v  a n d  V. V. K u l ic h e n k o  

USSR

(Translation of the foregoing paper)

For the safe disposal of radioactive wastes it is essential that they be securely 
fixed in a suitable material for a long period.

This is true regardless of the place or medium chosen for disposal. The 
chief source of danger in any given “ burial ground” is the threat of possible 
leakage resulting in the buried radioisotopes being dispersed in the environ
ment.

In recent times attention has been primarily directed to the question 
of disposing of the fission-produced radioisotopes which are formed in large 
quantities in many-countries during the release of energy through the fission 
of heavy nuclei in various nuclear power units (reactors).

The present paper will discuss certain questions connected with the pro
cessing and disposal of wastes containing fission-produced isotopes.

In view of the fact that the wastes from atomic plant contain such isotopes 
as Sr90, Cs137 and Pu239, it has been calculated (1, 2, 3) that the period for 
which such wastes must be rigorously contained amounts to several hundred 
years, i.e. for- as long as there is still an appreciable danger of radioactive 
contamination of the environment.

It is now recognized by most research-workers that the disposal of liquid 
radioactive wastes in containers, of whatever material, and irrespective of 
the place and medium chosen for disposal, is not safe. The discharge of liquid 
radioactive wastes direct into the sea or rivers seems to us inadmissible.

T A B L E  I
HALF-LIFE AND MAXIMUM PERMISSIBLE DOSES FOR THE MAIN 

FISSION-PRODUCT ISOTOPES CONTAINED IN DRINKING WATER

Isotope Half-life (4,5)
maximum 

permissible 
dose cl

Sr89
Zr9.5 ( +  N b 95) 
Ce144 ( +  Pr144) 
Ru10 ( + R h 105) 
Sr90 ( + Y S°) 
Cs137
pu239

53 d.
65-d.

275 d.
1 yr.

28 yrs.
33 yrs.
2.4 x 104 yrs.

lx lO -9 
5 x  1 0 -8 
lx lO -7 
l x  10~7 
l x  1 0 -10 
5 x  1 0 -8 
5 x  1 0 -12

Whatever material they are made of, containers filled with radioactive 
solutions cannot resist corrosion indefinitely and the disposal of liquid radio
active wastes in such containers cannot therefore be recognized as completely 
safe.

Radiolysis, which is inevitable in liquid media, gives rise to the danger 
of increased pressure and the accumulation of explosive gaseous products.
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TABLE II

Preparation
containing
fission
products

Metal 
oxides 
dried at 
200—
250° С 
(1, 10, 14)

Metal 
oxides 
calcinated 
at 500—  
700° С 
(1, 15)

■ Calcina
ted clays 
(1, 9, 11, 
14)

Cement 
blocks 
(3, 16)

Molten 
salts 
(1, 14)

Prepa
ration 
type glass 
(1, 11, 15)

Difficulties 
in the 
preparation 
process

Consider
able dust

Dust Limited 
éxchange 
capacity 
of clays

Must be 
mixed

Corrosion 
of the 
equip
ment

High tem
perature 
(>1,000 
C°)

Volume
variations

Reduction 
up to 
100 times

Reduction 
up to 

. 100 times

Reduction 
up to 
50 times

Increase 
up to 
30— 50 %

Reduction 
up to 
70 times

Reduction 
up to 
350 times

Separation of 
gazeous pro
ducts in 
radiolysis

yes no no yes yes no

Heat resistance high high high medium low very
high

Heat
conduction 
Kilocalorie/ 
meter/h/C°

0.05 0.03 0.05. about 1 up to 2

Transfer 
of fission 
products 
into water

consider
able

appreci
able

small small soluble very
small

In certain radioactive solutions the gas emission may reach a figure of
10 cm3/curie every 24 hours. In the process of spontaneous generation of 
heat, liquid radioactive wastes, especially highly active ones, may dry up, 
leading to vaporous or pyrochemical discharges and even to explosions (6).

It must be recognized that the pumping of liquid wastes into deep trenches 
is no sure guarantee against the penetration of radioisotopes into the outer 
layers of the soil and into ground-waters. The latter event is particularly 
undesirable in the case of liquid wastes of high activity. There is no longer 
any doubt that the safest way of disposing of fission-product activity is to 
transform the liquid wastes into solid preparations wherein the fission-produced • 
radioisotopes they contain may be securely fixed (1, 3, 8— 13, 16, etc.). W e  
give below certain relevant information obtained from our work and that 
of other authors.

Table II  shows the properties of various solid preparations containing 
fission fragments.

A  comparison of these properties shows that the most suitable material 
for such preparations for safe disposal is a glass-like material into which
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the radioisotopes can be securely fixed. Vitreous preparations are radiation- 
and heat-resistant and yield the maximum volume reduction of the radioactive 
material to be disposed of.

Before a solid vitreous block incorporating the radioisotopes can actually 
be produced, the fission-produced activity of the liquid wastes must be con
centrated either by ad- or ab-sorption in very insoluble sediments (hydroxides 
and salts of phosphoric, oxalic or other acids) or by evaporation resulting 
in a mother liquor containing the usual significant quantity of salts (e.g. 
nitric acid). Both the resulting concentrates contain, in addition to the salts 
and hydroxides among which the active fission fragments are distributed, 
a surplus of water in the form of free water and water of crystallisation and 
o f constitution.

The complete removal of the water is .the first and basic condition for the 
production of a radiation-resistant substance.

The second condition is the thermal decomposition of the salts liable to 
radiolysis (e.g. nitrates) and the practically complete transformation of the 
inert and radioactive elements into their oxides.

Fig. 1 Differential thermogram, of dehydration of hydroxide, pulp*

Fig. 1 shows a thermogram of the dehydration of a hydroxide sediment 
(a pulp) obtained during the processing of solutions containing fission frag
ments. The removal of the free and adsorbed moisture takes place at low 
temperatures (up to 150° C) and is accompanied by noticeable endothermie 
effects. Endothermie effects at higher temperatures (up to 300° C) are caused 
by the processes for the removal of the capillary water and the dehydration 
of certain less heat-resistant hydroxides (e.g. chromium hydroxide). Exothermic 
effects, present at temperatures between. 300° and 600° C, are to be explained 
by the recrystallization of certain hydroxides. The dehydration of hydroxides 
continues up 'to a temperature of 700— 800° C; on the thermogram this cor
responds to certain endothermie kinks. The oxides of iron and manganese 
which are present in the preparation dissociate thermically at higher temperatu
res and this is reflected on the thermogram by the endothermie effects.

While the thermal processing of the precipitated hydroxides of metals 
at temperatures up to 800° С makes it possible to obtain radiation-resistant 
preparations, it is not possible with this system of processing, say, nitric 
mother-liquors to achieve complete decomposition of the nitrates of the nitric 
acid salts. For this purpose it has been found essential to use displacing rea
gents. Thus, if an appropriate quantity of silicic acid is added to the mother 
liquor, there is almost complete decomposition of the nitrates with precipitation 
of the oxides of nitrogen.

However, even this process does not give a sufficiently permanent fixation 
of the fission products, especially those like Sr90 and Cs137 whose free oxides 
are highly soluble in water.

As can be seen from Table II, an increase in the. chemical stability ,of the 
preparation can be achieved by incorporating the fission products in a hardened 
vitreous melt.

For this purpose, the oxides obtained are mixed with various inert ad
ditives which make possible either the formation of chemically stable comp- 

• ounds with a relatively low melting point (e.g. silicates, by the addition

* For figures please refer to original foregoing paper.
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of S i0 2) or the dissolving of components with high melting points the liquid 
phase of additives with low melting points (e.g. B 20 3). The choice o f inert 
additives is governed by the necessity of obtaining a preparation with the 
maximum ability to fix fission products; for this reason, the use of large quan
tities of compounds with low. melting points, such as B 20 3 or JSTa2C 0 3, is 
undesirable. The main components ensuring minimum solubility of the fused 
preparation are aluminium oxide, silicon dioxide and a few others.

Account must be taken of the fact that high-temperature processing 
of radioactive substances has the effect of transforming part of the fission- 
produced activity into a volatile phase, and aerosols (12, 13, 16). Our investig
ations have shown that the main reason for the formation of radioactive 
aerosols is the sublimation of highly volatile compounds, principally such 
isotopes as Ru106, Cs137, Zr05 and N b95. .

Fig. 2 Formation óf aerosols during heat treatment of radioactive pulps

As can be seen from Figure 2, the formation of radioactive aerosols sharply 
increases at temperatures above 1,200° C. It is therefore necessary whèn 
making preparations with a high melting-point to proceed rather carefully, 
especially during the processing of highly active wastes. The elimination 
of aerosol formation is a task for future research. Success may lie in the direc
tion of a better fixing of the fission products in the solid block by appropriate 
choice of the melting conditions and the composition of the inert additives 
(13, 16).

Fig. 3 Differential thermogram (1 ), curve of weight change during heat treat
ment (2 ) and solubility in the water obtained at different preparation

temperatures (3 )  (15)

Fig. 3 shows the behaviour during melting of one of the mixtures based 
on a radioactive hydroxide sediment. As can be seen from comparing the 
thermogram and the graphs of the changes in the weight of the mixture and 
the solubility of the material obtained, at melting temperature the decom
position of the thermally unstable compounds still continues and the pre
parations obtained do not have the maximum chemical stability for their 
composition. For this reason, the working temperature generally exceeds 
the melting temperature and is arrived at separately for each specific system.

The preparations obtained as a result of high temperature fusion are 
silicate structures, containing traces of various compounds (such as fer- 
rochromes and other simple and complex oxides). The rate at which the 
fission-produced activity is leached from such structures can vary between 
10~4 and 10 s%  (depending on the composition of the fused additional sub
stances) per cm2 to a depth of 2 mm every 24 hours. The lower leaching rate 
than that obtained with calcined oxides is due to the fact that, as a result 
of high-temperature processing with silicic acid present in the system, various 
silicate compounds of individual fission-produced isotopes are formed, tlie 
chemical stability of which is considerably higher than that of their oxides.

The oxides of other radioisotopes, which do not undergo essential chemical 
changes at the selected temperatures owing to the silicate medium surrounding 
them, are less accessible to solvents. For example, if the preparation is pro
duced at a temperature of 1,100° and with a “ boiling” time of 2 hours, it 
is hardly likely that strontium silicate will form. For it to do so, a higher 
temperature and a considerably longer. “ boiling” time would be essential.
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While the leaching rate of Sr89, 90 from a preparation obtained at 1,100° is 
6 x l 0 ~ 4% ,  the leaching rate of the same preparation, “ boiled” at 1,350° 
for two hours, sinks to 3 x  10“ 4% ,  and with “ boiling” for four hours to 
5 x l 0 “ 5% .  “ Boiling” at 1,350° for six hours lowers the leaching rate of 
Sr89,90 still further in proportion. A t the same time, the leaching rate of Sr89 
and Sr90 from fused preparations obtained even at 1,100° С is several times less 
than the leaching rate of these isotopes from a merely calcined powder of oxides.

It was shown above that an increase in temperature above 1,200° С entails 
a sharp increase in the transformation of the radioisotopes into aerosols 
and into a gaseous phase.

Clearly, work at a temperature of 1,350° С and an excessive increase 
in the “ boiling” time o f the melt is not desirable. It  is better to try to streng
then the structure of thè silicate, medium containing the fission product.

Fig. 4 Leaching rate of fission-product activity in ten times the volume of 
ground water at pH  =  8 ( 1 )  and pH  =  4 (2)  out of a preparation obtained 
without additional “ annealing” and after 2 hours’ “ annealing”  in water at

pH  =  4 (3 )

Fig. 4 shows the change, as a function of time, in the rate of leaching 
beta-activity from one of the fused fission-product concentrates by means 
of acid and alkaline ground-waters. The sharply decreasing transformation 
of fission products into acid water is explained by the formation, on the sur
face of the preparation, of a film of silicic acid which protects the sample 
from further decomposition. Alkaline water decomposes the silicic covering, 
and this gradually leads to an increase in the rate at which the fission products 
are leached out of the vitreous concentrates.

. TABLE III'
FRACTIONAL DISSOLUBILITY OF A VIT RUO US RADIOACTIVE PREPARATION

(POWDER) IN VARIOUS MEDIUMS

Reagent
Duration - o f 

experiment hours 
per 100 C“

Weight loss 
in %

Transformation o f fission products 
in %

rays rays

Water 78 13.4 0.03 0.04

NaOH (20%) 42 11.3 2.5 1.4.
CH3COOH (1:1) 72 49.2 93.7 38.8
HCI (1:1) 78 5.8 3.3 41.0

Non-dissolved
residue 20.3 0.5 17.8

It should be noted that in the case of fused vitreous preparations con
taining active fission products the degree of chemical stability of the pre
paration must not be identified with the rate at which fission-product activity 
can be leached out of it. As has been shown by the results of the experimental 
processing of a powdered preparation with various reagents at the temper
ature of a boiling-water bath (Table III), the fission-product compounds

445



behave somewhat differently from the inert components which make np 
the bulk of the preparation. This is due to the heterogeneity of the latter’s 
structure, as indicated above.

The heterogeneity of the structure of fused fission-product preparations is 
confirmed by the results of X -ray tests (Fig. 5).

Fig. 5 Results of the X -ray examination of the molten preparations obtained 
on quick cooling of the melt (1 — before “ annealing” and irradiation; 2 —  
after “ annealing”  at 400° С ; 3 —  after irradiation with Go60; 4 —  after irra

diation and simultaneous annealing)

Rapid cooling of the melt produces a strong vitreous preparation which 
does not contain crystalline impurities (Ko. 1 on Fig. 5). Its strength can be 
considerably increased by additional “ annealing” at 400— 600° C. Furthermore, 
in addition to the lowering of structural tension, there takes place a crystalli
zation of certain compounds (mainly, oxides of iron) which enter into the 
composition of fused preparations (No. 2 on Fig. 5).

Fig. 5 also shows the results of X -ray tests of a fused preparation before
(1) and after (3) its irradiation with the gamma-emitter Co60, and also of a 
preparation subjected to the same radiation dose with simultaneous heating 
at 400° C.

The results obtained form the basis for the following conclusions. Fused 
preparations obtained during the processing of highly radioactive wastes 
cannot exist in a pure amorphous state; they will always contain crystalline 
impurities, principally the compounds of iron, which are the chief carriers of 
the fission products. The bulk of the silicon compounds in the samples in
vestigated remain in an amorphous state.

An inherent characteristic of radioisotopes is the generation of heat as the 
result of radioactive decay. Fig. 6 shows what share the individual fission- 
produced isotopes have in the total quantity of heat generated by a mixture 
of fission-produced isotopes (6).

Fig. 6 Changes over time in the heat-generation of specific fission-product isotopes

TABLE IV
SELF-HEATING OF MOLTEN PREPARATIONS INCLUDING FISSION

PRODUCTS
=  1.1 Kilocalories/metre/hour C° 

C= 0.2 Kilocalories/Kg/C°

Specific activity 
in mm litro

Diámetro 
in cm

Self-heating temperature depending on fission 
products age

75 days 180 days 1 year 3 years

30,000 100 ' 15,910 6,670 2,580 490
8 490 206 78 15
4 229 96 38 9

1,200 100 640 . 270 103 20
10 9 4 1 —

10 100 5 2
30 1 1 — —
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The temperatures which occur in preparations containing similar isotopes 
depend also on the thermal conductivity (X) and the heat capacity (C) of the 
preparation. Table IV  shows how the temperature at which cylindrical fused 
fission-product concentrates spontaneously generate heat depends on their 
specific activity, the diameter of the cylinder and the age of the fission 
products.

The data in Table IV  were calculated, with the exception of the physical 
factors С and A, which were determined experimentally. The accuracy of the 
calculations was verified by determining experimentally the temperature at 
which a natural fused concentrate of fission products generates heat spon
taneously.

It can be seen from Table IV  that, even in the case of high-activity fused 
preparations, it is possible to avoid the danger of excessive spontaneous gene
ration of heat by choosing suitable dimensions. In course of time the spon
taneous generation of heat greatly decreases; after two or .three years, it is 
practically negligible.

Conclusions

From the point of view of obtaining maximum containment of the fission 
products in minimum volume, vitreous preparations have indisputable ad
vantages.

In the present paper, the physical and chemical bases for making such 
preparations are analysed, and certain features of the behaviour and condition 
of the fission-produced radioisotopes enclosed (fused) in them are discussed. 
W ork in this field was begun in a number of countries comparatively recently, 
but substantial results have already been obtained.

Comprehensive investigations into the problem of the containment of radio
isotopes with a view to their safe disposal should receive even greater attention 
in the near future.

Y The references used for this paper are to be found at the end of the foregoing
original paper)





T R E A T M E N T  A N D  P R O C E S S I N G .  O F  R A D I O A C T I V E  W A S T E S

Abstract
Various methods which have been considered for processing and treating 

radioactive wastes of both low and high level are discussed.
Low-Level Wastes— Gases are diluted and discharged to the atmosphere 

through stacks or are filtered through highly retentive filters. Typical instal
lations are described.

Incineration of combustible wastes has been examined and descriptions and 
operating data are given. Baling is often a useful adjunct to a solids collection 
system. ■ .

A  variety of processes for liquid wastes have been studied. Typical systems 
are described and operating data given.

High-Level Wastes— Gases are sometimes vented directly through stacks 
but more often some treatment is required. The treatment takes the form of 
chemical scrubbing, removal of iodine on silver reactors, rare-gas removal and 
filtration.

Highly contaminated solids may require decontamination in place before 
they can be removed.

High-level liquid wastes represent the largest single waste-disposal problem 
facing the industry at the present time. This problem includes reduction in the 
volume of the waste originally produced by process changes or changing the 
process ; concentration of the produced waste or reduction to solids by one of 
several methods including concentration, use of Portland cement, adsorption 
on clays or other natural materials, and calcination.

- The technical and economic problems associated with temporary storage 
are considered.

It may become necessary to do waste processing at only a few carefully 
selected sites. Estimates are made of the amounts that might be involved in 
transport and of the equipment needed. The attendant hazards and costs are 
considered.

T R A I T E M E N T  D E S  D E C H E T S  R A D I O A C T I F S

Résumé
L ’auteur étudie les diverses méthodes qui ont été envisagées pour le traite

ment des déchets de faible et de haute radioactivité.
Déchets, de faible radioactivité —  Les gaz sont, soit dilués et évacués dans 

l ’atmosphère par de hautes cheminées, soit filtrés au moyen d ’appareils à 
grande puissance de filtrage. L ’auteur décrit des installations type.

On a envisagé la possibilité d ’incinérer les déchets combustibles et l ’auteur 
décrit cette méthode en précisant les modalités d’application. La mise en 
paqùets peut souvent compléter utilement la collecte des déchets.

L ’auteur étudie un certain nombre de procédés pour les déchets liquides. 
Il décrit également des systèmes type én expliquant leur fonctionnement.

Déchets de haute radioactivité —  Les gaz sont parfois déchargés directe^ 
ment dans des cheminées, mais le plus souvent on leur fait subir certains 
traitements. On peut, soit les épurer par des processus chimiques, retirer 
l ’iode par réaction avec l ’argent, extraire les gaz rares ou encore recourir 
au filtrage. . ‘

Les solides fortement contaminés peuvent nécessiter une décontamination 
sur place avant la collecte.

449



Les déchets liquides fortement radioactifs constituent à l ’heure actuelle 
la plus forte proportion de déchets à éliminer par l ’industrie. On a cherché 
à résoudre le problème en réduisant le volume des déchets produits en changeant 
le processus ; on peut aussi concentrer les déchets produits ou bien les réduire 
sous forme solide —  plusieurs méthodes sont employées à cet effet, notamment 
la concentration, l ’utilisation de ciment de Portland, l ’adsorption sur argile 
ou autre matériau naturel et la calcination.

L ’auteur examine les problèmes techniques et économiques qui se posent 
à propos de l ’entreposage provisoire.

Il peut être nécessaire de ne traiter les déchets qu’en un petit nombre 
d ’endroits soigneusement déterminés. L ’auteur a calculé approximativement 
les quantités et le matériel nécessaire au déplacement. I l étudie également 
les risques afférents et les incidences financières.

О Б Р А Щ Е Н И Е  С Р А Д И О А К Т И В Н Ы М И  О Т Х О Д А М И  
И И Х  О Б Р А Б О Т К А

Резюме

В настоящем докладе обсуждаются различные методы, изучавшиеся с целью 
использования их при обработке радиоактивных отходов с высоким и низким 
уровнем активности.

Отходы с низким уровнем радиоактивности — Г азы разрежаются и выбрасы
ваются в атмосферу через ряд труб или фильтруются хорошо удерживающими 
фильтрами. Доклад дает описание типичных установок.

Проводилось исследование по сжиганию воспламеняющихся отходов; в 
докладе дается его описание и оперативные данные. Метод упаковки также 
играет важную роль в системе сбора твердых отходов. Были изучены различные 
виды обработки жидких отходов. В докладе приводится описание типичных 
систем и прилагаются оперативные данные.

Отходы с высоким уровнем радиоактивности — Газы иногда отводятся 
непосредственно в трубопроводы, но чаще всего требуется некоторая предвари
тельная обработка. Обработка состоит из химической о ч и с т к и , удаления иода 
с посеребренных деталей, удаления инертного газа и фильтрации.

Твердым веществам с высоким уровнем заражения может потребоваться 
дезактивация на месте до их удаления.

Удаление жидких отходов с высоким уровнем радиоактивности представляет 
собой самую сложную проблему, с которой сталкивается в настоящее время 
промышленность. Эта проблема включает уменьшение объема отхода, получа
емого первоначально путем изменения процесса обработки; концентрацию 
получаемого отхода; или восстановление в твердые при помощи нескольких 
методов, включая метод концентрации, использования портланд-цемента, 
адсорбцию на глинах, или других естественных веществах и кальциниро
вание. 4

В докладе рассматриваются технические и экономические проблемы, связан
ные с временным хранением отходов.

Обработку отходов необходимо производить лишь в тщательно отобранных 
для этой цели местах. В докладе приводятся подсчеты приблизительного коли
чества отходов, которые придется транспортировать, и требуемого оборудо
вания. Рассматриваются вопросы, связанные с риском и стоимостью.
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T R A T A M I E N T O  DE DESECHOS R A D I A C T I V O S
Resumen

El autor examina algunos de los métodos que se han propuesto para tratar 
los desechos radiactivos de baja y  elevada actividad.

Desechos de baja actividad — Una vez diluidos, los gases se descargan en 
la atmósfera mediante chimeneas o se hacen pasar por filtros de elevado poder 
de retención. El autor describe algunas instalaciones típicas.

El autor examina y describe la incineración de desechos combustibles y 
facilita datos sacados de la práctica. El embalado resulta a menudo útil como 
complemento de un sistema de recogida de desechos sólidos.

Se ha estudiado una gran variedad de procesos para los desechos líquidos. 
El autor describe los más típicos procesos y facilita datos prácticos al respecto.

Desechos de elevada actividad — A veces los gases se evacúan directamente 
por medio de chimeneas pero con más frecuencia es necesario tratarlos. Esto 
puede hacerse por depuración química, separación del yodo en recipientes de 
plata, extracción de los gases nobles y filtración. En ciertos casos, los sólidos 
muy contaminados deben ser descontaminados in situ antes de trasladarlos 
a otro lugar.

Actualmente, la dificultad mayor con que la industria tropieza en materia 
de eliminación de desechos es la que suscitan los desechos líquidos de elevada 
actividad. Se ha tratado de allanar esta dificultad con diversos procedimientos; 
reducción del volumen de los desechos modificando el tratamiento; concen
tración de los desechos ; solidificación de los desechos líquidos por concentración, 
utilización de cemento portland, adsorción en arcillas u otras sustancias natu
rales o calcinación.

El autor examina los problemas técnicos y económicos que plantea el alma
cenamiento.

Será tal vez necesario tratar los desechos sólo en emplazamientos cuidadosa
mente seleccionados. El documento contiene un cálculo de las cantidades y del 
equipo necesario para el transporte, así como un examen de los peligros inhe
rentes y del costo de las operaciones.

TREATMENT AND PROCESSING OF 
RADIOACTIVE WASTES

W a l t o n  A .  R o d g e b  

A s s o c i a t e  D i r e c t o r ,  C h e m i c a l  E n g i n e e r i n g  D i v i s i o n ,  

A b g o n n e  N a t i o n a l  L a b o r a t o r y ,  L e m o n t ,  III.,
U n i t e d  S t a t e s  o p  A m e b i c a

A paper (1) presented earlier at this Conference has discussed the nature 
and origin of the various wastes produced in the nuclear energy industry. 
Much of the remainder of the Conference will be devoted to the selection 
of a final resting-place for these wastes. It is the purpose of this paper to 
describe the task which lies between—the preparation of the wastes for 
decent burial.

The amount and kind of treatment which a waste may receive varies greatly 
depending upon the specific nature, quantity, and concentration of the waste
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involved and upon the specific environment in which it must be considered. 
Wastes may be classified in several ways. It  is usually convenient to consider 
liquids, solids, and gases separately. In addition, wastes may be divided, 
albeit not sharply, into “ high-level” and “ low-level”  wastes. Low-level wastes 
are sometimes defined as those having a radioactivity concentration of the 
order of one microcurie per litre. On the other hand, some high-level wastes 
have concentrations of hundreds or thousands of curies per litre and thus 
may be more than a million times more concentrated than low-level wastes. 
Millions, of cubic metres of low-level wastes are produced each year, whereas 
the volume of high-level wastes produced is much more limited. Since the 
beginning of the United States atomic energy programme approximately
250,000 cubic metres of high-level wastes have been accumulated and are at 
present stored in underground tanks.

Low-level wastes are generally dispersed to the environment (air, ground, 
water), with or without treatment as required under careful control and mana
gement. High-level wastes practically never can be dispersed and they must 
be contained in some manner either with or without intermediate treatment.

Low-level wastes

To process the large volumes of low-level wastes “ absolutely” would be 
economically prohibitive and it will always be necessary to use the diluting 
power of the environment to some extent in handling them. Present dispersal 
methods have been shown to result in concentrations well below established 
permissible limits.

Gases

Gaseous wastes are generally diluted and discharged into the atmosphere 
through tall stacks, with or without pretreatment, or they may be filtered 
through highly retentive paper filters at the point o f production and discharged 
directly. Tall stacks are used for low-level wastes only if the stack is required 
for some other purpose. For instance, the air-cooled reactors at Oak Ridge 
and Brookhaven National Laboratories require the use of 60 to 90 m. stacks 
through which diluted cooling air from the reactors is discharged. It is only 
logical to use such facilities for the discharge of the exhaust from associated 
laboratories.

W hen laboratories are not close to an existing stack, it is cheaper and easier 
to filter the exhaust at the point of production and to discharge the filtered 
air through short stacks. The most widely used filter in the United States is 
the AEC filter , (a paper filter originally developed by the Office of Scientific 
Research and Development and Chemical Warfare Service) which is highly 
efficient because of its felt-like asbestos-bearing cellulose paper. This, together 
with a multi-pleating design, results in high collection efficiency in a low resis
tance sheet. The filters are manufactured by pleating approximately 25 sq.m. 
of filter medium into 28-cm. pleats and fastening these into a 60-cm. square 
plywood frame with cement having a high' softening point. The specifications 
and characteristics of the AEC filters are given in Table I.

A high-temperature filter comprising an asbestos-bearing glass-paper 
medium pleated in the same manner as the AEC filters has also been developed. 
This, paper is inserted into a metal frame with aluminium-foil separators.
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TABLE I
SPECIFICATIONS AND CHARACTERISTICS OF AEC FILTER

Sizes Capacities at 2.5 cm water - 
pressure drop in cu.m/min.

8 x 8 x 57/8 in. deep (20 x 20 x 15 cm)
20 x 20 x 87/s in. deep (51 x 51 x 22 cm) 
24 x 24 x 8’ /8 in. deep (61 x 61 x 22 cm) 
24 x 24 x 12 in. deep (61 x 61 x 30 cm)

1.4
12.5
14
22

Filter-paper made from specially treated chemical wood pulp and blue Bolivian 
asbestos (— 15%).

Thiekness: 0.035 to 0.045 in. (0.09 to 0.115 cm)
Ream Weight : 59 kg
Resistance: 11 cm water at linear air velocity of 8.5 m/min.
Percentage penetration on smoke tester generating particles of 0.3 micron dia

meter at linear air velocity of 8.5 m/min: 0.1% max.

Its performance is comparable with that of the paper filters even at tempera
tures exceeding 350° C.

The cost of a paper filter installation depends upon the filter life, which in 
turn varies according to conditions in the area in which the filtering system 
operates and to the type of prefiltering. The only operating costs after installa
tion are the costs of operating the exhaust fans and of removing and burying 
filters which have become so plugged with dirt that the pressure drop through 
them is too high. The average life-span of these filters, which cost about 
US $40, has been shown to be about 18 months. The annual operating costs 
for a 300 cu.m/min system run at approximately $650.

The control of gaseous radioactive material in working areas is effected by 
proper design of ventilation flow patterns. Areas containing radioactive mate
rial should always be maintained at a pressure lower than that of areas in 
which operating personnel are to be permitted to work. A  negative pressure 
equivalent to about 0.065 cm of water is desirable. Sufficient air flow should 
be provided to permit a linear velocity of at least 40 m/min to be maintained 
at all times through any opening into the working areas. Such openings should 
be kept to a minimum. It is desirable to arrange the flow patterns so that the 
clean air moves progressively through more and more contaminated areas and 
exits through the ducts from the most contaminated area. This procedure has 
the advantage of air conservation, which is important in air-conditioned areas 
and reduces the size of treating facilities. Since there may often be a long run 
of duct work from the cell to the disposal stack, it may be advantageous to install 
a roughing or prefilter at the exit of the cell to help keep the duct work and final 
treating facility from becoming highly contaminated and to reduce the dust 
on any subsequent filtering equipment. Prefilters are generally made of glass 
fibres. They cost roughly one-tenth as much as the AEC filter. They seldom 
last much over four months.

Solids

A t any site handling radioactivity, a truly remarkable variety of material 
becomes lightly contaminated or suspected of contamination. These articles 
range from ordinary paper wipes, rubber gloves, laboratory glassware and 
equipment to large pieces of contaminated equipment. In some cases fairly 
large buildings have been dismantled and buried. The usual practice for the
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disposal of active solid waste is to adopt the landfill method. Various techniques 
such as incineration or baling may be used to reduce the volume to be stored. 
The disposal method varies somewhat depending on the geographical location 
of the installation and the activity level of the materials handled. Establish
ments in populated areas usually dispose o f their wastes by transporting them 
off the site to approved burial grounds in more remote areas. Installations in 
less populated regions dispose of their wastes on the site. Some installations 
near the coasts make use of sea disposal.

The chief problem in the treatment of solid active wastes is that of developing 
satisfactory handling methods. The usual practice consists in accumulating 
all hazardous wastes in suitable containers for transport, further treatment 
or ultimate disposal. In handling these wastes, provision must be made to 
safeguard personnel against radioactive hazards and to prevent the spread of 
contamination. Protective clothing is usually required, masks are used when 
inhalation hazards exist, and radiation surveys are made before and during 
handling. The wastes may be segregated into combustible or non-combustible 
types as well as by activity level.

Low-level solid wastes are usually defined as materials emitting radiation 
at up to 50 mr/h. They are handled directly and generally require,no particular 
precautions. Also handled routinely are waste materials emitting radiation 
at up to 2 r/h. The collection practices for this type of waste are quite uniform 
throughout the United States and consist in distributing suitable containers 
throughout the work areas to receive discarded contaminated materials. 
These containers are plainly marked with brightly coloured paint and radia
tion symbols to distinguish them from ordinary uncontaminated trash cans. 
They range from cardboard cartons and kitchen-style garbage cans to 5 5-gallon 
steel drums. These containers are picked up routinely on schedule by an as
signed crew and buried directly if possible ; if not, they are held until a suffi
cient quantity is available to warrant transporting to an alternative site.

’ The inter-state carriage of radioactive material by land or water in the U ni
ted States is subject to regulation by the Interstate Commerce Commission 
(ICC). The regulations applicable to radioactive materials are published as 
Title 49, Parts 71— 78 of the Code of Federal Regulations. Under ICC regula
tions, all radioactive materials are classed as Poison, Class D , and are properly 
labelled for transport as “ Radioactive Materials” . There must be no significant 
radioactive surface contamination on any part of any consignment. The out
side transport containers must be at least equivalent to a heavy wooden box 
or fibreboard box.

The cost of transporting wastes varies considerably with the size of the 
consignment, the distance and the types of material handled. As an example, 
wastes are shipped from Argonne National Laboratory to Oak Ridge National 
Laboratory in approximately 10-railroad-car lots at a cost of about 
?50/cu.m.

Some sites at which storage space is at a premium have experimented with 
segregation and the incineration of combustible wastes. Incineration results 
in a volume reduction of approximately 9 5 %.  An incinerator with a burning 
capacity of 3 cu.m. per 8-lir day was constructed and operated for something 
oyer a year (2). A  picture of this incinerator is shown in Fig. 1. The combustion 
chamber was supplied with air above and below the grates through tuyeres 
and the charge was ignited with gas jets. During most of the burning period 
the combustion was self-supporting. The gas jets were used again during final
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Fig. 1
Active waste incinerator

ashing. Combustion gases were separated from their radioactivity before dis
charge by a gas clean-up train consisting of three wet scrubbers in series which 
removed most of the solid particles greater than 2 microns in diameter. An



AEC filter was used'for the final clean-up. The following results were obtainèd 
from burning 450 cu.m. of waste:

Volume Reduction 9 5 % ,
Weight Reduction 70%
Life of Filter Approx. 80 hours
Measured Decontamination 107
Factor in Specific Test 

A  careful cost estimate of this operation indicated that even at a site as large 
as the Argonne National Laboratory (3000 employees in a]]) the total volume 
of combustible wastes was not sufficient to permit continuous 24-hours-a-day 
operation of the incinerator. Under these circumstances the cost of operating 
the incinerator plus transport and burial of the resulting ash was a little greater1 
than the cost of transporting the untreated waste. Since no system of segrega
tion of wastes is perfect, occasional shutdown of the incinerator was required 
to remove non-combustible trash. It must also be admitted than an incinerator 
represents a potential hazard in the event that highly inflammable material is 
inadvertently inserted into the collected waste. Conséquently the use of this 
incinerator was abandoned some years ago. This experience has been cor
roborated at other sites, although some sites still practice incineration, usually 
with units smaller and somewhat simpler than the one illustrated.

Another technique which may be used to reduce the volume of waste to 
be stored is baling. Simple paper balers with the addition of a hooded enclosure

Fig. 2 
Active waste baler
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have been used. Such an installation is shown in Pig. 2. Material that does not 
exceed 200 mr/h or does not contain any alpha-active material other than 
natural uranium or both is baled. About one-half of the collected solid waste is 
concentrated by compression in this commercial hydraulic baling unit. Opera
ting pressures of up to 150 kg/sq.cm produce an average volume reduction 
of 4. The baler is ventilated with a 10 cu.m/min exhaust system which includes 
a two-bank high-efficiency filter unit.

Some figures indicating the volume reduction of solid waste obtained at 
Knolls Atomic Power Laboratory some years ago by baling and incineration 
are shown in Table II  (3). These figures support the thesis that the volume 
reduction obtained by incineration is not sufficiently great to allow for the 
economic operation of an incinerator.

TABLE II
VOLUME REDUCTION OF SOLID WASTES

Volume as 
collected 

(cu/m)

Volume after 
Incineration 

(cu/m)

Volume after 
Baling 
(cu/m)

Paper, Clothes, etc. 355 5 50
Filters 60 30 60
Evaporator Bottoms 40 40 40 ■
Miscellaneous 185 .185 185

Total 640 260 335

Liquids

The problems encountered in handling radioactive liquid wastes are by far 
the most complex of those confronting the waste processor.. Furthermore, 
the problems associated with the operation of reactors, separation plants, and 
research laboratories are . quite different and it is not possible to specify a 
single solution which will satisfy all conditions.

Water-cooled reactors often develop large quantities of radioactive liquid 
wastes due to activation of ions carried by the water or due to the corrosion 
of fuel elements either intact or ruptured. Activities formed by neutron 
activation tend to be short-lived and these are generally handled by installing 
retention basins which permit time for decay. For example, the eight reactors 
at Hanford use Columbia River water for cooling. The water is pumped from 
the river and is purified by coagulation, sedimentation and filtration before it 
is used in the reactor. During its passage through the reactor; traces of minerals 
in it are made radioactive. The effluent is retained for a period of 1 to 3 hours 
in basins or tanks to allow the bulk of the induced radioactivity to decay. 
Recent studies have indicated that the elimination of this retention period 
would have little if any deleterious effect on the river. After this retention 
period, the water is discharged directly to the bottom of the river channel 
through large pipes anchored to the river bed. The radioactive materials in the 
effluent are primarily activation products produced in the reactors by the 
capture of a neutron in the normal element. Trace quantities of fission products 
also are present, resulting from neutron bombardment of the uranium natur
ally present in the river water and from an occasional fuel element failure. 
Table I I I  indicates the isotopes which have been detected in effluent water (4).
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TABLE III
HANFORD REACTOR EFFLUENT: ISOTOPES IN ORDER OF DECREASING 

CONCENTRATION, FOUR HOURS AFTER IRRADIATION

Major (90%) Minor (8%) Trace (2%)

Mn56* Zn69 Eu152 J131* Pj.145
Cu64* Ga72 Sm153 Ce141 Pm151
Na24* Sr92 W 137 p r U2 Coeo
Cr61* "[J239 La141 C14 p r 143
Jfp239* J133* Nd149 Nd147 Ru103
As76* Y 92* La140 Ca45* Sc47
Si31* Nb97* J132* A g in Sr90*

Sr91* Eu157 Y » i Cs137
Zn65* Ba140* Ее59* Sr85
p32* Mo99 gj-89 * ^J238*
y90* Sm156 Mn64 p u 239*
J135* Sc46* Zr95 Ac227
Y  93 Cd115 Pm149 p o 210*

Ce143 Eu181

* Routine measurements are made for these isotopes.

The higher power levels and changes in water purification which have evolved 
through the Hanford processing plant’s history have caused slight changes in 
the types of radioactive materials in the discharge cooling water. In quantity 
there has been a substantial increase since 1944. Careful measurement o f the 
characteristics of the released materials provided the assurance that these 
increases could be made without reaching the relevant maximum permissible 
limits.

Small volumes of water which contain higher concentrations of radioactivity 
than the normal effluent arise from certain operations. Although the total 
amount of radioisotopes resulting from these operations is small in compari
son with the total quantity in the effluent, these wastes are sometimes disposed 
of into trenches along the banks of the river. Here the water percolates into the 
river through the soil with consequent filtering of particles and ion exchange 
of the soluble material.

Some reactors use a recirculation system. An example is the Materials Test
ing Reactor (MTR). The feed water is pretreated by ion exchange operations 
to reduce impurities to less than 1 ppm. The total flow through the reactor 
is about 88 cu.m/min and is recycled.

During the first two years’ operation of this reactor, very low fission-product 
activities were released to the cooling system. Beginning in June, 1954, a series 
of fuel-element ruptures occurred which gradually increased the activity levels 
of 50 to 100 mr/h to as high as 3 r/h. In October, 1954, a by-pass cation resin 
(3.5 cu.m.) was installed and operated at a capacity of 3.75 cu.m./min. As the 
uranium-235 and fission products were removed from the system, the activity 
decreased slowly to the original values. This experience indicates that while 
fuel-element ruptures produce a marked increase in the coolant activity the 
normal levels can be restored with the aid of relatively simple clean-up proce
dures. The use of in-stream ion exchange to maintain low activity and corrosion - 
product levels in reactor coolant is quite standard.

In most research laboratories the quantities of liquid wastes which must be 
handled are somewhat limited. In general only a few grammes of alpha-
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TABLE IV
EXPECTED WASTE VOLUMES PROM A RESEARCH LABORATORY*

Type of Waste Litres/(Day)
(Em ployee)**

Sanitary sewage 400
Monitored laboratory drain wastes 25
Laboratory cooling watèr (not monitored) 225
Processed radioactive wastes 0.5

* Data from Argonne*National Laboratory, Fiscal Year 1959. 
** Based on total employment (3700).

emitting materials and perhaps 100,000 curies of beta-gamma activity will be 
turned over to a waste-control group in the course of a year. The biggest compli
cating factor is the wide variety of radioactive species and the wide variety of

L IQ U ID  D IS P O S A L  SY STEM  ---------------------  Liquid

------------------ Solid

Flow Diagram --------------------Gaseous

DesP la ines River

Fig. 3
Liquid waste disposal system at Argonne National Laboratory

459



460

Fig. 4
Waste disal system at Brookspohaven National Laboratory



materials with which these species become mixed. It is seldom, if ever, possible 
to devise a single process which will handle all of the problems presented. To 
give an idea of the quantities of waste volumes expected from a research 
laboratory, the results of a year’s operation of one of the National Laboratories 
of the USAEC, an institution located near a large urban centre and employing 
3,700 people, are given in Table IV .

Once the laboratory has decided upon the discharge levels with which it 
will attempt to comply and the general processes which will be used, it is 
necessary to determine the desired degree of segregation of waste at the source. 
It is invariably true that the laboratory worker would prefer to discharge all 
wastes into a single container or sewer. It  is possible to set up a system whereby 
this can be done, but it will result in the frequent necessity of processing rela
tively large volumes of wastes containing activity only a little above the dis
charge level. On the other hand, by practising segregation at the source it is 
possible to develop a system in which a relatively small quantity of high-level 
waste must be processed, but the great bulk of the waste will be so lightly 
contaminated that it may be discharged directly. Illustrations of the systems 
adopted by two of the United States National Laboratories are shown in Figs. 3 
and 4 (5, 6).

No matter what system of segregation is adopted, there will be some volume 
of contaminated liquid which must be held or processed. Processing techniques 
which have proved valuable in dealing with radioactive liquid wastes include 
evaporation, flocculation, ion exchange, and biological processes. Each of 
these will be discussed briefly.

Evaporation

Evaporation has proved to be exceedingly useful in the processing of radio
chemical wastes at both production and research sites. A  wide variety of wastes 
can be evaporated and many types of evaporators have been used. Deconta
mination factors as high as 106 have been achieved. Evaporation has been used 
for preliminary concentration of waste solutions to reduce storage require
ments and for complete bulk reduction to produce an immobile concentrated 
slurry. During the early 1950’s in the United States, five sites co-operated 
informally in order to compare the following types of evaporators:

(1) Forced circulation with external horizontal heating surface.
(2) Natural circulation with external vertical heating surface.
(3) Coil or pot type.
(4) Vapour compression.
(5) Double effect.

Characteristics and operating results of these evaporators are shown in 
Table V  (7).

The costs of evaporation are high. The cost figures obtained in the above- 
mentioned comparison varied somewhat with the accounting procedures used 
and assumptions made, but approximated $26 per cu.m. Evaporation is the 
most expensive of the available processes but also the most reliable. It  will 
handle the widest variety of waste types. It  gives the highest degree of decon
tamination (often much higher than is required for the handling of low-level 
wastes).
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462 TABLE У
COMPARISON OF VARIOUS PILOT EVAPORATORS

Knolls Oak Ridge Brookhaven Argonne Mound

Capacity of equip
ment

400 gal /hr 285 gal/hr 600 gal/hr 150 gal /hr 100 gal/hr

Type of equipment forced-feed flash pot-type remov
able heating 
coils

vapour compres
sion

vertical tube 
circulation

1st èffect-vertical 
tube forced- 
feed

2nd effect-vertical 
tube natural 
circulation

De-entramment 
device

baffled separat
ing column

cyclone-type
separator

vapour dome, 
Fibreglass bed

centrifugal separ
ator, Centriflx 
scrubber, 
(reflux if 
necessary)

Typical feed (average 
activity)

3 x 10-2 /ic/cu cm /3 2 x 10-2 fio/ou cm 1 x 10~2 /ic/cu cm a +  /? 10-3 ,uc/ml fi 10-4 ¡ic/cu cm

Typical feed
(average solids)

0.3% 8.0% 0.5% 0.2% 3.0%

Overall decontamina- 
nation factor.

104— 105 103 + 106— 107 . 101— 106 ~ 1 0 8

Volume reduction 
factor

400 15 110 100 32

Slurry (average solids) 70% 70% 65% 20% 60%

Steam efficiency 85% 70% 100% 85% 92.5%
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TABLE VI

REMOVAL OF RADIONUCLIDES FROM WATER BY CONVENTIONAL WATER-TREATMENT PROCESSES

Radioisotope
Process Waste 

Stream Compositi
on (per cent o f  gross . 
beta 1954— 1956)

Per-Cent Rem oval by  Treatment Process

Chemical*
Coagulation

Chemical 
Coagulation 

Plus 100 
ppm  Clay

Sand
Filtration

Lime-Soda 
Softening 
(150 ppm 

excess)

Phosphate 
Coagulation 

(240 ppm 
dose)

Sr 19.6 3 0— 51 4 97.3 97.8

Ce 15.2 91 85— 96 — — 99.9

Trivalent
Rare Earths
(including Y) 30.4 91 — 87 90.0 —

Cs 29.9 0.5 35— 65 50 Not Effective —

Ru 1.9 77 —  ■ — — —

97.0

* Coagulant inducios alum, ferrous sulphate or ferric chloride, lime, soda-ash or sodium hydroxide and sodium silicate.



Flocculation

Variations of water-treatment practice have been studied exhaustively in an 
attempt to develop a generally useable waste treatment process. It  appears 
that such a system has value for the treatment of large volumes of lightly 
contaminated wastes, but as a method of handling high-level wastes, floccula
tion is not satisfactory. W ith the use of a wide range of flocculating agents, 
overall decontamination factors of about 10 are obtained for mixed fission 
products. I f  it is possible to tailor a process for a single radioactive species, 
much better results can be obtained. The advantages of the process are fairly 
low cost, the fact that a wide range of solid content in the feed can be handled 
and the production of a waste floe volume which is relatively independent of 
the solid content of the feed. Suitable storage or disposal facilities have to be 
provided for the radioactive sludge.

A  number of water-treatment processes were investigated at Oak Ridge to 
determine their removal efficiencies for Sr90, Cs137 and the rare earths from tap 
water. The characteristic efficiencies of five treatment processes are shown 
in Table V I (8). Sand filtration and chemical coagulation with aluminium and 
iron salts were unsatisfactory for the removal of strontium and caesium. 
Lime-soda softening and phosphate coagulation were found to be capable of 
removing more than 90 %  of the strontium.

Laboratory studies were extended to include actual process, wastes at the 
Oak Ridge National Laboratory. Up to 9 0 %  removal of gross radioactivity 
could be obtained with excess lime-soda softening or phosphate coagulation 
when clay was added for the removal of caesium. Although phosphate coagula
tion seemed promising, the efficient removal of strontium required accurate 
control of pH  and of the ratio of phosphate and lime dosages.

While the unit cost of treatment of the process wastes in this plant is diffi
cult to determine, the cost of chemicals, direct labour and utilities amounted 
to $0.05 per cu.m of waste treated. This cost does not include maintenance, 
analytical cost and amortization of ,the investment. Numerous other studies 
have been made (9— 18), all of which generally agree with the conclusions of 
this study. Very complete data on flocculation processes are available.

Ion exchange

Certain types of radioactive wastes may be treated by ion exchange. The use 
of ion exchange resins in connexion with the maintenance of water quality 
in reactors has already been mentioned. Ion exchange is particularly applicable 
to aqueous wastes having a total solids content of less than 2,500 ppm and 
preferably less than 1,000 ppm. Demonstrated decontamination factors range 
from 50 for cation resins to about 105 for mixed-bed resins, the latter being limited 
by the initial activity of the feed solution used in the experiments. The perfor
mance of cationic resins, exhausted cationic resins and mixed beds is shown 
in Table V II  for a waste containing 300 ppm of total solids (19).
A  large amount of data is available on the effect of operating variables in the 
use of ion exchange: cross-linkage (20, 21), resin particle size, flow rate (22, 
23), p H  (22), and extraneous salts (23).

An extension of the ion exchange technique called electrodeionization makes 
use of synthetic ion-exchange membranes of high electrical conductivity. These 
membranes are permeable to ions of only one charge. Ion-exchange membranes 
are used to divide an electrolytic cell into two or more compartments. In
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TABLE VII 
PERFORMANCE OF ION EXCHANGE RESINS

Basis: Waste containing 300 ppm. total solids and mixed fission-product activity.

Type of Resin Decontamination
Factor

Capacity,
Column

Throughputs

Volume
Concentration

Factor

Cation Resin 30 800 130 •
Exhausted Cation Resin* 4— 5 >  20,000 >  3,000
Mixed Bed 105 55 7

* Resin exhausted with regard to hardness ions still removes some activity.

multicompartment units the cells are formed by alternate cation and anion 
membranes, with a cation membrane next to the cathode and an anion mem
brane adjacent to the anode (24, 25). Fairly large pilot plant units of this type 
of equipment have been set up as a part of the saline water programme. In the 
United Kingdom, a pilot unit on radioactive wastes has been operated. Experi
mental work has also been done in the United States at Argonne and Oak 
Ridge National Laboratories. No such unit has been placed in routine 
operation in connexion with waste disposal, however.

Biological Methods

Removal of radioactivity from liquid wastes by biological methods appears 
to have limited application for wastes containing low levels of radioactivity. 
The activated-sludge process, trickling filters and sewage oxidation ponds have 
been investigated. Removals of about 70 to 90 per cent of mixed fission pro
ducts can be expected from biological treatment (26, 27, 28, 29).

High-level wastes

In the processing of low-level wastes, the most important consideration is to 
obtain a high degree of dispersal of the bulk of the waste with as little treat
ment as possible. The emphasis is on devising a process which will have low 
unit cost, since the volumes to be handled are very large. On the other hand, 
the quantity of radioactivity associated with high-level wastes is so great that 
the emphasis must be upon containment of the activity. Considerably higher 
unit cost processes are used, since the degree of hazard is considerably greater 
and the volumes to be handled are much smaller.

Gases

High-level gaseous wastes are obtained from reactors and from separations 
plants. The problem associated with the separations plants are by far the 
more intense. In either case, the gases after one or more stages of pre-treatment 
are discharged through 60 to 90 m tall stacks. They must be dispersed into the 
atmosphere in such a way that the maximum tolerable limits are not exceeded 
at prescribed points. After treatments, which will be described subsequently, 
the radioactive isotopes of krypton, xenon and iodine, contribute the bulk of 
the remaining fission product activity.

A  process stack at Hanford stands 60 m above grade. It is constructed of 
reinforced concrete with a free-standing stainless-steel liner 1.15 m inside dia
meter. The liner is capped at the top to cover the annulus between the stack
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and the liner. A  dish anchored to the base of the stack is welded to the base of 
the liner. The stainless-steel inlet breeching is welded to the stack liner and 
enters the stack at a 45° angle. Stack gas sampling points are located at the 
top and bottom of the stacks. Spray rings are installed at three levels for wash
ing down the inside of the liner. Condensate accumulation is drained from the 
stack liner and the annulus to a drain tank.

Under favourable weather conditions, the plume from a stack will rise gra
dually as it flows downwind and the gases will be dispersed until only a negli
gible concentration prevails in the atmosphere. There are, however, several 
adverse conditions which a,rise to disturb this orderly dispersion of stack gases 
so that the patterns of flow which may be exhibited by a chimney plume are as 
varied as the weather and the topography of the world. Each site which uses 
stacks for the dispersal of any significant quantity of radioactivity has associa
ted with it a meteorological group, which not only studies in detail the micro
meteorology of the site but in many instances dictates whether or not certain 
operations may be carried out.

As operating experience has been gained, processes have been added from 
time to time to the separations plant’s ventilation systems to remove specific 
isotopes which have been shown to be troublesome. For instance, shortly 
after the start-up of the original separations plants at Hanford in 1945, I 131 
was identified on samples of vegetation. The first immediate step taken_to 
reduce this contamination was to increase the cooling period between reactor 
discharge and. fuel-element dissolution and to tighten up meteorological control 
of operations. A  little later equipment was designed and installed to remove 
more than 99 .5% of the radioiodine from the dissolver off-gas. This equipment 
consists of a heater to raise the gas temperature to about 200 С and a column 
containing a porous packing material impregnated with silver nitrate. The 
heated iodine chemically combines with the silver and is retained on the column. 
When nearly exhausted, the column is regenerated by adding more silver 
nitrate and the liquid waste which contains the I 131 is sent to underground 
waste storage tanks. Satisfactory operation of this equipment has permitted 
shortening cooling times and relaxing meteorological control. The capital 
cost of a heater-silver reactor unit runs about $20,000 to $50,000.

The necessity of installing filters for the large-volume ventilation exhaust 
air was first recognized in 1947 at Hanford, when radioactive particles were 
found on the ground around the stack. The original exhaust blowers between 
the plant and stack were made of mild steel painted with an asphalt-base 
paint. After a time, rust spreading beneath the paint caused flakes up to 
several inches across to be torn off and blown out of the stack. Large filter 
beds of graded layers of sand were constructed through which the building 
exhaust air was routed before release via the stack. In the more recently 
constructed Purex separations plant the filter bed is made of graded mats of 
glass fibre. A  sand filter designed to handle about 1,100 cu.m of air per minute 
costs about $575,000. The glass-fibre filter handles 3,300 cu.m/min and costs 
about $600,000. Either type of filter retains more than 99 .5% of the particu
late radioactive material entering the units, the glass fibre unit being somewhat 
more efficient. Either type performs satisfactorily so long as the humidity of 
the ventilation air is kept well below saturation.

When venting the noble gases, krypton and xenon, to the atmosphere is 
undesirable, they must be held for decay before release or processed. Solvent 
extraction and adsorption; techniques have proved satisfactory (30).
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Solids

The treatment of highly contaminated radioactive solids is still something 
of an art. W hen it is necessary to dispose of a very highly contaminated solid, 
generally a piece of equipment or a part of a building which has been conta- 
minated due to a spill, it is desirable to do some decontamination in situ. 
A  great deal of work has been done on determining and selecting efficient 
decontaminating solutions (31— 38). Such treatment implies, of course, that 
a considerable volume of high-level liquid waste will be formed in the process, 
and provision must be made for collecting and processing this. Sprays, swabs 
and sandblasters are often useful. A  considerable amount of ingenuity is 
usually required.

After as much decontamination has been carried out as is practical, the 
removal of the contaminated solid often requires the design of special shields 
and transports. Some rather fascinating accounts of the experiences with the 
clean-up of the two Chalk River incidents have been written by Canadian 
authors (39, 40).

Liquids

High-level liquid wastes represent the largest single waste-disposal problem 
facing the industry at the present time. While some high-level wastes are 
produced in other parts of the fuel cycle, the problems associated with chemical 
separation plants so far outweigh all the others that consideration will be 
given in this paper only to this aspect. Attacks on this problem include re
duction of the volume of the waste originally produced by process changes or 
by changing the process, concentration of the produced waste either in equip
ment specifically provided for that purpose or by allowing the waste to c o n - , 
centrate itself in storage tanks, reduction of liquid wastes to solids by one of 
several methods including concentration, use of Portland cement, adsorption 
on clays or natural materials and calcination. Each of these will be discussed 
in some detail.

Process changes

The volume of high-level waste initially produced is, of course, a function 
of the process. The initial precipitation process (bismuth-phosphate) which 
was used in the United States produced a waste which left most of the fission 
product radioactivity associated with uranium. Some time later it was neces
sary to go back and process these wastes to recover the uranium. The solvent 
extraction processes developed later separated the uranium and plutonium 
and produced the fission products in a separate aqueous stream. There has 
been a continual effort on the part of operation and plant assistance personnel 
to reduce the volume of this waste stream. Changing process streams can make 
minor changes in the quantity, but really significant decreases in waste volumes 
have been achieved by back-cycling the wastes; that is, wastes from the second 
and third cycles are used as scrub solutions for the previous ones. By this 
technique it is possible to halve the volume of high-level waste produced per 
ton of uranium processed.

Some new non-aqueous processes are being studied on the laboratory and 
pilot plant stage (41— 46). These are generally referred to as volatility and 
pyrometallurgical processes. Either type of process will directly produce a
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solid waste whose volume is much less than that of the initially produced 
solvent-extraction waste, although not necessarily much greater than that 
from a so-called saltless solvent extraction process once it has been reduced 
completely to solids.

Concentration

Since the cost of tank storage is appreciable, an obvious operation is to 
reduce the volume of the waste before storage. This may be conveniently done 
with evaporators. The characteristics of a number of evaporators have already 
been discussed, and units employing one or more of these principles have been 
installed in processing canyons and remotely operated to provide volume 
reduction before discharge of the waste to storage. The overheads from such 
evaporators are then treated as. intermediate-level or low-level waste as 
required.

In the Purex Plant, it has proved quite advantageous to use recovery of the 
nitric acid salting agent both as an economic recovery step and as an aid in 
waste disposal. Most of the nitric acid is recovered and the combined chemical 
and waste volume savings amount to several hundreds of dollars per ton of 
uranium processed. The equipment used includes two concentrators, an acid 
adsorber and a vacuum fractionator, all made of 304L stainless steel. The 
concentrators are of a vertical-tube, thermal-recirculation type and include a 
seven-tray (bubble-cap) tower and packed section for de-entrainment.

Concentration is also accomplished by permitting the wastes stored in tanks 
to boil and self-concentrate. The wastes now being produced are stored in
4,000 cu.'m tanks and self-concentrate at rates of up to 10 1/min. The steam 
so produced is condensed in water-cooled condensers and may usually be dis
posed of into the ground. Construction work is now hi progress to return the 
more radioactive of these condensates to a separations plant for additional 
decontamination prior to disposal.

Large masses of simmering liquid tend to release heat at an uneven rate. 
Shallow pools of solution, say a few feet deep, tend to boil gently and self
concentration proceeds uniformly. Deeper pools of simmering liquid, however, 
periodically boil at an accelerated rate up to 50 to 100 times the average rate 
of evaporation, subsiding to normal rates in 20 to 30 minutes. This bumping 
action is believed to result from the rapid release of heat which has been stored 
in the liquid deep in the tank where the boiling point of the solution is increased 
by the hydrostatic head upon it. The rapid release may be triggered by any 
phenomenon which would start a local current of solution upward. The rising 
liquid is subjected to a decreasing hydrostatic pressure, permitting it to boil. 
The vapour thus formed further reduces the pressure on the rismg liquid, 
thereby accelerating the boiling action. The rapid boiling then continues until 
the reservoir of heat has been dissipated to the extent that the local upward 
movement of the liquid is no longer self-energized.

The maximum pressures developed within a given tank by this rapid boiling 
action are believed to be determined by the pressure drop in the vapour 
handling system, the depth of liquid in the tank, and possibly other operating 
variables. Up to the present time the maximum vapour pressure observed in 
any tank has been about 0.15 atm, and the maximum heat released in a given 
bump about 1,250,000 Kcal.
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Reduction to solids
An attractive method of waste volume reduction has always been to reduce 

the wastes to solids. While it is true that no great economic advantage will 
accrue from such a reduction (in fact an additional cost may be incurred), 
it should be possible to devise ultimate storage methods of solids which are 
safer than storage of liquids. A  number of methods have been tried on the 
pilot-plant scale for immobilizing liquid wastes as solids. Wastes may be 
simply concentrated until they solidify on - cooling and the solids stored in 
drums. Portland cement has also been added to concentrated wastes so that 
they set to a solid (47, 48, 49). Wastes are thus immobilized at a volume increase 
of about two. They may also be absorbed on vermiculite. Several other sug
gestions have been made which will be discussed in some detail in the following 
sections.

Adsorption on natural materials
There has been interest for some time in adsorbing wastes on naturally 

occurring materials. The adsorption step is usually followed by a firing at a 
high temperature to fix the activity. Some early work along these lines was 
done by H atch  (50, 51) who has been making use of clays of the montmorillio 
nite group. In this process the waste is passed over a column of extruded clay 
which adsorbs the radioactivity by ion exchange. The activity is fixed upon 
the clay by firing it at 1,000 C. The capacity for cation exchange has been 
found to be about 1.2 meq per gramme of clay. When simulated wastes con
taining 2 curies of Sr90 were used, a decontamination factor of 2 x 108 has been 
demonstrated. When this clay was fired at 1,000 С and then leached in sea 
water, no significant leaching of the strontium occurred over a period of four 
years.

H atch has also been using beds of crushed calcite for removing Sr90 
from 0.05 molar phosphate solutions. After the passage of 1,500 column volumes 
of solution, the test column is still providing decontamination factors ranging 
from 105 to 106 (52).

Somewhat similar work is being carried out at Oak Ridge National Labora
tory, using indigenous Conasauga shale and Cs13’? as tracer. The Cs137 was 
adsorbed very effectively with a shale to solution distribution ratio of 
500 (53).

It should be noted that the wastes as received from most separation processes 
are too acidic for the activity to be adsorbed on clays. It  is therefore necessary 
to remove nitric acid by volatilization or by electrolysis, using ion-selective 
membranes before the adsorption step.

A t Hanford, a method is under consideration for the disposal of coating 
wastes whereby the aluminium coating waste is mixed with sodium silicate to 
form a stiff semi-solid gel (54). The cost of disposing of wastes in this form is 
estimated to be $ 0.025 to $ 0.035 per litre. This is approximately one-half 
the cost of storing it in underground tanks and compares favourably with the 
cost of evaporation.

In work done at Oak Ridge National Laboratory, simulated waste solutions 
have been mixed with limestone, sodium carbonate and shale to form slurries, 
which were then dried and later fired at various temperatures (55). In actual 
practice, the mix would be allowed to self-sinter.

Another use of artificial clays in the fixation of radioactive nuclides has 
been suggested by Patrick  (56). This method consists in reacting solutions
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of alkaline silicates or alkaline earth silicates with colloidal gels of aluminium 
hydroxide and silicic acid. I t  has been found that the mere mixing of these 
alkaline silicates with the proper amount of colloidal gels and evaporation to 
dryness causes the alkaline oxides to combine chemically with the aluminium 
and silicate to form an insoluble substance with a pH  of 5. The solubility 
of the compounds has been found to be 10 1 to 10“ 5 moles/litre of sodium, 
caesium, etc. Inasmuch as the fission products often occur as nitrates, the 
conversion of the latter to silicate form is necessary. The conversion tempera
tures at which nitrates of sodium, potassium, caesium and strontium in the 
presence of colloidal silicates change over to the silicate have been measured. 
In no case did the temperature exceed 300 C. In other words, the decomposition 
of the nitrate to the silicate takes place more readily at the lower temperature 
than the decomposition of the oxide form.

The fixation of activity on soils has been studied also in the United Kingdom  
by A m p h l e t t  and W a r r e n  (57).

The Chalk River project of Atomic Energy of Canada Limited has been 
working for some time on a process based on incorporating fission products 
and other waste materials from fuel-element processing into a silicate glass 
matrix (58, 59). Glass made from nepheline syenite, with lime as a flux, was 
found to be highly resistant to leaching by water. The process under con
sideration can be used for nitric acid and nitric acid-aluminium nitrate wastes 
and is described below.

Concentrated liquid waste is neutralized with a dry mix of 6 5 %  nepheline 
syenite with 3 5%  lime, at the ratio of 1 ml of waste per g of the dry mix, in a 
fireclay crucible and the mixture allowed to gel. The gelled mixture is heated 
to about 800 С in order to decompose all the nitrates and distill off the nitric 
acid, and then to about 1,350 С to allow the denitrated and dried mixture to 
fuse. It  is expected that this process will result in a 50%  reduction in volume 
from concentrated solution to glass.

I f  the fission products produced by reactors having a total capacity of
4,000 M W  thermal were incorporated into glass leaching at 3 x  10 - 7 g/(sfcm) (dN) , 
the cumulative figures for radionuclides leached from the glass would be as 
shown in Table V III . A  rough cost estimate of this process indicates that it

TABLE VIII
CUMULATIVE LEACHED ACTIVITY FROM NEPHELINE SYENITE GLASS 

CONTAINING FISSION PRODUCTS PRODUCED CONTINUOUSLY AT A CONSTANT
RATE*, ****

. Nuclide**
Cumulative leached material,

curies '

1 year 5 years 25 years

gj>90 * * * 15.2 380 6,460
. Ru106 30.5 399 400

Cs137 22.6 566 9,670
Ce144 73.3 537 540

* From 4,000 MW thermal o f  installed reactor capacity.
** Daughter activities are not indued.
*** The quantitity o f Sr.90 in the stored glass after five years would be 1 .3x 107 curies. 
****  Reference 59.
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should contribute not more than 0.05 mill per kW h to the cost of power, 
assuming the fuel has a burn-up of 10,000 M W d/ton. .

Calcination of wastes

Fluid-bed calcining of wastes is a process which has been under investi
gation at Argonne National Laboratory and the Idaho Chemical Processing 
Plant (ICPP) for some time. A t the ICPP, a 225 1/h pilot-plant facility is 
being built at a cost of $ 4,000,000 to give this process a thorough test. The 
process consists in the evaporation and calcination of waste solutions to a 
granular solid consisting of the oxides of the constituent cations in a fluidized 
bed. A  pictorial representation of the fluidized bed calciner is shown in Fig. 5.

Fig. 5 
Fluid-bed calciner

The calciner consists of a cylindrical vessel containing a bed of granular oxides 
supported on a porous conical sintered stainless-steel plate. Preheated air is 
passed through the plate to fluidize the bed, the entire mass behaving much 
like a vigorously boiling liquid. W aste solution is injected into the bed through 
pneumatic spray nozzles spaced on the periphery of the reactor in a single 
horizontal plane. The fluidized bed is to operate at 400 to 500 С by means of 
electric heaters mounted either internally or externally. The reactor is run 
under a vacuum of 1.3 to 12.5 cm of mercury supplied by means of a steam-jet 
exhauster through multiple banks of porous sintered stainless-steel filters! 
These filters are mounted in the top of the reactor to remove entrained oxide 
particles larger than 2 to 3 microns. Five filter banks of 2 filters each are used 
and are manifolded in such a way that the blowba;ck of one or more sets of
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filters may be accomplished simultaneously, with off-gas removal through the 
other sets. Particulate removal may also be accomplished by directing the 
off-gas through cyclone separators and returning the collected fines to the 
reactor. The granular product is removed to storage containers by means of 
a bottom outlet or an overflow pipe.

The volume reduction obtained in converting the nitrate (primarily 2.3 M  
aluminium nitrate) to the oxide is found to range from 6 to 10. The average 
bulk density is 0.77 g/cubic cm. The residual nitrate of the oxide ranges 
from 2 %  at a calcination temperature of 320 С to 0 .2 %  at 500 C.

The demonstration pilot plant at ICPP is basically the same, although the 
off-gas treatment is somewhat different. Gases, upon leaving the calciner, will 
pass through high-efficiency cyclones, wet scrubbers, adsorber-filters packed 
with silica gel and absolute AEC filters before joining the building ventilation 
air for stack discharge to the atmosphere. Spent silica gel beds will be incor
porated with the calcined solids for storage.

Certain components of this proposed off-gas system have been tested at 
Argonne using diluted ICPP active waste. Results of five different runs are 
shown in Table 9. A t a calcination temperature of 400 C, a ruthenium decon-

TABLE IX
PERFORMANCE OF WASTE CALCINER OFF-GAS SYSTEM

(Run time.: 6 hr)

Temp
С

Dilution
of

1CPP
waste

Feed activity, 
coLints/min

Decontamination factors, avg

Ruthenium Non-volatile fission products
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400 250: 1 1.18 X 1064.96 xlO4 1.05 1.8 350 6.60 xlO2 390 1.06 81 3.2 xlO4
500 250: 1 1.13 XlO64.70 x 104 3.8 - * * 2,900 1.09 x 104 114 3.7 340 1.4 x 105
400 90:1 3.00 xlO61.25 x 105 1.05 1.4 4,200 6.20 x 103 114 3.7 340 1.4 x 106
500 90:1 3.00 x 1061.25 x 105 3.3 ** 390 1.30 x 103 156 3.7 135 5.5 x 104
400* 100:1 2.90 xlO61.09 xlO5 1.05 1.3 700 1.00 xlO3 52 10:0 101 5.3 xlO4

* Eighty-five hour run.
** No contamination detectable.

tamination factor across the calciner, scrubber, and adsorber of about 103 
has been obtained. A t 500 С these ruthenium decontamination, factors have 
been in èxcess of 104 for the best runs. Non-volatile fission products have 
been removed by factors of greater than 104. The results are approaching 
satisfactory limits (60, 61, 62).

While most of the work at Argonne has been with aluminium nitrate- 
bearing wastes of interest to ICPP, more recent work has also been done 
using Hanford Purex low acid waste solution. The results to date cover about 
200 hours of operation and are quite promising. A  granular free-flowing product 
has resulted from calcining operations performed at 500 C. (63).

Another type of spray calcination is being studied at Hanford, where a 
20-cm spray, agitated-trough calciner is being tested. The use as feed of (1) 
an acid-killed (formaldehyde-treated) first-cycle aqueous waste; (2) a similar 
feed with phosphate and borate addition; and (3) a simulated ICPP aluminium
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nitrate waste solution has produced encouraging results. The effect of cal
cination time on the volatilization and leaching of fission products from Purex 
first-cycle aqueous waste was studied at 400 and 800 C. The fraction volatilized 
did not change markedly for heating times ranging from 5 minutes to 24 hours. 
For 400 С calcination, the leachability of the residue was also not affected, but 
at 800 С the leachability decreased greatly from 7 3%  leached after 5 minutes 
heating to only 3 %  after 24 hours.

It has been found that the addition of sugar helps destroy the nitrate. A  
run made with a slurry feed containing 250 g/1 sugar gave smooth operation 
with little or no build-up of dust on the walls. The product powder, predomi
nantly sodium carbonate, had a bulk density of 0.85 g/cc and fused at 860 С 
to a compact glass}? melt with a density of 2.3 g/cc. Residual nitrate was low, 
less than 0.0015%  (63, 64, 65).

Still a third calcining method is the rotary ball kiln calcination process 
being studied at Brookhaven National Laboratory (66). This calciner is shown 
in Fig. 6. A t least four alloys have been shown to be probably suitable as

Fig. 6 
Single kiln calciner

construction material for the high-temperature calciner vessel: Illium G, 
Inconel X , Haynes 25, and Nionel. It  is concluded that calcination in rotary 
ball kilns appears to be practical as regards product quality, mechanical design, 
off-gas volume, and dust carryover.

None of these calcining methods produces directly a solid which even  ap
proaches non- Ieach ability, but they are some of the most convenient methods 
for reduction to solids.
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Removal of specific fission products

A  considerable amount of work has been done on the devising of processes 
for separating specific fission products from waste streams (67, 68, 69). While 
the industrial use of these isotopes certainly should be and is being, encouraged, 
it is a fallacy to assume that such utilization would materially change the waste 
picture. In the first place, even if it were possible to separate each of the hazar
dous isotopes out to the extent sufficient to permit the remainder to be dis
carded, the separated product would still have to be stored and would become 
useless from an industrial utilization standpoint long before it had decayed 
to innocuousness. Secondly, thé recovery of specific isotopes for /beneficial 
use is quite a different problem from that of removing them to facilitate waste 
disposal. For a recovery process a yield of 9 0%  might be quite satisfactory. 
I f  the goal were to permit the residue to be treated as a conventional industrial 
waste, however, essentially complete removal would be required for all of the 
elements of concern. For these purposes, any plutonium or other transuranic 
element must also be removed with comparable efficiency. Microscopic losses 
ranging to as low as 1 part in 2 x 1010 would have to be simultaneously achie
ved for the many elements of widely differing chemical characteristics. The 
achievement of this simultaneous high recovery of such chemically diverse 
products is without precedent in the chemical industry.

The isolation of specific fission products with good recovery and fair decon
tamination has been demonstrated by the operation of the fission product 
pilot plant at Oak Ridge, where Cs137 sources are being made from Purex 
wastes with an annual output of 200,000 с of Cs137 ( 70).

Handling and transport problems

It seems clear that one or more of the proposals discussed in the previous 
section will be sufficiently successful to permit the reduction of wastes to 
solids if desired. A t the present time, however, it is not clear precisely how the 
wastes, either as liquids or solids, would be stored.

An ideal storage system must:

1. Insure the integrity of the activity for several centuries ;
2. Permit the transfer of waste from processing plant to storage site without 

undue cost ;
3. Dissipate the radioactive heat generated during the early years of storage ; 

and .
4. Cost sufficiently little that a nuclear power economy can absorb the 

cost.

It is, of course, difficult to state categorically in advance that any particular 
package will be adequate for several centuries of storage. Therefore, it may 
become desirable to use a system of several lines of defence. Such a system 
might consist of:

1. Forming the waste into a solid which is as nearly unleachable as possible;
2. Surrounding this solid with a package which itself offers some promise of 

long-term integrity; and
3. Storing in a place such that the likelihood of the waste coming into con

tact with water is low.
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The first of these is being investigated in detail and shows reasonable pro
mise of success. The second has not received adequate attention. Various pack
aging techniques must be tried out and subjected to rigorous long-term  
corrosion testing.

The third is -the subject of'considerable speculation and not enough work. 
The more arid parts of the world naturally suggest themselves, and several 
of them are being used as disposal sites. These areas tend to be remote from 
population centres (areas of high electrical power demand) and it would be 
desirable to discover ways of storing wastes compatible with the proximity 
of people. The remainder of this Conference will be largely devoted to the 
consideration of methods of ultimate disposal.

The radioactive decay of the fission-product wastes produces heat. The 
amount produced is enough to be annoying but not enough to be particularly 
useful. Heat dissipation from liquid storage tanks has been discussed by 
C o p p i n g e r  and T o m l i n s o n  (71, 72). Numerous papers have been written 
on the problems of dissipating heat from radioactive solids (73). The general 
conclusion is that for year-old wastes one dimension of the container will have 
to be well under a metre. This implies a multiplicity of containers and high 
container cost. It  seems most logical to assume that wastes which are produced 
as liquids will be stored as such in large tanks for at least five and perhaps for 
ten or more years before they are processed for final disposal. The next paper 
in this Conference will discuss experience in tank storage and while this is not 
considered permanent storage, the information will be of value in developing 
overall waste management so long as high-level liquid wastes are produced.

The engineering and economic problems of getting the waste to its placé of 
interment can be formidable. It  is difficult to consider them in detail until a 
method and place of storage are selected. It seems clear, however, that the more 
remote the storage point is, the more costly will be the operation, although 
a large part of the cost will be incurred in getting the waste on and off a con
veyance. I f  a conveyance is needed at all, a few hundred miles, more or less, 
should not make too much difference. It would clearly .be most desirable to 
store at the production site. The smaller the storage container (with a concomi
tant multiplicity of containers) the greater will be the difficulty of transfer. 
From this point of view, the largest possible storage container should be used. 
The fact of heat generation militates against this, however.

In an effort to predict something about the problems of transporting radio
activity, the USAEC has had an ad hoc Committee on Transportation of 
Highly Radioactive Materials looking at them. Their report has not yet been 
issued. Some of their preliminary work may be summarized, however. Surveys 
of current practice showed the existence of over 400 shipping containers i 
for fluid and non-fluid sources of radioactivity (isotope transport containers 
not included). The containers differ only slightly in design and construc
tion. Most of them have an outer and an inner steel cylinder, the annulus 
being filled with lead for shielding. The inner cylinder, often made of stainless 
steel, forms the hold for carrying radioactive material. Entrance to the hold 
is usually gained through one end. Some of the containers have drain lines 
between the hold and the exterior to facilitate decontamination, should it be 
necessary, or to determine the existence of leaks. Containers are provided with 
trunnions or eye-bolt lifting arrangements.

The cost of the units varies in proportion to the amount of lead and with the 
intricacy of the design. Costs are not available in many cases, but individual
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containers cost hundreds and even thousands of dollars. The average cost for 
the larger containers is approximately' $1,000/ton. A  summary of radioactive 
consignments during 1956 lists 869 container-trips covering over 3 million km. 
These represent all or portions of approximately 100 consignments. Possibly 
twice that number were made during 1956 (small parcels of radioisotopes are 
not included). It is extremely difficult to get at the cost of these consignments 
since the methods of reporting and accounting from various sites are not com
parable. As reported, the cost of this transportation varied from $0.015 per 
metric ton-km in one case to $0.14 per metric ton-km in another case. None 
of these costs include packaging. These costs can be considered as minimal ; 
actual costs are certainly higher. It  appears that 10 to 20 cents per ton-km  
is the indicated range of transportation costs.

The cost of transporting radioactive materials consists mostly of the cost 
of conveying and handling the heavy containers. In several cases the weight 
of radioactive materials being transported was reported. These indicate that 
the container is some 15 to 20 times heavier than the material contained. The 
unit cost of transport in terms of the radioactive material is thus 15 to 20 times 
more than that indicated.

In testimony before the Joint Committee on Atomic Energy, B ruce (74) 
estimated the magnitude of the waste transport problem to be expected in 
the year 1980. These results are shown in Table X . In the study it was assumed

TABLE X
ESTIMATED WASTE TRANSPORT IN UNITED STATES IN 1980 AND 2000*

1980 2000

Number of carriers in transit 
Probable carrier weights, tons 
Volume of waste in transit, litres 
Amount of fission products in transit, curies

505
6

850,000 
1.5 X 108

3,270
6

5,500,000 
9.8 X 108

* Reference 74

that wastes were shipped a distance of 800 km after 2,000 days’ storage, a 
decay time which is estimated to minimizethe combined storage and shipping 
costs. Under these conditions, the total cost for storage and shipping was 
about $0.50 per litre, or 0.04 mill per kW h of electricity.

I f  the transport of this quantity of radioactive material is contemplated, 
the question of safety from penetrating radiation and from internal hazard of 
course arises. Penetrating radiation may be taken care of with adequate shield
ing. Radioactive consignments can cause internal hazards only when they get 
out of control. Several steps can be taken to reduce or minimize internal 
hazards; these are:

(a) To construct the best possible containers ;
(b) To select the physical state of the radioactive material;

. (c) To select the chemical form of the radioactive material; and
(d) To provide protective measures.

The containers are the first line of defence against internal hazards. An ideal • 
container is one which will not rupture or release its contents no matter how 
severe an accident it is involved in. Resistance to shocks, fires or other con
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tainer-wrecking forces certainty can be designed and built into the packages. 
The same may be said for the vehicle carrying the containers.

The physical state of the radioactive material determines its mobility in the 
event of a container losing its integrity. If the radioactive material is solidified, 
as in concrete, or incorporated in the structure of a glass or clay, its chances of 
reaching a body are greatly hindered. Dust may be an ancillary problem, how
ever. If liquids filled the pores of an immobile sponge-like medium, they cer
tainly would be less likely to escape from the container into the environment 
than if they were not absorbed. Altering the physical state may add to the cost 
of processing, but one has to strike a balance between cost and the protection 
of health and safety.

The chemical form of the radioactive material determines the rapidity 
with which it may be absorbed or assimilated by a body. If the material were 
in a non-assimilable and/or a non-soluble form and hence relatively non- 
retainable by a body, the internal hazard would be reduced proportionately. 
Once again, the cost must be balanced against health and safety.

Protective measures are the last lines of defence against internal hazards. 
Persons engaged in handling and transporting radioactive material or persons 
involved in clean-up work after accidents should wear all necessary protective 
coverings.

Conclusion

It can be fairly said that the processes useable in the intermediate treatment 
of waste and discussed in this paper have had exhaustive development work 
done upon them. Thoroughly adequate information exists for the design and 
operation of a wide variety of processes and plants. It is difficult to see the justi
fication for additional research on many of them. It would seem that the avai
lable information is adequate to allow for the decontamination of large volu
mes of both low- and high-level waste. More information is needed on some 
of the methods for reducing wastes to solids, but it would appear that this 
problem will soon be well in hand. It is equally clear that the subject for 
the remainder of this Conference, the selection of a final resting-place and 
methods of interment, is not well in hand.

During the period 1948 to about 1952, the waste-disposal field saw remark
able progress in the develo])ment of complete waste-disposal systems for 
research and development laboratories. Following 1952 there seemed to be a 
slackening of interest in this problem and we have experienced seven lean years. 
It is to be hoped that the next seven may be a little fatter.
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T R E A T M E N T ,  P R O C E SSIN G  AND F U T U R E  D IS P O S A L  OF 
R A D I O A C T I V E  W A ST E S AT T H E  ID A H O  CHEM ICAL 

P R O C E SS IN G  P L A N T  
Abstract

Acidic wastes from the recovery of enriched uranium from aluminium, 
zirconium, and stainless-steel fuels at the Idaho Chemical Processing Plant 
are stored in underground tanks of two configurations and nominal sizes of
30,000 and 300,000 gallons. The design and operation of the waste-tank farm 
as well as the methods of environmental disposal of low-level wastes is described.

The “ concentrate and contain” philosophy of waste disposal has as its ulti
mate aim the production of a solid mass containing the fission products. The 
disadvantage of increased treatment costs may or may not be offset by reduc
tion in storage costs. The low thermal conductivity of solids makes storage 
temperature considerations more important than for liquids.

The acid aluminium nitrate wastes from the processing of fuels of the 
Material Testing Reactor type may be converted to granular alumina by cal
cining in a fluidized bed from 350° to 550° C. The major process components 
are the N aK  heated calciner, an off-gas cleaning system and the solids storage 
vessels. The process design and the research and development programme 
are reviewed. -

On the basis of the successful demonstration of fluidized-bed calcining and 
high-temperature solids storage in conjunction with other considerations, 
a number of future storage concepts and their environmental connotations 
are discussed. .

T R A I T E M E N T  ET E L I M I N A T I O N  F U T U R E  DES D ECH E TS 
R A D I O A C T I F S  A L ’ U SIN E DE T R A I T E M E N T  C H IM IQ U E  DE 

L ’ ID A H O  
Résumé

A  l’usine de traitement chimique de l ’Idaho, les déchets acides provenant 
de la récupération de l ’uranium enrichi contenu dans les cartouches de com
bustible en aluminium, zirconium, et acier inoxydable sont stockés dans des 
réservoirs souterrains de deux formes différentes et d’une capacité théorique 
de 30,000 et de 300,000 gallons. L ’auteur donne une description du plan 
et du fonctionnement de l ’annexe où se trouvent les réservoirs à déchets, 
ainsi que des méthodes d ’élimination des déchets de faible activité dans le 
milieu ambiant.

Le but même du système qui consiste à concentrer et à incorporer dans 
d ’autres substances les déchets à éliminer est la production d ’une masse 
solide contenant les produits de fission. L ’inconvénient que constituent les 
frais de traitement plus élevés peut être parfois compensé par une réduction 
des frais de stockage. La faible conductivité thermique des corps solides 
donne plus d ’importance à la température de stockage que dans le cas de 
liquides.

Les déchets acides de nitrate d’aluminium provenant du traitement des 
combustibles du type de ceux que l ’on utilise dans les réacteurs d ’essai des 
matériaux peuvent être transformés en aluminium granulé par voie de cal
cination dans un lit fluidifié à une température allant de 350° à 550° C. Les 
principaux éléments de l ’installation sont: un calculateur chauffé au N aK , 
un système d ’épuration des gaz d ’échappement et un ensemble de récipients
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pour le stockage des matières solides obtenues. L ’auteur donne un aperçu 
du processus de traitement et du programme de recherche et de mise au point.

L ’auteur examine un certain nombre de systèmes futurs de stockage et 
leurs incidences sur le milieu ambiant en prenant pour base les résultats 
positifs de la démonstration du système de calcination à ht fluidifié et d ’em
magasinage à haute température ainsi que d’autres considérations.

А Н Н О Т А Ц И Я  П О  Д О К Л А Д У  Н А  Т Е М У :  О Б Р А Б О Т К А ,  
П Е Р Е Р А Б О Т К А  И Д А Л Ь Н Е Й Ш Е Е  У Д А Л Е Н И Е  Р А Д И О 

А К Т И В Н Ы Х  О Т Х О Д О В  Н А  З А В О Д Е  П О  Х И М И Ч Е С К О Й  
П Е Р Е Р А Б О Т К Е  В А Й Д А Х О

Резюме
Кислотные отходы, получающиеся от рекуперации обогащенного урана из 

топливных элементов с алюминием, цирконием и нержавеющей сталью на 
Заводе по химической переработке в Айдахо, хранятся в подземных баках двух 
различных геометрических форм с номинальной емкостью в 30,000 и 300,000 
галлонов. В документе описываются конструкции и рабо та установки для хра
нения отходов в баках, а также методы удаления в окружающую среду отходов 
с низким уровнем активности.

Принцип „концентрации и удержания" при удалении отходов вылился в 
конечную форму производства твердой массы, содержащей продукты деления. 
Невыгода от увеличения стоимости обработки может быть покрыта сокраще
нием стоимости хранения, но не во всех случаях. Ввиду низкой теплопровод
ности твердых тел соображения о температуре хранения играют более значи
тельную роль, чем для жидких тел.

Кислотные отходы азотнокислого алюминия, получающиеся при переработке 
топливных элементов реакторов типа, служащего для испытания материалов, 
могут быть превращены в гранулированные алюмины путем обжигания их в 
разжиженном состоянии при температуре от 350 до 550° Ц. Главными состав
ными частями являются обжигательная печь с подогревом на NaK, система 
очистки выходящих газов и емкости для хранения отходов в твердом виде. 
В документе делается описание этой конструкции, производимых исследований 
и программы дальнейших работ.

В зависимости от успеха опытной установки печи для обжигания в разжижен
ном состоянии и от успеха хранения отходов в твердом виде при высокой тем
пературе, а также в связи и с другими соображениями, в докладе обсуждаются 
другие возможности хранения отходов в будущем и их влияние на окружающую 
среду.

T R A T A M I E N T O  Y  E V A C U A C I O N  D E  D E S E C H O S  
R A D I A C T I V O S  E N  LA- P L A N T A  D E  T R A T A M I E N T O  

. Q U I M I C O  D E  I D A H O

Resumen
En la planta de tratamiento químico de Idaho, los desechos ácidos proce

dentes de la recuperación del uranio enriquecido de los combustibles nucleares 
que contienen aluminio, zirconio y acero inoxidable se almacenan en tanques 
subterráneos de dos formas, con capacidades nominales de 30,000 y  300,000 
galones. E l autor describe la organización y  funcionamiento de la sección de 
tanques, así como los métodos utilizados para la evacuación de desechos de 
baja actividad.
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La evacuación de desechos con arreglo al, principio de la “ concentración 
y confinamiento” tiene por finalidad la obtención de una masa sólida que reten
ga los productos de fisión. Los gastos más elevados que este tratamiento 
supone pueden a veces quedar compensados por la reducción de los gastos por 
concepto de almacenamiento. La baja conductividad térmica de los sólidos 
obliga a conceder mayor importancia a la temperatura de almacenamiento que 
en el caso de los líquidos.

Los desechos ácidos de nitrato alumínico que se forman al tratar los com
bustibles del tipo utilizado en los reactores de ensayo de materiales (MTR), 
pueden transformarse en alúmina granular por calcinación en un lecho fluidi
ficado, a una temperatura comprendida entre 350° y  550° C. Los principales 
componentes de tal instalación son: el calcinador alentado por una aleación 
de N aK , un sistema.de depuración de los gases desprendidos y  los tanques para 
el almacenamiento de sólidos. El autor describe el diseño de la instalación, 
así como el programa de investigaciones y desarrollo.

Basándose en los resultados favorables obtenidos con este sistema de calci
nación en lecho fluidificado y  almacenamiento de sólidos a elevada tempera
tura, y  en otras consideraciones, el autor examina diversos sistemas de alma
cenamiento y sus relaciones con el medio ambiente.

TREATMENT, PROCESSING AND FUTURE DISPOSAL 
OF RADIOACTIVE WASTES AT THE.IDAHO  

CHEMICAL PROCESSING PLANT

James I . Stevens
Phillips P etroleum  Co m p a n y , A tomic E n e r g y  D ivisio n , I daho F alls ,

U n ited  States of A merica

I. Introduction
Radioactive wastes from the recovery of enriched uranium from aluminium, 

zirconium and stainless steel fuels at the Idaho Chemical Processing Plant 
(ICPP) fall into the usual categories of high-, intermediate- and low-level 
liquid wastes, gaseous wastes and various solid wastes. The high- and inter
mediate-level liquid wastes are stored in the acidic state in underground stain
less steel tanks. The low-level liquid wastes, those which can be disposed of 
to the environment, are diluted with the plant process water and returned to 
the water table. Gaseous wastes after various treatments are vented to the 
atmosphere and the solid wastes are suitably packaged and buried.

Considerable research and development work is done at the ICPP in the 
field of waste disposal. The plant operating practices and the results of the 
research and development efforts will be reviewed in this paper.

II. Waste compositions and plant operating practices
A . Liquids

A  typical composition of the first extraction-cycle aqueous raffinate waste 
for the aluminium fuels process is as follows:
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Components TBP Process 
(Molarity)

HexoneProcess
(Molarity)

Aluminium Nitrate 1.6 1.5
Nitric Acid 1.0 0
Sodium Nitrate 0.035 0.004
Ammonium Nitrate 0.01 1.7
Ammonium Hydroxide 0 0.2
Mercuric Nitrate 0.02 0.01

The approximate composition of the first-cycle raffinate from zirconium fuel 
is given below:

Ion Molarity

Aluminium 0.62
Zirconium 0.47
Hydrogen 1.0
Fluoride 2.6
Nitrate 1.0

The estimated composition of the waste from processing a stainless-steel 
fuel of the OM RE type is as follows:

Stainless Steel 19 g/1.
Hydrogen Ion 4.34 molar
Sulphate Ion 1.19 molar
Nitrate Ion 2.87 molar
Fission Products 0.19 g/1
Sp. Gr. 1.145

The high-level wastes from the first extraction cycle are collected in the 
processing plant for sampling to determine if the uranium content has been 
reduced to acceptable disposal levels, after which these wastes are concentrated 
by evaporation and sent to the underground storage tanks. Air lifts elevate 
the waste from the cells to permit gravity drainage to the tanks. Each of the 
first-cycle raffinate tanks are of a nommai 300,000 gallon size and are located 
in individual concrete vaults covered with approximately 10 feet of earth for 
shielding purposes. These tanks, nominally 50 feet in diameter, are equipped 
with cooling coils to remove the energy of radioactive decay and are constructed 
of various stainless-steel alloys, principally Types 347 and 304. Peripheral 
cooling coils, of either 1 or l x/ 2 inch schedule 80 pipe on approximately 
12-inch centres and similar diameter bottom cooling coils on 18 to 24 inch 
centres are used to remove heat. In all cases a spare set of coils capable of 
removing the entire heat load is included. The heat-transfer coefficients for 
these coils have been found in operation to be essentially those predicted by  
natural convection heat transfer correlations; i.e., from 45 to 60 Btu/(hr) 
(sq. ft.) (°F).

Treated cooling water is circulated through the coils and heat exchanged 
with raw water from the plant system in order to keep the tank temperatures 
from exceeding 55° С as an operating maximum. However, this temperature 
provision may be relaxed to allow operation at 65° С for a period of as long as 
one year, should the higher temperatures be required for heat removal. The
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sodium dichromate used for treating the -cooling water undergoes radiolytic 
degradation and must be periodically removed from the system and replaced. 
Operating experience indicates that the finely-divided solids of degradation 
do not in any way influence the overall heat-transfer coefficient; however, 
high solids concentrations cannot be permitted because of the possibility that 
the coils may become plugged during those periods when the cooling water 
is not being circulated. Tank cooling is on an intermittent basis, since none 
of the tanks have had heat generation rates so high as to require continuous 
cooling. Corrosion,specimens have been placed in these tanks and are removed 
yearly for evaluation. The data indicated less than 0.1 thousandths of an 
inch penetration in 3.5 years of exposure to the aluminium nitrate waste. 
A  tank wall thickness of 5/16 inch for the bottom and lower sizes and 1/4 inch 
for the upper side and 3/16 inch for the top is the typical construction.

Within each concrete vault is a sump equipped with a steam jet to transfer 
any leakage back into the tank. An elaborate inter-tank transfer system permits 
removal of the liquid by one of a pair of high-pressure steam jets to any other 
tank in the tank farm. This system provides for the contingency of a tank 
leaking and also allows the transfer of waste no longer requiring cooling from 
cooled to uncooled tanks which are, of course, correspondingly cheaper in 
construction. Each tank is equipped with numerous thermo-wells for measuring 
temperatures at various depths, as well as several density and liquid-level 
probes of the pneumatic type. A  pressure recorder-alarm is installed to record 
vapour space pressure and the vapour space from all tanks is connected through 
condensers and a vent manifold into the 250-foot plant stack. So far, the 
operation of the condensers on the vapour-vent system has not been required.

TIME -  TEMPERATURE PLO T FOR WASTE TANK W M -1 8 3

Fig. 1

•In an attempt to determine approximately the energy of radioactive decay 
of the waste and the environmental heat losses from one of these large tanks, 
it was cooled to a temperature considerably below the vault ambient tempera
ture and then permitted to heat up over a long period of time. The results of 
this test are shown in Fig. 1. It  will be noted that the average tank tempera
tures (each point on the curve is an average of 10 in-tank readings) give an 
excellent straight line correlation with a change in slopes at the point where 
the major heat flow in relation to the environment is reversed. Assuming con
stant heat generation from radioactive decay and mathematically treating
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the difference in slopes, it is estimated that approximately 52,000 Btu per 
hour was being lost to the environment. This value is small compared with 
the rate of heat generation, which was approximately 373,000 Btu per hour. 
It is estimated that this heat release is equivalent to 1.96 Btu/(hr) (lb) of 
aluminium oxide.

The storage tanks for the zirconium and stainless-steel processes have ,a 
nominal capacity of 30,000 gallons. These horizontal tanks are installed below 
grade on a concrete pad, with the earth backfill in contact with the tank 
surface. These tanks are constructed of stainless steel, Type 316-Cb, and have 
elaborate overwelds of seams, etc. The tanks are equipped with two sets of 
coils placed along the bottom half of each vessel; however, the voluminous 
quantity of waste per kg of fuel processed makes the heat generation rate 
exceedingly low. As yet, it has been unnecessary to cool these tanks. Corrosion 
specimens removed from the zirconium storage tanks at the end of 2.5 years 
indicate uniform corrosion rates of less than 0.0002 in penetration per year.

The second and third extraction cycle raffinates, along with overflow 
drain, process equipment and laboratory wastes, are collected in small tanks 
before evaporation in the waste processing building. After concentration by  
evaporation, these wastes are then stored in uncooled 300,000 gallon stainless- 
steel tanks similar to those of the first-cycle raffinate. The activity of these 
wastes, while not permitting disposal to the environment, is such that no 
cooling is required.

Because of the vesicular nature and the low ion-exchange capacity of the 
lava underlying the Plant, the disposal of radionuclides to the ground is 
somewhat more restricted than at sites in areas possessing more favourable 
disposal characteristics. The condensate from the waste evaporator is moni
tored before disposal to the water table along with the plant cooling water, 
steam condensate, etc. I f  greater than permissible quantities of radionuclides 
are found in,the evaporator condensate, it is recycled for further treatment. 
All liquids discarded in the disposal well are continuously sampled in order to 
provide a daily record of activity placed in the water table. Instruments that 
constantly monitor , the stream to the disposal well are alarmed if the activity 
reaches a pre-set level. The average level of activity discharged to the water 
table by the approximate 30 million gallons of water per month is of the order 
of 10_ 5 Juc/ml. Ordinarily, the radionuclides which approach drinking-water 
tolerance in the disposal well are I 131 and Sr90. Radioactive decay is relied upon 
to reduce the I 131 to permissible levels and adsorption to reduce the concen
tration of Sr90 should either of these radionuclides momentarily exceed drink
ing-water tolerances during discharge. To date, monitoring wells as close as 
900 feet from the disposal well have not detected any long-lived radionuclides.

B. Gases

During dissolution of the fuel elements, some gaseous radioactive fission 
products are released inside the dissolver vessels. These gases are removed 
under vacuum through condensers and scrubbers before filtering for removal 
of radioactive particulate matter and discharged to the atmosphere, along 
with large quantities of building ventilation air, through the plant stack. 
Radioactive krypton may be recovered from this stream. For normal plant 
operation the disposal via the stack yields an activity level at the base which 
is within established limits.
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In a separate process for recovery of radioactive barium, large quantities 
of radioactive iodine, and xenon are contained in the evolved waste gases. 
Since this process is based upon recovery from a very short aged Materials 
Testing Reactor (MTR) element the quantities and release rates of these 
materials are such that, except under very favourable météorologie conditions, 
it is not permissible to release them directly to the stack. In order to stay 
within prescribed limits, the gases containing iodine and xenon are scrubbed 
with caustic solution to adsorb iodine, passed through activated-charcoal 
beds to further reduce the iodine content and, if required by meteorological 
conditions, can be partially retained in a 10,000-cu. ft.-gas-holder behind an 
earth berm for gradual release to the atmosphere under favourable weather 
conditions. During these operations, which are conducted on an average of
2 days per month, constant liaison between the operating personnel, the wea
ther bureau, and the site monitoring team assures that the quantities of iodine 
and xenon do not constitute a hazard within or outside the National Reactor 
Testing Station (1).

C. Solids

Small amounts of radioactive solid waste materials (1) require disposal from 
the ICPP. These materials, which comprise worn process equipment, rags and 
mops used in decontaminating equipment, and other small items are appro
priately packaged and hauled to a burial ground for permanent disposal.

III. Waste-disposal research and development

Considerable research and development work is carried on at the ICPP  
in the field of waste disposal (1, 2, 3, 4, 5, 6). In general, the approach has been 
the concentrate-and-contain philosophy of waste disposal which has as its 
ultimate aim the reduction of the waste to a solid mass containing the radio
active fission products. The advantages of solids disposal may include (1) a 
greater similarity to earth materials; (2) lessened availability of the fission 
products; (3) reduced mobility; (4) minimum volumes; (5) lessened corrosion 
to storage vessels and liquids; (6) possibly cheaper and simpler storage vessel 
construction; and (7) possibility of separation of certain fission products. 
The disadvantages of increased treatment costs may or may not be offset by  
reduction in storage costs. In the field of solids disposal the thermal conducti
vity of solids makes storage temperature considerations more important than 
for liquids. An extensive review of ultimate and long term aspects of radio
active wastes disposal has been presented by R ogers  and F in e m a n  (7) and 
G ltjeckatjf (8).

The acid aluminium nitrate wastes which to date constitute the major 
volume of waste at the ICPP may be converted to granular alumina by calcin
ing in a fluidized bed at temperatures from 350° to 550°C. Within the USAEC, 
the initial use of a fluidized bed for producing granular solids was investigated 
at Argonne National Laboratory for the denitration of uranylnitrate. Fluidized- 
bed calcination involves atomization of the liquid wastes beneath the surface 
o f the bed and a rapid conversion to nitrogen oxides of the nitrate values and 
vaporization of the water. Scoping studies at the ICPP showed the feasibility 
of producing granular alumina solids by the fluidized-bed technique. The 
simplicity of the equipment and the ease of remote operation suggested that
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a research and. development programme should be undertaken, towards the 
ultimate installation of a fluidized-bed calciner capable of processing high-level 
radioactive wastes.

Upon consideration of the problems expected to be encountered, it became 
apparent that among the first for which the designer would require information 
was the volatility of fission products at the conditions of calcination. Also, 
methods for their removal from off-gas streams would have to be developed. 
Information on volatile chemical species other than fission products would 
have to be developed, along with process design information from pilot plant 
units.

A . Laboratory investigations

Laboratory tests were initiated to determine the residual nitrate contents 
which might be expected in the calciner solids. The results of these tests are 
shown in Fig. 2. It will be noted from these data that the residual nitrate
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content will be very low at temperatures in excess of 350° C. Since the chemical 
processing óf aluminium fuels uses mercuric nitrate as a catalyst, it was desi
rable to determine the disposition of mercury as a function of temperature. 
The results of this investigation are shown in Fig. 3. From scoping studies it 
became apparent that adequate calcining could be done in the temperature 
range 350— 550° C. Upon considering the long-lived fission products and the 
fact that many of these will be converted to oxides during the calcination, it 
was apparent that only ruthenium would have significant volatility in the 
aforementioned temperature range. Laboratory studies (9) were initiated to 
determine the expected volatility of ruthenium during calcining. Simulated 
feeds were calcined in a small laboratory batch calciner, with the result that 
considerable volatilization of the ruthenium was found immediately after 
the temperature of the calciner had exceeded the boiling point of ruthenium 
tetroxide. To determine the possibilities of feed pretreatment or conditioning 
of the fluidizing atmosphere to prevent volatility of ruthenium, a series of 
experiments at 400° С were undertaken. Various attempts were made to alter 
the oxidizing power, defined as the ratio of N 0 2 to NO of the calciner atmos
phere by chemical treatment of the waste solution, nitric oxide fluidization, 
and steam fluidization. The percentage of feed ruthenium volatilized at 400° С

Fig. 4

as a function of oxidizing power is shown in Fig. 4. From these data it became 
apparent that the processing difficulties connected with altering sufficiently 
the oxidizing power of the calciner atmosphere would be great. In addition 
some attempts to scavenge ruthenium from feed solution by use of various 
mercapto-compounds proved to be unsuccessful in the aluminium nitrate 
wastes. It was therefore suggested that it might be possible to scrub ruthenium 
from the off-gas by means of a recirculated scrubber (10, 11); e.g., a Venturi 
scrubber, and do so without the generation of a large volume of contaminated 
nitric acid.

W ith  regard to mass transfer of ruthenium (assumed to be in the form of 
ruthenium tetroxide) from the gas to the liquid phase, a liquid recirculated 
Venturi scrubber should perform as essentially one theoretical stage. Under 
these conditions the appropriate vapour-liquid equilibrium values for the two 
phases define the upper limit of efficiency. It can be shown that
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Ru decontamination factor =
Bleed Rate 

Vapour Rate K  +  l

where

K  =
g Ru/g liquid 

g Ru/g vapour at equilibrium.

A  few values of К  were obtained at 80° С for appropriate nitric acid concen
trations. A  Gillespie equilibrium still was modified so that a stream of air could 
be metered through the still-pot. Appropriate measures were taken to insure 
isothermal conditions in the liquid system and to assay for non-condensible 
ruthenium. Tracer redistilled ruthenium tetroxide was used with conventional 
counting techniques for analysis. The variation in К  with acidity is given in
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Pig. 5. From these data (12) it is apparent that ruthenium transfer to the 
liquid phase will be high for scrub-solution concentrations below 10 molar 
in nitric acid.

Short-term laboratory tests of various solids as adsorbents for volatile 
ruthenium (13) resulted in silica gel being chosen for further study because of 
its relatively high capacity for adsorbing ruthenium, good decontamination 
factors and physical stability in acid gas vapours. Furthermore, the ease with 
which the adsorbed ruthenium could be removed from the silica gel; i.e., by  
water washing, and the granular nature which would permit easy charging of 
the adsorbers from remote areas as well as remote pneumatic removal from 
the system upon loss of its adsorption capacity were obvious process advan
tages.

Laboratory studies indicated that a superficial vapour velocity within the 
range of 0.6 to 1.2 feet per second had no appreciable effect on the adsorption 
of ruthenium. However, the lower vapour velocity undoubtedly produces a 
sharper concentration gradient within the column. Laboratory columns of 
25-inch lengths were sufficient to remove essentially all of the ruthenium under 
favourable operating conditions. I f  the column length was reduced to 13 inches, 
the ruthenium'"decontamination factor was reduced to 1/10 to 1/100 of the 
longer column. The effect of temperature on the decontamination factor was
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found to be very critical. In general it appears from the data (13) shown in 
Fig. 6 that operation of the adsorbing column just above the dew-point of the 
gas (approximately 60° C) would be the most favourable temperature.

RUTHENIUM ADSORPTION ON SILICA GEL

Fig. 6

Laboratory data (13) indicate that the decontamination factor for a silica- 
gel bed improves with each successive regeneration. The residual ruthenium 
on the silica gel has no apparent detrimental effect on the adsorption of ad
ditional ruthenium. In fact, data from current laboratory investigations indi
cate a possible autocatalytic reaction which supports the observed increase 
in ruthenium decontamination factors with continued use of the silica gel.

SILICA GEL FROM RUTHENIUM ADSORBER COLUMN

DIRECTION OF VAPOR F L O W

Fig. 7

Removal of a laboratory test bed in approximately quarter increments indi
cated a step-wise concentration gradient (Fig. 7) with more than 9 8 %  of the 
ruthenium in the first two-thirds of the column. Examination of the individual
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particles from the first quarter of the column shows the ruthenium to have 
penetrated deeply into the particle. When an individual crystal was sectioned, 
(Fig. 8), it was found that approximately 8 0%  of the total volume of the

SILICA GEL FROM RUTHENIUM ADSORBER COLUMN

Fig. 8

individual crystal was blackened by ruthenium. In these tests approximately 
60 g of ruthenium were removed per cubic foot of silica gel, with decontami
nation factors in excess of 1 X  103.

B. Pilot-plant studies— non-radioactive

1. Fluidized-Bed Calcination
Initial experimentation to determine the feasibility of converting aluminium 

nitrate'solutions to granular solids was conducted by Argonne National Labo
ratory. Later work has included four pilot-scale fluid-bed calciners, two by 
Argonne National Laboratory and two by Phillips Petroleum Company. All 
of these units are similar in design and principle but contain slight differences. 
The A N L  units are both 6 inches in diameter, one unit being used for non
radioactive feed while the other, a shielded unit, is used for studies with diluted 
radioactive feed. Heat is supplied to the A N L  calciner by electrical heating 
units attached to the vessel wall. Porous stainless-steel plates are used for 
fluidized-gas distribution and the off-gases evolved are passed through banks 
of sintered stainless-steel filters to remove entrained particles. These filters 
are blown back to remove dust particles which drop back into the fluidized 
bed.

Of the two pilot-scale fluidized-bed calciners operated by Phillips at the 
National Reactor Testing Station, one unit is 6 inches in diameter and processes 
up to 7 litres of aluminium nitrate solution per hour. The other vessel, which is 
two feet square, is designed to process up to 100 1 per hour. The smaller unit 
contains tubular electric • elements, while the larger unit is heated by cir
culation of a N aK  alloy through modified hair-pin heat-transfer coils placed 
in the bed. The N a K  is electromagnetically pumped through these coils. 
Fluidizing air is supplied through a bubble-cap plate which supports the bed. 
The granular product overflows continually into a catch-pot or can be removed 
intermittently through draw-off lines. Two-fluid nozzles are used to spray
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the liquid feed into the calciner below the operating level of the fluidized bed 
but well above the heat-exchanger tubes. Air under pressure is used on these 
atomizing nozzles. All nozzles are equipped with clean-out needles on the 
liquid side.

In the calciners operated by Phillips, the first-stage particle removal from 
the off-gas is effected by a scalping cyclone. The separated fines are returned 
to the fluidized bed by connecting the suction side of an air-jet to the solids 
discharge of the cyclone. The air-jet is motivated by fluidizing air which returns 
the solid particles to the bed by way of the bubble-cap bed-support plate. 
For additional particle removal, the off-gas is passed through a Venturi scrubber 
which utilizes a circulated nitric-acid scrubbing solution. Liquid droplets and 
solid particles are removed from the gas in the second cyclone and a small 
amount of condensate is continuously withdrawn from the system. After 
the off-gases have passed through a cooler and condenser, they are vented to 
the atmosphere through an, AEC-type filter.

Most of the experimental runs have been made with a simulated waste having 
the following composition range:

Aluminium Nitrate 1.7— 2.2 M  
Nitric Acid 1.0— 1.3 M
Sodium Nitrate 0.1— 0.2 M
Mercuric Nitrate 0.005— 0.01 M

A  few runs have been made in which the feed solution also contained ammonium 
nitrate at a concentration of approximately 0.1 molar. Alumina has been 
produced at bed temperatures in the range of 300— 500° Ç although most of 
the work has been carried out at 400° C. So far, data for both the six-inch and 
two-foot square calciners have shown a cyclic variation of particle size distri
bution in the bed. It has not been possible to find reproducible periods or 
amplitudes in these cycles, and it is surmised that these variations are depen
dent upon such factors as rates of nucléation, disposition of existing particles, 
attrition, recycle of fines to the bed, nozzle characteristics and product draw- 
off. Starting with a bed composed principally of 20— 60-mesh particles, a 
typical particle size distribution that might occur is given below:

Tyler Screen Mesh Weight %

+  14 19
—  14 +  20 28
—  20 +  28 27
—  28 +  35 19
—  35 +  60 6
—  60 +  100 0.3
—  100 0.2

The residual nitrates in the product result principally from the sodium 
nitrate present and have varied from 1.0— 1.5 meqper g of solids at a calcination 
temperature of 400° С to 0.6— 0.7 meq per g at 500° C. The bulk density of the 
calcined solids has ranged from 45 to 60 lb per cubic ft depending upon particle 
size, size distribution, and, to an unknown degree, upon individual particle 
densities. Because of the vesicular nature of the solids, precise measurements 
of the particle densities have not been obtained. The volumë of the solids has- 
been approximately 1/7 of the feed solution.
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Most of these experiments employed air as the fluidizirig medium, but the 
use of superheated steam was also tested since it would permit the design of 
a process with a minimum of off-gases and thereby reduce the clean-up problem 
associated with venting the gases to the environment. Fluidization with super
heated steam gave good operation with approximately the same percentage of 
residual nitrate in the oxide as when air was used. However, inadequately 
insulated auxiliaries and the small-scale equipment prohibited long-time 
trouble-free operation of the pilot-scale units.

Kerosene injected into the fluidized bed in an attempt to produce a heat 
source was found to burn in the fluidizing air (at 500° C) and examination 
of the off-gas indicated incomplete combustion. Carbon monoxide was used 
by A N L  in an attempt to destroy the nitrates. While successful, this procedure 
produced temperatures in the free space of the calciner in excess of 700° C. 
Other investigators have added carbonaceous substances to nitrate wastes 
before calcining as a method of nitrate destruction. High-pressure, high- 
temperature gases inside tubes submerged in the fluidized bed gave moderately 
good heat-transfer rates at the,expense of high-pressure drops. The circulation 
of N a K  through modified hair-pin-type coils in the two-foot square calciner 
has proved to be a good choice of a heat-transfer medium. This unit has 
gone through 73 start-up and shut-down cycles and has operated over 2300 
hours in the temperature range over 565° С and 600 hours in the range 400- 
565° C. Operational difficulties have been due to inadequate thermal and 
mechanical designs.

Since minute particles must be removed from the off-gases, it is desirable 
to minimize their production. Furthermore, it is desirable that a consistent 
or predictable particle-size distribution of the product be attainable. A c
cordingly, the control of particle-size distribution in the bed is most important 
in calciner operation. For a given bed the size distribution is, theoretically, 
a function of the equivalent solids feed rate, the mass of the bed and the 
number and size of seed particles introduced per unit of time. Seed particles 
may be produced by attrition in the bed and, in an off-gas recycle system, 
by operation of the feed spray nozzles or by the use of a jet grinder in the 
bed.

It is known that droplets produced by air atomization in a nozzle vary 
in size as a function of the energy levels of the air and liquid streams. Con
versely, for a fixed orifice size, they vary as a function of the air-to-liquid 
volume ratios. High air rates and velocities tend to produce many small 
droplets. Those feed droplets which do not come into contact with solid 
particles in the bed may be evaporated and calcined to form new particles. 
Atomization which produces many fine particles will presumably result 
in a large number of particles that are so small as to pass conventional cyclones. 
Thus, one would expect a small average particle size in a bed fed with nozzles 
operating at a high air-to-liquid ratio. This has been noted qualitatively 
in the operation of the pilot-scale calciners.

A  statistically designed programme for evaluating the effect of the inde
pendent variables of (1) feed rate; (2) fluidizing air rate; (3) spray nozzle 
air rate; and (4) calcination terqperature on the dependent variables of (1) 
soUds loading in the off-gas; (2) product particle size distribution; (3) product 
bulk density; and (4) product nitrate content, is under way. An in-bed sampler 
using the air-lift principle has been found to withdraw a sample of essentially
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the same size distribution as in the product. A  series of manganese tracer 
experiments is being conducted to determine particle growth rates in an 
attempt to evaluate theoretical equations.

2. Off-Gas cleaning studies
Cyclones, Venturi scrubbers, packed-bed scrubbers and electrostatic 

precipitators (14) have been investigated for their particle removal ability. 
The primary cyclones have been found to be at least 9 5%  efficient for the 
removal of solids entering with the off-gas from the calciner. Venturi scrubber 
efficiencies of over 9 9 %  have been realized, with downstream solids loadings 
as low as 0.003 mg per cubic foot. Throat velocities in excess of 700 feet per 
second and scrub rates up to 20 gallons per thousand cubic feet were required 
to obtain this efficiency; they resulted in pressure drops across the scrubber 
of 15 to 20 inches of mercury. The performance characteristics of an electro
static precipitator operating at 8,000— 10,000 V  were found to be essentially 
that predicted by literature correlations. W etted wall surfaces improved 
the overall performance of the unit.

3. Adsorbers.

Because of the known decrepitation of silica gel upon contact with water 
and the unknown efficiency of silica-gel beds as a filtering medium, it was 
necessary to develop a method of operating and regenerating these absorbers.

The mechanical and process-design problems of the ruthenium adsorbers 
were such as to require additional data from a pilot-scale unit. Some of the 
questions for which answers were needed were:

(1) How efficient would the silica gel beds be as a filter for alumina dust ?
(2) W hat pressure-drop build-up would occur as a result of the removal 

of alumina particles or decrepitation of the silica gel during regeneration ?
(3) W hat are the decrepitation and water-retention characteristics of the 

silica gel as a function of repeated regeneration cycles ?
(4) W hat is the best method of regeneration to minimize decrepitation ?
(5) W hat is the best method of remote charging and removal of the silica 

gel beds ?

To obtain answers to these questions The Fluor Corporation, Ltd. (15) con
ducted bench-scale tests to determine filtering efficiency and one-third-scale 
tests to determine the effects of the operating cycle.

A  bench scale unit was found to have a filtering efficiency of approximately 
9 9 %  for a dust with the following size distribution:

Particle Size Observed Particle
(Microns) Distribution (% )

> 1 0 10
5— 10 30
1— 5 50

< 1 10

For periods equivalent to twenty days of plant operation the bed-pressure 
drop increased by a factor of four to five. However, flooding the bed with 
water and bubbling small quantities of air through the column returned the 
pressure drop to its initial value. Visual inspection of the bed did not reveal

495



any significant dust penetration -by this procedure, although appreciable 
quantities of dust remained in the bed after draining away the water.

One-third-scale tests of the plant regeneration operations were simulated 
by exposing the silica gel to moist air with the same concentration of water 
vapour as the estimated plant off-gas, and then slowly increasing to bring 
the silica gel to its maximum water-holding capacity. Following saturation, 
the bed was flooded with liquid water, drained and air-dried. The tests were 
carried through thirty complete cycles. It  was found that silica gel containing 
even as much as 39 weight %  water (40 weight %  was deemed to be the 
saturation point) decrepitated when in contact with liquid water. The decrep- 
tation characteristics and water-holding capacity of the silica gel changed 
markedly after repeated regeneration cycles. After 10 cycles, silica gel dried 
with air at room temperature and humidity did not decrepitate when exposed 
to liquid water. After thirty cycles, the silica gel could not be made to de
crepitate even after drying to 245° C. The water-holding capacity changed 
from 40 weight %  adsorbed when new to 33 %  at 10 cycles, 30 %  at 20 cycles, 
and 27 %  at 30 cycles.

Pneumatic conveying was shown to be an impractical method of filling 
the adsorbers due to attrition of the silica gel ; consequently, a gravity filling 
operation was adopted. Pressure drop increased very slightly with regenera
tions and is not deemed to be a significant factor if the regenerations are 
carried out in the manner outlined. Should a silica:gel bed lose its capacity 
for ruthenium removal or if it becomes necessary to perform maintenance

OPERATION OF RUTHENIUM ADSORBERS 
ADSORBING AND FILTERING REGENERATING BED REMOVING BED

OFF-GAS

Fig. 9

in or on a contaminated adsorber, provisions are made for transporting the 
radioactive silica gel to the calciner-product storage bins. The sequence 
of operations is depicted in Fig. 9.

C. Pilot-Plant Studies— Radioactive 
In order to study the calcination process with radioactive liquid wastes, 

the shielded 6-inch diameter unit at Argonne National Laboratory, equipped 
for semi-remote operation, was used on diluted radioactive wastes. This
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unit is capable of handling about 100 с of 1 MeV gamma radiation and is 
constructed in a concrete shield having 18-inch thick walls. A  previous re- 
port(l-2). has recorded the results of these tests in some detail. In addition 
to those results-, which demonstrated that the ruthenium volatility decreased 
drastically with increasing temperature (e.g., from about 9 0 %  at 350° С 
to less than 1 %  at 550° C), a series of tests using a Venturi scrubber con
firmed laboratory data on acid concentrations and ruthenium removal. 
Further tests employed a silica-gel adsorber which confirmed essentially 
the decontamination factors found for silica gel in the laboratory work. 
Qualitative results indicated that the silica gel bed would have a particle- 
removal efficiency in excess of 9 0 % . Sintered metal filters with a mean pore 
diameter of 10 microns were found to be highly efficient for the removal 
of dust from the calciner off-gases.

D. General process considerations

1. Equipment reliability

The direct maintenance design adopted , for the demonstrational calciner 
makes it imperative that the process equipment operate reliably for long 
periods without maintenance. As previously mentioned, this is one of the 
most attractive features of fluidized-bed calcining. Long continuous runs 
e.g. over 500 hours in a six-inch diameter calciner, and many runs of shorter 
duration followed by rapid turn-around and start-up under modified con
ditions have been made. The two-foot square calciner has not been operated 
in an attempt to establish longevity of operation but rather to determine 
design information at a fixed set of parameters. Therefore, since it was man
datory to remain at fixed conditions it often happened that a run would 
be terminated simply because the conditions chosen were proven inoperable. 
Large-diameter particles formed in the two-foot square calciner have occurred 
with less frequency than in the smaller units. In the latter units these have 
occurred irregularly and infrequently. Deliberate caking of the bed has been 
done in order to investigate the feasibility of removing the bed. The use 
of water and dilute nitric acid at the boiling temperature has been successful 
in breaking apart the agglomerates and permitting removal as a slurry.

2. Materials of construction

The hot and dry atmosphere of the calciner does not present a very severe 
corrosion problem. Ordinary steel appears to withstand the corrosive and 
erosive conditions in the body of the calciner. However, since decontamination 
of this unit will normally be-required at intervals, stainless steel, Carpenter-20 
and carbon steel were compared in test-runs in a 3-inch diameter corrosion 
test' calciner for over a thousand hours at temperatures of 400— 550° C. 
A t 400° С the weight losses were, at most, a fèw thousandths of an inch per 
year; however, scaling was observed on the carbonsteel surfaces. A t 550° С 
more severe corrosion was found, although it is impossible to determine 
whether a large amount of this might not be attributable to excess temp
eratures which were known to have occurred during the evaluation. Some 
corrosion was observed in small-size stainless-steel nozzles in the early tests ; 
howeyer, as larger nozzle sizes were used the corrosion lessened materially.
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Titanium-alloy inserts have performed very well in this service. Erosion 
in stainless-steel jets used for fines return has been markedly reduced by  
the use of inserts of boron carbide or similar material. Improper mechanical 
alignments in these nozzles will greatly accelerate erosion.

3. Heat transfer and capacity

Heat-transfer rates from coils through which liquid metal is circulated 
have been found to vary between 40 and 140 Btu/(hr) (sq.ft) (°F). In general, 
higher heat-transfer rates will be found when the bed consists primarily of 
small particles. Overall heat-transfer coefficients for direct-fired tube heaters 
are generally in the range of 20 to 60 Btu/(hr) (sq.ft) (°F), the estimated inside 
gas film being approximately that which would be calculated from corre
lations for forced convection at high gas temperatures. The 6-inch calciner 
has been operated at rates from 20 to 220 ml per minute. The'2-foot square 
calciner has been operated, at rates as high as 125 1 per hour.

4. Characteristics of alumina produced by calcination

Alumina produced by fluidized-bed decomposition of aluminium nitrate 
consists of white, nearly spherical particles. Under high magnification, porosity 
and a multi-layered structure can be observed.

An X -ray  diffraction study of a sample of alumina produced at 400° С indi
cated that two-thirds of the material was alpha-alumina and the remainder 
was amorphous. Examination of samples produced in a laboratory-size cal
ciner (3 inches diameter) indicated that the alpha phase constituted only 
30%  of the bulk particles and as little as 10%  of the finéis. Ignition of samples 
of aluminium nitrate, dibasic aluminium nitrate, and aluminium hydroxide 
in a muffle furnace at 400° С produced completely amorphous particles. 
Partial conversion of both nitrate compounds to alpha alumina occurred 
between 400 and 800° C, and all. compounds were substantially converted 
to alpha alumina between 800 and 1100° C. This suggests that the dibasic 
nitrate rather than the hydroxide may be an intermediate in the calcination 
process. The form of alumina present will probably affect the resistance of 
particles to attrition and the ability to remove soluble components by leaching.

5. Aspects of solids storage

. The long-term storage of the calcined solids raises many questions, some 
of which are associated with the storage of any radioactive wastes and others 
which apply only to the storage of a solid. Some of the aspects of solids storage 
are discussed in the following paragraphs.

The low thermal conductivity of a granular vesicular solid with in situ 
heat generation makes the thermal considerations of solid storage of much 
greater importance than for liquids. Temperatures exceeding 5600° С (7) 
in moderately large bulk storage have been calculated for solids having 
approximately the same thermal conductivities as earth materials. Since 
small variations in thermal conductivities may have appreciable effects 
on the physical design of a container, it becomes important to determine 
these values experimentally. Thermal conductivity measurements have 
been made by inserting thermocouples at accurately located positions in 
centrally heated spherical and cylindrical beds of the calcined product.
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The apparent thermal conductivity has been found to be represented 
fairly well by a straight line having the following terminal conditions:

к [(Btu) I (hr) (sq. ft) (°F/ft)] °F
0.08 “ ¡ Ж
0.30 1800

Above 1,800° F there is apparantly a transformation in crystal structure 
which may. account for the bulk thermal conductivity being lowered to ap
proximately 0.26 Btu/(hr) (ft2) (°F /ft) and to exhibit a slight decrease to 
approximately 0.23 Btu/(hr) (ft2) (°F /ft) at temperatures in the vicinity 
of 3,000° F.

Since the economics of solids storage will be favoured by large bulk and 
simplified containers it will be necessary to determine the behaviour of fission 
products as the centre-line temperatures of the calcined solids approach 
or even exceed the fusion temperatures. The vaporization and subsequent 
condensation at a position of lower bed temperature can be postulated which, 
if found to occur, would mean that a solid storage system need only assure 
an outer surface sufficiently cool to provide adequate condensation of the 
volatile fission products. Whether the fission products will form more or 
less volatile compounds with the carrier solids is difficult to predict as high 
temperatures are realized. Therefore, it is proposed to construct at the National 
Reactor Testing Station a demonstrational solids storage system to investigate 
these effects when centre-line temperatures are permitted to approach 2,100°C. 
This demonstration will be conducted in a metal vessel approximately 12 ft 
in diameter in an underground concrete vault. It will be surrounded by air- 
cooled ducts to control the temperatures of the metal surface and provision 
will be made to terminate the test should unexpected thermal and radioactivity 
problems be encountered.

Samples of the alumina produced in the pilot-plant calciner were ignited 
in a muffle furnace at temperatures between 700 and 1,200° C. No loss of 
radioactivity was observed in two-hour tests at temperatures up to 1,000° C. 
A t 1,200° С about 85%  of the gamma activity was volatilized-probably by  
decomposition of caesium oxide to volatile caesium metal. Gamma-ray spectro
meter examination of the ignited samples showed that virtually 100%  of 
the caesium activity had been removed at 1,200° C.

Studies of the dilute nitric acid leaching of long-lived heat-producing 
radioactive isotopes from calcined alumina, obtained by decomposing alu
minium nitrate containing about 10%  of full-activity waste, indicate that 
practically all of the caesium, perhaps 3/4 of the strontium and 1/10 of the 
cerium can readily be removed in a multiple-contact operation. This would 
have little effect on the • heat generation rate of calcined solids in the first 
few years from reactor discharge, but with wastes aged 5 years the leached 
solids might generate heat at about 1/3 the rate of unleached solids, as shown 
in Fig. 10. Ruthenium and zirconium-niobium are only slightly extracted. 
Soluble salts such as sodium nitrate, and a small percentage of the alumina, 
presumably the amorphous form, are extracted at the same time.

Perhaps more significant is the reduction in the availability of biologically 
hazardous fission products to contact with ground water which may be effected 
by leaching (16) before storage. For example, in a five-stage batch leaching 
the last solution equilibrated with calcined waste had a Sr90 content which 
was only 1/500 of the initial leach solution. The extraction of cerium appears
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to be more time-dependent and increases with long contact. It  has been 
found that calcined alumina, while not normally considered to be an ion- 
exchange material, has a relatively high affinity for Sr90 and Ce144 in alkaline 
solution such as would be found in many ground waters. A t a pH  greater 
than 8.0, the distribution coefficient (concentration of the fission product 
in the solid divided by its concentration in the solution) exceeded 1000 for 
both Sr90 and Ce144. While Cs137 is less leachable in the pH  range from 8 to 10 
than in dilute acids it is distributed approximately equally between the liquid 
and solid. Vermiculite has been used to decontaminate radioactive effluents 
and has been found to have a distribution coefficient of approximately 1000 
at a solution pH  above 8.0. The vermiculite used was a so-called “ expanded” 
type having a particle-size range of 16 to 100 mesh and a bulk density of 
101b per cu ft. The exchange capacity is approximately 20 meq per 100 g 
of vermiculite. These data suggest that a future storage-system concept 
might use ground storage of leached radioactive solids above a layer of vermi
culite or some material of considerable ion-exchange capacity and a canopy 
or impervious surface to minimize percolation of ground waters. The combi
nation of dilute-acid leaching, storage in contact with the ground and ion- 
exchange materials might provide a reliable long-term, low-cost storage concept.

Although initial plans call for the storage of the calcined alumina in metal 
vessels, alternative approaches involving a more permanent method of fixing 
the radioactivity are being considered. Another method under study at various 
laboratories is the incorporation of calcined solids into a high-alumina ceramic 
glaze formulation which, after being fired to a vitrified mass, would retain 
the fission products with a minimum of additional protection.

The effect of standard ceramic parameters, such as ^composition ratios, 
on glaze firing temperatures and fission product leachability have been studied. 
A  leaching rate of 8 x 10~4%  of the total activity per sq. cm per week was 
obtained with a mixture of one part alumina, one part boria, one part calcia 
and 3.5 parts silica in small spherical pellets about 1/2 inch in diameter. 
A  glaze containing 23%  alumina has been developed which melts at 1,300°C.
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Volatilization of caesium during firing has been encountered in many experi
ments. The production of a synthetic nepheline syenite containing fission 
products has encountered the same problem of volatilization and leachability.

Attempts have also been made at Argonne National Laboratory to apply 
ceramic-glaze coatings to the individual particles of calcined wastes by spraying 
the ceramic in slurry form into a fluorized bed of the alumina in a manner 
similar to the calcination process itself. Successful coatings of several thousandths 
of an inch thickness have been obtained, but poor glazing resulted after 
firing, probably because of reaction of the alumina with the thin ceramic 
layer. Metallizing by a similar process might produce a product less subject 
to water leaching.

Calcined alumina has been incorporated into molten aluminium by a 
simple vacuum operation and it is found upon soldification and sectioning 
that the uniformity of the structure is very high. The total volume is essentially 
that of the alumina. This technique might permit the development of a high 
radiation source which could be retained at satisfactory temperatures by 
relatively simple cooling means. The vacuum casting technique has not been 
evaluated economically, nor has the eifect of water leaching been determined.

IV. Demonstrational waste calcination facility

Under construction at the ICPP is a 60-gallon-per-hour fluidized-bed 
calciner capable of processing the first-extraction-cycle raffinates produced 
when recovering uranium from spent reactor fuel elements at 200 days after 

'reactor discharge. The size and the process design selected for this demon
strational faciUty will hold to a minimum the initial .investment and the cost 
of correcting any system deficiencies that are observed during operational testing. 
The process flow schemes for the calcination unit is shown in Fig. 11. Because 
of indeterminate processing schedules at the ICPP, it was decided that the 
recovery of nitric acid for possible re-use in the chemical processing of fuels 
could not be economically justified. Because it is possible to reject large 
quantities of nitrogen oxides to the atmosphere at this remote location, 
it was decided to vent them through the plant stack. This decision presented 
a very difficult problem to the process designer; i.e., the necessity of removing 
entrained particles from moderately large volumes of off-gases to an especially 
low.level before discharge to the environment. The premises and assumptions 
as well as the design bases (10) for this process are presented in the following 
paragraphs.

The liquid waste will be fed to the calciner through air-liquid nozzles. 
Thèse nozzles were selected primarily because they are the only feed method 
that has been evaluated in pilot-plant tests and because of the simple con
struction which would permit adaptation of remote operation and cleaning. 
Multiple nozzles were, chosen to provide more uniform ' feed distribution, 
to mitigate the consequences of plugged nozzles and to minimize the scale- 
up factors from the pilot-plant tests. The design rate of 60 gallons per hour 
is at a temperature of 400° С which, in laboratory and pilot-plant tests, 
has been consistently shown to produce a relatively dense (45 to 60 lb per 
cu ft) solid product. Laboratory and pilot-plant. tests (the latter by AN L) 
have indicated that the volatilization of ruthenium is suppressed effectively
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by operation at approximately 550° С ; provisions have therefore, been made 
for operation at this temperature with a 1/3 reduction in the design feed 
rate. Radiological safety measures demand that the system operate at sub- 
atmospheric pressure, so that any leaks which may occur will result in air 
being drawn from the building into the processing vessel. Furthermore, 
a secondary advantage is gained by the reduced mass flow of fluidization 
gas required to maintain a given degree of fluidization. The fluidizing air 
and off-gas system is composed of a forced-draught blower for the fluidizing 
air and an induced-draught blower on the off-gases from the calciner. There 
will be no mechanical transport equipment in the major gas streams before 
they have passed through various gas cleaning devices. The calciner pressure 
is maintained slightly below atmospheric by the induced-draught blower. 
The calciner will operate at 10.75 psia and the suction pressure for the induced- 
draught blower will be 7.5 psia. Normal atmospheric pressure at the National 
Reactor Testing Station (NRTS) is 12.25 psia.

While steam fluidization offers the potential advantage of a greatly reduced 
volume of off-gas to be cleaned, it was not considered feasible to install this 
system since it would demand a larger energy input and the recovery of a 
dilute but contaminated acid. Air was selected as the only economically feasible 
fluidizing medium, although pilot-plant tests with a reducing gas, carbon 
monoxide, resulted in reduction of ruthenium volatility. On the basis of 
pilot-plant data, a fluidizing air velocity of 2.24 ft per sec was chosen and the 
calciner diameter scaled up directly from pilot plant data of 100 ml per 
min in a 6-inch diameter calciner. The resulting vessel is (4 ft in diameter 
and the fluidizing air blowers have been specified with wide range flexibility 
to provide a means of controlling particle size in the bed, to permit optimization 
of heat-transfer rates and because of the uncertainties in the pilot-plant 
data from the 6-inch calciner. The fluidization air will be preheated in the 
radiant section of the oil-fired heater in order to improve the heat economy 
of the system.

Three possible methods for heating the calciner were considered: (.1) electric 
heating, (2) direct firing and (3) indirect heat transfer. Resistance electric 
heating was eliminated because of the virtual impossibility of remotely re
placing defective elements. Heating elements used in pilot-plant tests had 
an unpredictable but usually short service life. Provision for an adequate 
number of spare elements would require the sacrifice of a large fraction of 
the internal volume of the calciner and would necessitate complex electrical 
testing and switching gear. While technically feasible, inductive electric 
heating was discarded because of the high costs and the fact that no commercial 
equipment was available to transfer energy at the desired rates. Heat transfer 
from high temperature gases through surfaces in the calciner bed would 
require excessive area for transfer or excessively high temperature levels 
and the latter would present a material or construction problem. H ot gases 
passing directly into the bed would necessitate a calciner of prohibitively 
large diameter. For these reasons an indirect transfer method utilizing an 
external heater and circulated heat-transfer medium was considered the 
most suitable. The high temperature levels involved and the desire to obtain 
maximum flexibility restricted the choice of the heat-transfer medium to 
one of the liquid metals. The eutectic sodium-potassium alloy (NaK) was 
selected in preference to sodium for the convenience of its liquidity at room 
temperature. In general the N a K  system will be of standard design.
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The off-gas from the calciner will pass into a cyclone separator as the first 
device in the. off-gas cleaning system. This unit is a highly efficient one con
sisting of 16 parallel cyclones of 4-inch diameter. Fines collected in the cyclone 
will flow by gravity to the fluidized bed through a dip leg, although provision 
has been made to permit removal of the solids collected by the cyclone by 
either adding them to the calciner-product solids for transport to the solids 
storage bins or returning them below the calciner distributor plate by means 
of an air-operated jet. The design performance of the calciner cyclone is 
estimated as 9 5%  removal for an inlet dust loading of 1500 grains per 1000 cu ft.

The second dust-removal device in the off-gas train is a Venturi scrubber. 
This is preceded by the quench tower which cools the calciner off-gas to 
the scrubber operating temperature of approximately 60° C. The large temper
ature-spread betwéen the calciner and the scrubber makes the quench tower 
necessary-— for a. smaller temperature difference sufficient cooling could be 
effected by the scrubber alone. The quench tower is an empty vessel 5.5 ft 
in diameter by 9 ft with 4 atomizing spray nozzles for injecting the quench 
liquid. A  commercial Venturi scrubber and disengaging vessel are used for 
the dust removal service. Liquid is pumped to the scrubber throat at a rate 
of about 20 gallons per 1,000 cfm of off-gas. The scrubber is estimated to 
have an efficiency of 95%  with an inlet dust loading of 146 g per thousand 
cu ft and a total pressure drop of 40 inches of water. Equilibrium concentrations 
of nitric acid (estimated as 40 weight % ), ruthenium, and dust can be con
trolled by bleeding a small amount of liquid out of the recirculating system. 
The estimated purge of approximately 20 gallons per hour is returned to 
the calciner. The off-gases are then reheated slightly above the condensation 
temperature to remove any carry-over of mist and to prevent condensation 
in the ruthenium adsorbers. Dust and ruthenium are trapped in the silica- 
gel beds of the ruthenium adsorbers, which are periodically regenerated 
with water to remore these accumulations.

Final off-gas cleaning is accomplished in three parallel filter units each 
consisting of a fibreglass prefilter followed by a glass-asbestos final filter. The 
prefilter has an NBS discolouration test efficiency of 30— 35%  and the final 
filter has an efficiency of 99.97%  for 0.3 micron di-octyl-phthalate smoke. 
A  filter replacement is carried out remotely while the other two units are 
left on stream. The filter-face velocities are 180 ft per min during normal 
operation, 220 ft per min during adsorber regeneration, and 270 ft per min 
during filter replacement. The filters are contained in a disposable housing 
which is equipped with internal gas inlet and outlet valves. After remote 
closing .of these valves and. disconnecting the piping flanges, the filter unit 
is lifted into a lead-shielded transport cask by the remotely operated filter 
crane. The cask is then lifted from the cell and removed to a burial ground 
where the filter container is deposited.

The calcined solids will drop from the calciner through an overflow pipe 
and be automatically transported to the storage area. To avoid having to 
clean a second gas stream, the transport air will be used as part of the fluidizing 
air requirement. In this case an induced-draught blower will be. used in a 
stream containing small amounts Of radioactive solids; however, it was be
lieved that the maintenance problems associated with the use of such a blower 
would be, less difficult than cleaning the transport air for reléase to the atmo
sphere. While, the lower air requirements of a dense-phase transport system 
and the reduced abrasion were desirable, they were not. considered to be of
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sufficient value to compensate for the added risk of fine plugs. In general 
a dense-phase system demands more accurate knowledge and closer control 
of particle-size distributions than are currently available. A  schematic diagram 
and flowsheet of the proposed solid storage area are shown in Fig. 12. This
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unit will be capable of containing 360,000 lb of solids with a heat (liberation 
of 2.46 Btu/(hr) (lb of solids) with a maximum centre-line temperature of 
400° C. Because insufficient data were available on the possible effects of 
fission product volatilization, it was deemed necessary to restrict the maximum  
temperature to a level not exceeding 400° C. Although the heat liberation 
is based upon a 2-year-old waste with a fission product spectrum of the M TR  
type, the bed thicknesses are limited to approximately 2 ft because of the 
low thermal conductivity of the solids. The thermal conductivity, which is 
temperature-dependent, is represented by the following equation: к = 1 .3 3  x  

X  1 0 -4 (T +  500.) (English units) for the temperature range 100— 1,800° P. 
External cooling is preferred since a cooling fluid circulating internally would 
become radioactively contaminated and would result in attrition of the solids 
particles. Air was selected as a more economical coolant than water. A  blower 
will be installed for forced-convection cooling but after two years it is estimated 
that the radioactive decay of the solids will reduce the heat-generation rate 
tó the point where natural convection cooling through a short auxiliary 
stack will be capable of maintaining the centre-line temperatures below 
the design value. The solid containers have been designed as concentric 
cylinders with the air passing through the annuli between the individual bins;

Mechanical distribution of solids is not desirable for such a system; the 
designers have therefore chosen a cyclone separator for removing the solids 
from the transport air stream. These solids will fall into distribution headers - 
and will flow from the headers down through the tubes, which are installed 
at an angle greater than the angle of repose, and into the bins. As each bin 
fills the solids will fill this distribution tube and the solids level in the header ‘ 
will rise until the solids can flow down the next higher series of distribution 
tubes into the next bin. Each bin is equipped with numerous temperature 
measuring points for determining the temperature profiles in the solids.
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Y. Some economic aspects oí waste disposal
The economics of aluminium nitrate waste disposal by storage in the acid 

state, neutralization and storage in the alkaline state, fluidized-bed calcining 
and ball-mill calcining have been presented previously (12). For tank storage 
in million-gallon quantities at the N R TS, the total initial investment plus 
chemical treatment was estimated at $ 2.40 and $ 2.62 per gallon of original 
waste for the acid and alkaline storage methods. Since these estimates were 
made, the process design of the ICPP W aste Calcining Facility has been 
completed and partial construction costs are now available. A  revised estimate 
of the expected processing costs for this 60-gallon-per-hour demonstration 
facility has therefore been developed for an operating period of 300 days 
per year and is given, below:

Plant Capacity 432,000 gallons/operating year
Estimated Plant Investment $4,790,000

(excluding solids storage)
S/year $/gallon

Estimated Direct Operating Costs
Labour $146,000 $0.338
Utilities $89,000 $0.206 ■
Supplies $46,000 $0.106

Total Estimated Direct Operating Costs $281,000 $0.650
Total Estimated Indirect Operating Costs $126,000 $0.292

(excluding depreciation and solids storage)
Depreciation (15 years) $319,000 $0.738
Total Estimated Processing Costs $726,000 $1.680

(excluding solids storage)

The initial solids-storage concept for the demonstration waste calcining 
facility is an ultra-conservative one based on the inadequecy of data for 
long-term storage of solids with high centre-line temperatures. This design 
which was described previously is estimated to cost $ 480,000 for a system 
of bins capable of storing one year’s production from the demonstration cal
ciner; i.e., the alumina produced from the calcining of 432,000 gallons of 
liquid. This investment is equivalent to $ 1.11 per gallon of original liquid. 
It  must be borne in mind that the total estimated cost of $ 2.79 per gallon 
o f original aluminium-nitrate waste is for a limited-capacity operation designed 
to demonstrate process feasibility and to obtain engineering design data. 
Larger capacity processes, simplified equipment, and improved storage con
cepts should work together in a manner which will substantially reduce costs.

Bruce (17) has noted that for a power-reactor complex operating at an 
overall efficiency o f 2 5 % , 10,000 M W D /ton  burnup and a recovery process 
generating 1,200 gallons of wastes per ton, it is possible to allocate as much 
as $ 8.00 per gallon to waste disposal costs without exceeding a charge of
0.16 mils per kW h, (2 %  of 8 mil power) for waste disposal. Let us assume 
that a reactor complex will place into a trust fund (either government or 
government-designate managed) a deposit of 0.16 mils per kW h of electricity 
sold and that this fund is invested in such a manner as to return 4 %  interest 
after management charges. Therefore, the yearly income from this fund 
win be $ 320,000 for each million gallons of waste placed into storage. Further
more, let us assume that a private company is interested in investing its 
money in waste disposal facilities and that the company requires a five-year 
payout of its investment money. Assuming a fifty-year period of depreciation
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for the handling facilities, 5 2 %  income tax and yearly operating expenses 
equivalent to $ 0 .0 5  per gallon in a facility capable of managing 1 mi gallons 
of waste, it can be shown that these criteria can be met through the con
struction of a waste storage facility costing $ 0.683 per gallon of waste.

It has been shown (18, 19) that underground storage tanks for a waste 
of the type considered above can at present be erected for a lower unit cost 
than that estimated above. From these considerations it is apparent that 
the present most significant aspects of waste disposal in a nuclear power 
programme will be physiological and psychological rather than economic. 
Conversely, the immediate governing criteria for the researcher in the field 
of radioactive waste disposal is the attainment of greater environmental 
safety within the limits of present economic feasibility. Naturally, one should 
continually strive to attain lower disposal costs.

Assessing money values in a field involving so many physiological, psycho
logical, political and legal ramifications is exceedingly difficult, if not im
possible. It  is, therefore, essential that the scientist and engineer bend their 
efforts to developing modes of waste disposal of assured long-term safety 
and at the same time seek to dispel the occult aura with which the layman 
surrounds the nuclear industry and disposal of its wastes.
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R A D I O A C T I V E  W A S T E  F A C I L I T I E S  A T  T H E  A U S T R A L I A N  
A T O M I C  E N E R G Y  C O M M I S S I O N  R E S E A R C H  E S T A B L I S H 

M E N T

Abstract

This paper describes the facilities,which are being provided for the collection, 
treatment and disposal of radioactive wastes at Lucas Heights in relation 
to the estimated arisings.

Low-activity effluent is divided into three types: (a) Sewage; (b) Trades 
waste, arising from reactor cooling tower blow-down and engineering work
shops and other inactive areas; and (c) Effluent arising from laboratories 
and other active areas.

The effluent treatment plant for the latter type of effluent consists essentially 
of mixing and alkali dosing tanks, a sludge-blanket clarifier (using a calcium- 
iron-phosphate process) and holding tanks. Methods of concentrating the 
sludge and of secondary treatment are at present being investigated and are 
discussed.

The discharge formula and the expected dilution obtained in the Woronora 
river are discussed, together with a dilution experiment carried out in the 
tidal waters.

It is proposed to bury all low-activity solid waste after baling where appro
priate and the choice and location of the disposal area is discussed. A  facility 
for the storage and disposal of highly active solid waste is discussed. It is 
proposed to evaporate and store the medium- and high-activity liquid waste. 
Details are given of the capital and operating costs of the Effluent Treatment 
Plant and other waste handling facilities.

I N S T A L L A T I O N S  P O U R  L E  T R A I T E M E N T  D E S  D E C H E T S  
R A D I O A C T I F S  A U  C E N T R E  D E  R E C H E R C H E  D E  L A  C O M 

M I S S I O N  A U S T R A L I E N N E  A  L ’ E N E R G I E  A T O M I Q U E

Résumé

Le mémoire décrit les installations que le Centre de Lucas Heights crée 
à l ’heure actuelle, eu égard au développement envisagé'en matière de rassemble
ment, de traitement et d ’élimination des déchets radioactifs.

Les’ effluents de faible activité se divisent en trois catégories: a) Eaux 
d ’égout; b) Déchets industriels provenant de la tour de refroidissement du 
réacteur, des ateliers et d ’autres zones non-actives; c) Effluents provenant 
des laboratoires et d ’autres zones actives.

L ’usine affectée au traitement du dernier type d ’effluents se compose 
essentiellement de malaxeurs, de bacs de dosage d’alcalis, d ’un clarificateur 
d ’impuretés fertiles (appliquant un procédé calcium-fer-phosphate) et de 
bassins de retenue. Le mémoire examine les diverses méthodes de concentration 
des impuretés et de traitement secondaire qui sont actuellement à l ’étude.

Les auteurs étudient la formule d ’évacuation et la dilution probable dans 
le Woronora, et décrivent un essai de dilution qui a été effectué dans les eaux 
touchées par la marée.

On se propose d ’enfouir, le cas échéant après empaquetage, tous les déchets 
solidesi de faible activité. Les auteurs étudient le choix et l ’emplacement 
de la zone d ’élimination. Ils font un exposé sur la construction d ’une installation
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destinée au stockage et à l ’élimination de déchets solides à activité élevée. 
On envisage l ’é vaporation et le stockage des déchets liquides à activité moyenne 
et élevée. Le mémoire donne des renseignements détaillés sur les dépenses 
d ’équipement et d ’exploitation afférentes à l ’usine de traitement des effluents 
et à d ’autres installations pour le traitement des. déchets.

У С Т А Н О В К И  Д Л Я  У Д А Л Е Н И Я  Р А Д И О А К Т И В Н Ы Х  
О Т Х О Д О В  В И С С Л Е Д О В А Т Е Л Ь С К О М  Ц Е Н Т Р Е  К О М И С С И И  

П О  А Т О М Н О Й  Э Н Е Р Г И И  А В С Т Р А Л И И

Резюме

В настоящем документе дается описание установок, которые предназначаются 
для сбора, обработки и удаления радиоактивных отходов в Лукас Хайтс в связи 
с предполагаемым увеличением объема работы.

Жидкие отходы низкой активности делятся на следующие три вида: сточные 
воды, промышленные отходы из системы охлаждения реактора, из технических 
мастерских и других отделений, в которых отсутствуют активные вещества; 
эфлюенты из лабораторий и других отделений, работающих с радиоактивными 
материалами.

Завод по обработке эфлюентов последнего типа главным образом состоит 
из баков, в которых происходит смешивание, щелочных баков, где осуществля
ется дозировка, баков для отстоя и очистки (в которых применяется процесс 
кальций-железо-фосфат) и отстойников. В документе обсуждаются исследуемые 
в настоящее время методы концентрации отстоя и его вторичной обработки.

Обсуждаются вопросы удаления отходов и предполагаемого их растворения, 
полученного на реке Воронора, а также обсуждается опыт по растворению от
ходов в других водах, где имеют значение прилив и отлив.

Если есть возможность, то предлагается проводить захоронение всех отходов 
в твердом состоянии с низкой активностью, и в документе обсуждаются во
просы выбора места такого захоронения.

Также обсуждаются вопросы создания средств для хранения и удаления 
высокоактивных отходов в твердом состоянии.

Предлагается проводить выпаривание и накопление жидких радиоактивных 
отходов средней и высокой активности.

Приводятся подробности по капитальным и эксплуатационным расходам 
завода по обработке эфлюентов и других установок по обработке отходов.

D I S P O S I T I V O S  P A R A  E V A C U A C I O N  D E  D E S E C H O S  
R A D I A C T I V O S  E N  E L  C E N T R O  D E  I N V E S T I G A C I O N E S  

D E  L A  A U S T R A L I A N  A T O M I C  E N E R G Y  C O M M I S S I O N

Resumen
La memoria describe las instalaciones previstas para la recogida, tratamiento 

y evacuación de los desechos radiactivos en Lucas Heights, en relación con 
las cantidades que se producirán según los cálculos.

Los efluentes de baja actividad se dividen en tres tipos: a) Aguas de las 
cloacas, b) Desechos de funcionamiento, provenientes de la torre de refrigeración 
del reactor, de los talleres mécánicos y otras zonas no activas, c) Efluentes 
de los laboratorios y  otras zonas activas.
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La planta de tratamiento para los efluentes del último tipo consiste en 
principio en tanques de mezcla y  dosificación de álcali, un clarificador de 
lodos (que emplea un sistema a base de calcio —  herró — • fosfato) y tanques 
receptores. Se están estudiando métodos para concentrar los lodos y  métodos 
de tratamiento secundario, que se discuten en la memoria.

La memoria estudia la forma de descarga y  el grado de dilución que se 
espera obtener en el río Woronora, así como un experimento de dilución que 
se ha efectuado en las aguas de la zona de las mareas.

Se propone enterrar todos los desechos sólidos de baja actividad, embalados 
cuando proceda, y  se discuten la elección y  la situación de la zona de eva
cuación. Se estudia un sistema para almacenar y evacuar desechos sólidos 
de elevada actividad. Se propone la evaporación y  almacenaje de los desechos 
líquidos de media y  baja actividad. Se dan detalles del capital y  gastos de 
funcionamiento de la planta de tratamiento de efluentes y de otros sistemas 
de manipulación de desechos.

RADIOACTIVE WASTE FACILITIES AT THE 
AUSTRALIAN ATOMIC E N ER G Y COMMISSION  

RESEARCH ESTABLISHMENT

C .  L .  W .  B e r g l i n ,  L .  H .  K e h e r , G .  L .  M i l e s  a n d  A .  R .  W .  W i l s o n  

A u s t r a l i a n  A t o m i c  E n e r g y  C o m m i s s i o n  R e s e a r c h  E s t a b l i s h m e n t , 

L u c a s  H e i g h t s , S y d n e y , N S W .

A u s t r a l i a

I .  Introduction

The Research Establishment of the Australian Atomic Energy Commission 
is at Lucas Heights, 25 miles south-west of the centre of Sydney, N S W . 
The site, which is 168 acres (68 hectares) in area, is situated on a small sand
stone plateau above the Woronora River. Most of the site is fairly level, 
but to the east side it slopes sharply down to the river. The nearest settlements 
are about 2 miles (3 km) away. The flow of water in the Woronora River, 
which is dammed upstream, is very irregular and drops as low as 100,000 galls, 
(about 450 m 3) per day in dry seasons. The river enters the tidal reaches 
of the Woronora River estuary at a point about two miles from the site.

The Research Establishment, which will have an initial staff of about 
700, is engaged on a programme of power reactor development. The major 
research projects are associated with studies of a high-temperature, gas-cooled 
reactor and the reprocessing of spent reactor fuels. The research facilities 
include a high-flux materials testing reactor (Hifar) which is a 10 M W  heavy- 
water cooled and moderated reactor, similar to the Dido Reactor at Harwell. 
Associated with the reactor is a group of post-irradiation cells which are 
designed for the examination of highly active samples (up to 1 million c).

The major “ active” laboratory on site is the Chemistry Chemical Engineer
ing Building, which provides facilities for general analytical work, radiochemi
cal and small-scale laboratory investigations and chemical engineering plant
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development. This building has a floor area of iust under 50,000 sq.ft. 
(4,500 m2).

Other laboratories on the site will include a building designed primarily 
for the fabrication of beryllium and its compounds. There is a large building 
which includes metallurgical fabrication and research laboratories, and en
gineering research and workshop facilities. There are also laboratories for iso
tope and technical physics research. Provision is also being made for a medical 
and health physics building and a physics research building (for low-energy 
pile assemblies).

A  small separate laboratory (approximately 2,000 sq.ft., .(180 m 2) has been 
provided for the analysis of radioactive effluents, storage of samples and keep
ing of records. This building also includes some space for the development of 
new methods of effluent treatment. Research into the treatment of radioactive 
waste is also carried out within the Chemistry/Chemical Engineering Building.

A more detailed description of the radiochemical facilities at Lucas Heights 
has been given elsewhere (1).

2. General principles for waste treatment and disposal

Because of its close proximity to a large city, a very strict policy has been 
adopted in all matters concerned with the treatment and disposal of wastes 
which could possibly be contaminated by radioactive or toxic materials (such 
as beryllium).

No wastes are disposed of without prior checking and, in all cases, wastes 
are .segregated as near as possible to their place of origin. In particular, all 
laboratories in which radioactive or toxic materials are being handled are equip
ped with delay tanks for the checking of liquid wastes before they pass to the 
central treatment plant. Further segregation of some highly-active liquid 
wastes is achieved within the individual laboratories. In the case of solid 
waste, a rigid system of certification of all wastes removed from active labo
ratories supplements the checks which are made before final disposal.

Low-activity liquid wastes are treated as described in section 4 and are 
then discharged by pipe-line to the tidal reaches of the Woronora estuary. 
Liquid effluents too active to be disposed of by dilution will probably be con
centrated by evaporation. Small amounts of very highly-active liquid effluent 
may also be stored on site, the containers being located in concrete-lined pits.

Low-activity solid waste will be disposed of by burial in an adjacent site, 
after baling if necessary. High-activity solid waste will be buried underground 
in concrete-lined pits.

Complete records are kept of all effluents arising at the Research Establish
ment and of their subsequent treatment and disposal. These records, together 
with representative samples of all liquids discharged from the site, are available 
for inspection by the State Health Authorities.

A summary of the proposed scheme for treatment and disposal of radioactive 
and toxic wastes is given in Fig. h The scheme includes a number of alternati
ves, which will be resolved on the basis of further experience and research.

Some idea of the scale of the problems involved can be gained from Table I, 
which gives an estimate, based on present operating experience and data from 
other establishments, of the waste which will have to be dealt with in 1960.

In the following sections a detailed description is given of the arrangements 
for the collection, treatment and disposal of radioactive and toxic wastes.
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TABLE I  
ESTIMATED WASTE ARISINGS— 1960

Low-Level Liquid
Volume Total Activity 

/ic/day

gal/day m3/day a /3 У

Sewage 
Trades waste 
Delay tanks

6,000
35.000
20.000

27
160
90

0.3
5

120

5
70

900

Medium-level Liquid 
(too active for im
mediate addition 
to treatment 
plant)

60 0.3 6,oo'o 60,000

Toxic Liquids 10 0.05 (containing beryllium)

Low-Level Solids
cu.ft./day

10 0.3

Toxic Solids 1 0.03 (containing beryllium)

Note: The volume of high-level active wastes is considered too variable to be
estimated.
Low-level active effluent is divided into three types :
a) Effluent arising from laboratories and other active areas. The piping 

arrangements allow for its further subdivision into “probably active” , 
known as “A ” effluent, and “possibly active” , known as “B ” effluent.

b) Trades waste, arising from reactor cooling tower blow-down and engineer
ing workshops and other inactive areas.

c) Sewage.

3. Waste Collection

The sinks in all active buildings are arranged so that alternate polythene 
pipes can be attached for the reception of “possibly” and “probably” active 
effluent to enable their segregation into separate 500 gallon (2.3 m 3) rubber- 
lined sump tanks. From.these, the effluent is pumped automatically through 
stainless-steël pipes into One of a set (usually 3 or 4) of 6,000 gallon (27 m3) 
rubber-lined delay tanks, the operator diverting the flow into another delay 
tank when one is full. Samples taken from the delay tank by a continuous- 
circulation drip method are analysed for pH  and total a- and ^-activity. The 
decision to discharge into the main acid drain (effluent line B) or to remove 
by tanker is made by the Effluent Control Officer, on the basis of his experience 
and the contents of other tanks being discharged at the time. I f  suitable, the 
delay-tank effluents are then directed through effluent pipeline В (6-inch 
bitumen-lined mild steel) to one of the mixing tanks in the effluent treatment 
plant.

Sewage flows directly to a septic tank in the effluent treatment plant area 
whilst trades waste is either directed to a delay-tank system (as is the case
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with the reactor cooling tower blow-down water) or flows directly to the effluent 
treatment plant along effluent pipeline C.

Apart from the above effluents all other wastes from active areas must be 
placed into containers specially provided for the purpose.

Polythene or glass carboys in steel containers are provided for the collection 
of liquid waste which, because of high acidity, presence of solvents or too high 
radioactivity, is considered unsuitable for disposal into the A  or В effluent 
drains. Workers in the laboratories are expected to put liquid known to be 
active and rinsings o f active apparatus into carboys.

High-level liquid wastes must be either placed into a suitable bottle contained 
in a shielded vessel or run directly into mobile flasks. Solid wastes are placed 
into containers which vary from Sisalkraft bags in steel garbage bins up to 
shielded containers for the collection of high-level waste. One type of shielded 
container consists of a set of five concentric cast-iron castles which can be 
used separately or two or more together, depending on the shielding required, 
the maximum thickness obtainable being 7.6 inches (approximately 20 cm).

Before any liquid or solid waste is removed from any active area a label 
is attached to the container indicating the origin of the waste, whether the 
waste is of high or low activity and any other special hazard that is present. 
In addition, for high-level waste, a certificate giving further details is also 
completed. Rigid procedures are followed in the removal and transport o f 
radioactive and toxic waste.

4. Treatment of low-activity liquid effluent

4.1 Description of effluent treatment plant.

The effluent treatment plant provides for the treatment of the low-activity 
laboratory drain effluents, trades waste and sewage. The flow diagram for 
the plant as at present constructed is shown in Fig. 2. Sufficient space has 
been allowed for provision of additional treatment plant or for extensions.

The main acid drain (B effluent) system has been designed to handle 
50,000 gallons (230 m 3) per day. The contents of the various delay tanks 
which have been directed to the effluent treatment plant will be mixed in 
one of two 25,000 gallon rubber-lined mild-steel mixing tanks. A t this stage, 
a concentrated sodium hydroxide solution will be added to adjust the pH  
to a value between 9.5 and 11.5. Numerous reports have shown that the 
decontamination factor both for a and (3 emitters is largely dependent on 
the pH  value used, and that the optimum is about 11.5. The p H  used will 
be chosen after careful assessment o f the performance of the plant, bearing 
in mind the need to avoid any partial neutralization of the treated effluent 
before it can be discharged and the need to avoid too high a total solids con
tent. It  is proposed to work as close to a pH  value of 9.5 as is practicable 
and economical. The pH  will be checked automatically as the contents of 
the tank are being circulated and mixed. When the desired p H  has been 
obtained the contents will be directed to the sludge-blanket clarifier which 
is capable of dealing with 50,000 gallons (230 m 3) per 24-hour day. The basic 
principle of operation of the sludge-blanket clarifier is to pass the incoming 
effluent upwards through a blanket of previously formed sludge. This blanket 
extends from just above the tank floor to a level above the top of the sludge 
well. This ensures that a thick blanket of previously formed sludge is retained
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in the reaction zone, through which the feed must pass. The depth and the 
density of the sludge blanket is controlled to utilize it at maximum efficiency 
the excess sludge being positively removed in a thickened condition.

In operation, the effluent, fed by a siphon arrangement into the centre 
of the tank near the bottom, flows radially through four rotating distributing 
arms out of controlling orifices and into the sludge blanket. The controlling 
orifices are baffled so that the velocity is reduced considerably when the
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efñuent enters the blanket. The dosing chemicals, Ca++, Fe+++ and P 0 4------ ,
are introduced into the feed by means of head boxes. Gentle agitation main
tains the blanket in an active condition to give intimate mixing of chemicals, 
effluent and previously formed sludge. The newly formed insoluble salts 
precipitate directly on the sludge particles already present to give a constantly 
maintained, completely flocculated system. The type of sludge produced 
settles very rapidly and this, together with the filter action of the blanket 
which traps the finer particles, allows the treated effluent to leave in a clear 
condition. Means are provided for varying the speed of arm rotation and 
consequent agitation and for recirculating portions of the treated effluent 
at low plant outputs. This enables the best conditions to be maintained in 
the sludge blanket.

The clarification zone extends from the top of the sludge blanket to the 
surface of the liquid. After passing through this zone, the effluent flows into 
a launder provided with an adjustable weir. The sludge well is designed so 
that current sludge production is withdrawn in a concentrated form. Heavy 
solids that settle directly outside the sludge well are continously raked towards 
the centre and into the annular sludge pocket, which is provided with rotating 
scrapers to further thicken the sludge. The thickened sludge is removed 
from the clarifier by means of a diaphragm sludge pump.

To obtain greater decontamination, the use of ion-exchange material 
after the sludge-blanket clarifier is being investigated. Attention is being 
particularly directed to inexpensive brown coal (lignite) as the ion-exchange 
material in place of vermiculite, which has been suggested by B urns and 
Glu eckau f  (2). Preliminary results indicate that brown coal should be 
satisfactory.

From experience elsewhere it is believed that the calcium-iron-phosphate 
sludge discharged from the clarifier will have a solids content of about 3 % . 
In addition it is reported that this type of sludge is difficult to filter and 
that centrifuging yields a liquid of unsatisfactory clarity. B urns and 
Glueckauf  (2) state that freezing and thawing of the sludge gives remark
able improvement in the filtering rate. However, it is considered that the use 
of the freezing technique to improve filtering characteristics is unreasonably 
expensive and it is proposed that when the sludge-blanket clarifier is working 
to determine whether simpler methods, such as filtering, centrifuging or 
hydrocycloning, would be adequate. The de-watered sludge will be placed 
in drums with or without the addition of cement and stored on a permanent 
waste disposal site.

The trades waste passes through a settling tank to remove as much sedi
ment and grease etc., as possible and is then pumped to one of two rapid 
sand filters designed to handle 40,000 gallons (185m3) per day to remove the 
final traces of suspended - material. The filtered effluent is then directed to 
a holding tank. The sand filters are periodically back-washed with water, 
which is then directed to one o f the holding tanks where the solids are allowed 
to settle and are removed as sludge.

The sewage flows to a. conventional anaerobic septic tank and then through 
a chlorinating plant. From there it is directed to a holding tank. Generally 
a common holding tank will be used for treated sewage and trades waste.

Four holding tanks each of 50,000 gallons (230 m 3) capacity are provided. 
The mild-steel tanks are painted internally with chlorinated rubber-base 
paint.
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The mixing tanks, sludge-blanket clarifier and holding tanks are contained 
in concrete catch ponds so that any overflow or leaks developing in tanks, 
pipes or pumps can be directed back into the treatment plant.

Samples are taken of the treated contents of the holding tanks and the 
pH , total а-activity, total ' /З-activíty and the total suspended solids 
determined. Also the biochemical oxygen demand of the septic tank effluent 
is determined. The discharge of the combined effluents is determined by the 
formula which is discussed in section 5. I f  any of the effluents require further 
treatment they can be recirculated. Three discharge control samples are 
taken. One is checked as stated above, another is held for reference and for 
making up a weekly sample and a third is held for possible checking by an 
outside Government Radio-chemical Inspector. A  weekly combined discharge 
sample is made up and checked and the Ra226 and Sr90 contents are also 
determined. Complete records are kept of all these results.

4. 2. Pipeline.

The treated effluents are directed into the discharge pipeline and flow 
by gravity to the discharge point in the tidal portion of the nearby Woronora 
River. The 6 inch (15 cm.) welded mild-steel pipeline is cement-lined and 
is approximately 9,000 ft (2,750 m) in length. The pipeline is carried mainly 
above ground, on concrete supports, except in some parts where it is laid 
in a back-filled trench. The pipes used below ground are externally treated 
with a coal-tar mixture, asbestos felt wrap and a whitewash coating, whilst 
the pipes above ground are protected by a metallic zinc coating. Suitable 
air valves and scour points are provided. Apart from a double-valve system  
used at the start of the pipeline and the scouring valves there are no other 
valves in the line. A t the discharge point a fan nozzle assists in dispersing 
the effluent. A  regular inspection of the pipeline is made to check for leaks 
and to carry out any necessary maintenance.

5. Disposal into estuarine waters
5. 1. Factors determining safe discharge concentrations.

The disposal of radioactive effluent into estuarine waters presents problems 
very similar to those encountered when discharges into coastal waters are 
contemplated. In order to assess the rate at which the radioactive material 
can be safely discharged on a continuous basis, it is first necessary to decide 
on the concentration levels to which the estuarine waters can be allowed 
to rise before significant dose-rates to individuals result from the ingestion 
of radioactive material via food chains and from other indirect mechanisms. 
The steady-state concentration which would be built up in the critical section 
of the estuary for the proposed discharge rate must then be related to the 
concentration of the discharged effluent to give the relevant dilution factor.

5. 2. Acceptable Activity Levels for Estuarine Waters.

Maximum acceptable activity levels for Woronora estuary waters have 
been set following consideration of the ingestion of radioactive material 
concentrated in oysters, the beta dose to the skin of individuals lying on sand 
which. has taken up activity from the estuary waters and the likely dose 
to flesh should active sand become lodged in a wound.
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The only significant food production from the Woronora estuary comes 
from the oyster beds. In the absence of any direct experimental information, 
the probable uptake of particular radioisotopes by oyster flesh has been 
calculated on the basis of the ratio of the relevant inactive salt concentration 
in the wet oyster flesh and in the marine environment. The maximum allow
able limits shown below on the R a226, Sr90 total alpha and total beta activity 
concentrations of the estuary waters have been chosen to make it unlikely 
that any individual will daily ingest through the oyster food chain more 
than one one hundredth of the occupational maximum permissible daily 
intake of any radioisotope (Recommendations of the International Com
mission on Radiological Protection (ICRP)(3).

Limits placed on the concentrations of radioisotopes in Woronora Estuary waters
by oyster uptake.

Radium 226 1.2 x 10~8 ^c/m l.
All other a-emitters 1.5 x  10 ~7 /л с/ml.
Strontium 90 2.4 x 10” 7 /¿с/ml.
All other fS-emitters 6.4 x 10” 6 /¿c/ml

Measurements of the exchange and absorption capacities of Woronora 
sands and silts have been used to estimate the likely skin doses to persons 
sun bathing on the 'beaches along the estuary shores. Limitation of the weekly 
dose to one tenth of the ICR P 1954 recommendation fixes a further upper 
limit on the beta-gamma concentration of the estuary water. Similarly the 
possibility of sand lodging' in a wound requires a restriction on the alpha 
concentration of the water. The radiation dose received during bathing is 
obviously small and the limits it places on the water concentration are un
important in relation to those discussed above.

The table below gives the overall limits set by the afore-mentioned con
siderations. In general they are not appreciably different from the non- 
occupational maximum permissible drinking-water concentrations, shown 
beside them and for operational convenience the latter have been accepted 
as the limits to which the estuary waters may rise.

Limits on concentrations o f  radioisotopes in Woronora Estuary waters

Radioisotope Allowable Activity 
/ic/ml

Limiting
mechanism

Non-occupation 
drinking water 
concentration 

fx c/ml

Strontium-90
All other ;S-ermitters

Radium-226
All other a-emitters

2.4 x 10” 7 
2.6 x 10” 6

1.2 x 10” 8 
10” 7

Oyster uptake 
Skin dose from 

sand 
Oyster uptake 
Sand in cuts

8 x 10“ 8 
2.6 x 10“ 6 .

4 x 1 0 -9
5 x 10” 8

5. 3. Dilution in estuaries.

Fresh water discharged into an estuary is transported seawards both
by mass flow and by turbulent mixing resulting from tidal motion. The exact 
manner in which these processes combine to form the flushing mechanism
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of an estuary is determined by a variety of factors such as the manner in which 
the estuary was formed, its dimensions, the contours of its bed and the fresh
water inflow. Theoretical predictions of the concentrations which will be 
built up in an estuary as a result of a continuous inflow of radioactive effluent 
are therefore unreliable and experimental investigations are necessary.

Dyes and short-lived radioactive materials have been used as tracers 
for dilution experiments in coastal waters. Such materials are expensive and 
moreover their use in estuarine water might well create a measure of public 
nuisance. A  dilution experiment was therefore planned on the basis of the 
measurement of the salinity changes brought about by a monitored fresh
water inflow.

After a prolonged dry spell, fresh water was fed into the estuary at a rate 
of about 400,000 gallons (1,820 m3) a day. Using a salinity temperature bridge, 
synoptic surveys of the salinity at depth intervals of one metre were taken at 
stations a quarter-mile (0.4 Km ) apart down a 7-mile ( 111/4 Km ) section of the 
estuary at every high and low tide daily for a period of three weeks.

Salinity contours plotted from these surveys showed that the concentration 
gradients were negligible below a point some 41 / 2 miles (71/4 Km)  from the 
discharge point. Attention was therefore focussed on the upper 41/2-mile section 
of the estuary, and in particular on a section extending l 3/4 miles (23/ 4 Km ) 
below the discharge point which formed a semi-discrete basin by virtue of a 
sharp rise in the bed of the estuary.

A  volume-weighted daily mean salinity for each of these river sections was 
calculated from the high- and low-water salinity measurements and plotted 
against time. In each case the salinity finally reached a steady-state value 
corresponding to the situation where each tidal cycle removed as much fresh 
water seawards as was introduced during that period. The ratio of the sea
water content to the fresh-water content within each section, as calculated 
from the mean steady-state salinity, then represents the mean dilution which 
can be expected within the particular section for the particular input flow. 
For other input flows of the same order of magnitude, which do not change the 
mechanism responsible for seawards transport, the mean dilution will be inver
sely proportional to the input flow rate. Experimental dilution values of 30 
and 40 were obtained for the estuary sections extending l 3/4 and 4*/2 miles 
(23/4 and 7 ' /4 Km)  respectively below the discharge point.

5.4 Discharge formula

Multiplication of the maximum acceptable activity levels within the critical 
section of the estuary, here, taken as the l 3/ 4-mile (23/ 4 Km ) section below the 
discharge point, by the relevant mean dilution ratio for the particular discharge 
rate then gives the allowable mean discharge concentrations. For the sake of 
operational simplicity, these have been expressed in the discharge formula 
given below in terms of Ra226, Sr90, total alpha- and total beta-activity content 
which may be discharged each month, on the basis of 100,000 gallons (455 m3) 
discharge per day with no allowance for the increased dilution which might 
be expected for any lower flow rate.

650 Ra +  52 other «-emitters 33 (Ca -|~ Sr) +  all other /З-emitters <  1 
where

“ R a” is the radium content in curies;
“ other a” is the remaining alpha-emitter content in c; ,
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“ (Sr +  Са)” is the combined radiostrontium and radiocalcium contents 
in c; and

“ other /3” is the remaining beta-emitter content in c.

The formula allows for the possible additivity of doses due to different 
radioisotopes or different mechanisms.

An extensive sampling and measurement programme is planned to follow 
the build-up of activity in the estuary environment as a check on the discharge 
formula.

6. Medium- and high-activity liquid waste treatment and disposal

The contents of carboys of medium-activity liquid wastes are checked. I f  
the activity is low and there are no other hazards, the contents are bled into the 
effluent treatment plant. The contents of other carboys are either stored or 
batched for storage. It is expected that the greater proportion of this liquid will 
be amenable to concentration by evaporation and consideration is being given 
to the installation of a stainless-steel vapour-recompression eyaporator to deal 
with these. The delay-tank effluents which are too high in activity for normal 
treatment and other medium- and high-activity liquid wastes will be treated 
in a similar manner.

There will be some high-level liquid waste arising whose chemical character 
will either require an evaporator constructed of some other material or which 
cannot be satisfactorily concentrated. The amount and nature of these are 
rather uncertain, depending to a large degree on research programme activities. 
As their volume, at least in the near future, will be small, it is proposed to 
collect them in shielded carboys and to send them to a central store to await 
disposal.

Other , proposals being considered include the conversion of medium- and 
high-activity liquid wastes to a solid form by addition of cement and subse
quent disposal either to the burial ground or to the high-level storage and 
disposal facility, and sea disposal by direct discharge into the sea or disposal 
of containers into the ocean deeps.

A  long-term research programme involving fixation of the evaporation resi
dues in solid glass form is being undertaken.

7. Solid waste disposal
7.1 Low-activity waste

It is proposed to dispose of low-activity solid waste by burying it in an area 
adjacent to Lucas Heights. This area, which was selected after a preliminary 
geological survey, has a one to two foot soil cover over approximately 10 ft. 
(3 m) of clay and soft shale before reaching hard shale overlying sandstone. 
It is situated on Government-owned land with no habitation for at least four 
miles (61/2 Km ) in a direction sloping towards a relatively large tidal river.

A  more extensive geological survey is being carried out to assist in deter
mining the suitability of the area for disposal and the maximum activity level 
at which waste can be disposed.

An experiment is under way in which some 400 cu ft (11 m 3) of solid waste 
of negligible activity has been buried in a trench 12 ft (3.6 m) deep with
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6 ft (1.8 m) earth cover. A  strong nitrate solution has been added to the solid 
waste and the movement of the nitrate through the ground is monitored. 
Experience elsewhere in ground disposal has shown that nitrate travels more 
rapidly than all fission products and the experience gained in this experiment 
will enable us to assess the limitations of the burial ground. I f  the experiment 
indicates that the area is suitable for burial of active waste it is proposed to 
follow this experiment by a trial burial of waste to which a quantity of fission 
products has been deliberately added.

In order to reduce the bulk of low-level solid waste to be buried, various types 
of baling equipment are being considered.

7.2 Medium- and high-activity solid waste

A  facility for the storage and disposal of high-activity materials and waste 
is at present being designed. It is considered that the volume of high-activity 
waste will be small, but the facility will also be used for the storage of recover
able high-activity materials: and the quantity of these might be variable.

The facility will be divided into two sections. One section will consist 
primarily of a large concrete block with tubular holes of various diameters and 
depths. This section will be used for the storage of high-activity waste under
going decay and awaiting ultimate disposal and also for the storage of any 
high-activity materials which may be required at a later date. The bulk of the 
high-activity solid waste will emerge from the Post-Irradiation Handling 
Cells. It is proposed to fill canisters with the high-activity materials and to 
attach the canister to a plug which will then be loaded into a shielded flask 
by means of the cell posting facility. The flask will be transported to the storage 
block and lifted by an overhead crane to a position above the selected storage 
tube. The flask will be provided with an opening at the bottom and when the 
flask is in position this will be opened and the canister and plug lowered into 
the pit. Since the plug will now shield the operators, the flask may be removed 
and the plug marked to indicate the contents of the hole and the date of 
loading.

The other section of this facility will be used for the disposal of active waste 
which can be handled safely at a distance of about 15 yards (13.5m).  This 
section is primarily a large concrete pit of 30 ft (9 m) depth divided into sub
sections by means of concrete walls. One type of waste it is proposed to dispose 
of in this pit consists in filter units from active extract systems. The containers 
of waste will be taken to the pit and either lowered or tipped by means of the 
overhead crane into the pit. The crane will be designed so that it can be operated 
from a distance and the pit will be covered by concrete blocks to prevent danger 
from accumulated activity. I f  any section of the pit is becoming dangerous to 
approach with safety, sand or concrete will be dumped into that section to 
provide extra shielding.

The facility is being designed so that it should provide sufficient storage 
and disposal space for approximately 15 years and also so that future extensions 
can be easily made. The facility will be enclosed in a building.

An alternative method of casting the high-level activity solid waste in ce
ment in steel drums and then disposing of the drums in the ocean deeps is also 
being investigated. However, it is considered that this method has the disad
vantage of being relatively cumbersome and expensive and also that the waste 
is no longer under control after disposal.
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8. Note on capital and operating costs of waste handling facilities

The approximate costs of the waste facilities have been summarized in 
Table II. Unfortunately, it is not possible to separate the costs of building 
services completely from building costs and the figures are therefore only 
approximate! Furthermore, the cost of excavating in the sandstone of Lucas 
Heights has made for greater expense than would otherwise have been en
countered.

TABLE II

Approximate Cost o f  Waste Handling Facilities

Effluent Treatment Plant 75,000
Additions to Plant (Ion Exchange, etc.) 15,000*
Effluent Delay Tanks and Fittings (at buildings) 95,000
Pipeline to Woronora River 30,000
Low-Activity Solid Waste Disposal 5,000
High-Activity Solid Waste Storage and Disposal 
Evaporator and Medium-Activity Liquid Waste Tank

15,000*

Storage 70,000*
Laundry and Decontamination Centre 35,000
Effluent Control Building 35,000
Equipment, Vehicles, Containers, etc. 25,000

Total: £ A. 400,000

* Preliminary estimate only.

The annual operating cost of the waste handling facilities is estimated at 
£A . 60,000. (Staff involved— 3 Professional plus 15 to 20 Assistants).
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/ T R E A T M E N T  O E  R A D I O A C T I V E  W Â S T E  A T  J A P A N ’ S
¡ A T O M I C  E N E R G Y  R E S E A R C H  I N S T I T U T E
i
,| Abstract

The paper describes the origin, nature and treatment of the radioactive 
wastes. ¡The very low-level liquid waste is diluted and released to the sea, 
while the low- and medium-level liquid waste is treated by flocculation, eva
poration and ion-exchange methods.

The solid waste is collected and the combustible waste incinerated.

T R A I T E M E N T  D E S  D E C H E T S  R A D I O A C T I F S  A  L ’ I N S T I T U T  
J A P O N A I S  D E  R E C H E R C H E S  S U R  L ’ E N E R G I E  A T O M I Q U E

Résumé

Le présent mémoire décrit l ’origine, la nature et le traitement des déchets 
radioactifs. Les déchets liquides de très faible activité sont dilués et évacués 
dans la mer, tandis que les déchets liquides d’activité faible et moyenne 
sont traités par des méthodes de floculation, d ’évaporation et d’échange d’ions.

Les déchets solides sont rassemblés et les déchets combustibles sont incinérés.

О Б Р А Б О Т К А  Р А Д И О А К Т И В Н Ы Х  О Т Х О Д О В  В Я П О Н С К О М  
И С С Л Е Д О В А Т Е Л Ь С К О М  И Н С Т И Т У Т Е  А Т О М Н О Й  
; Э Н Е Р Г И И

i Резюме

В документе описываются природа и характер радиоактивных отходов и 
методы их обработки. Жидкие отходы очень низкой активности разбавляются 
и отводятся в моря, а жидкие отходы низкой и средней активности обрабаты
ваются методами флоккуляции, выпаривания и ионного обмена.

Твердые отходы собираются и по возможности сжигаются.

T R A T A M I E N T O  D E  L O S  D E S E C H O S  R A D I A C T I V O S  
E N  E L  I N S T I T U T O  D E  I N V E S T I G A C I O N E S  

S O B R E  E N E R G I A  A T O M I C A  D E L  J A P O N

Resumen

Los aiutores describen el origen y  la naturaleza de los desechos radiactivos, 
así como los métodos seguidos para su tratamiento. Los desechos líquidos de 
muy bajo nivel de actividad se diluyen primero y luego se descargan en el 
mar, en tanto que los desechos líquidos de bajo y mediano nivel se tratan 
mediante procedimientos de floculación, evaporación e intercambio iónico.

Los residuos sólidos se acopian y los residuos combustibles se incineran.
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TREATMENT OF RADIOACTIVE WASTE AT 
JAPAN’ S ATOMIC ENERGY RESEARCH INSTITUTE
Y t t t a k a  Y a m a m o t o ,  U n i v e r s i t y  o p  T o y k o  a n d  J a p a n  A t o m i c  E n e r g y  
R e s e a r c h  I n s t i t u t e ,  M a s u k u n i  F. I t o ,  T a k e h i k o  I s h i h a r a ,  N o b u o  M i t -  
s u i s h i  a n d  S a d a h i r o  S a k a t a ,  J a p a n  A t o m i c  E n e r g y  R e s e a r c h  I n s t i t u t e

J a p a n

1. Introduction

The Japan Atomic Energy Research Institute (JAERI) was established in 
1956 as the leading institution in Japan. By the beginning of fiscal year 1959, 
about 1,000 employees, including 400 research members, were working there.

It is situated on the east coast of central Japan, facing the Pacific Ocean, 
120 km north-east of Tokyo. Its service water is supplied by the river which 
flows along the north side of the site at a flow rate of (1— 2) x 10s m3/day.

Radioactive wastes may be divided into three groups: liquid wastes, solid 
wastes and gaseous and air-borne wastes. The filtration and monitoring of 
gaseous and air-borne wastes is at present carried out by the Health Physics 
Division of the Institute. The main problems of waste treatment concern 
liquid waste and combustible solid waste. The construction of a waste-treat- 
ment plant for the handling and processing of these wastes is the task of the 
Chemical Engineering Division.

The fundamental principle applied in this work is that no radioactivity 
should be discharged to the environment. In other words, the normal procedure 
should consist of concentration and containment of radioactivity into a small 
volume followed by long-term storage. Dilution and dispersal into the environ
ment should be adopted only in very special cases.

The domestic regulations based on the “ Law for the regulation of nuclear 
source material, nuclear fuel material and atomic reactors” and on the “ Law  
concerning the prevention of radiation hazards due to radioactive isotopes, 
etc.”  require the outlet concentrations of waste effluents and exhausts to be 
less than one-tenth of the maximum permissible concentration recommended by 
the International Commission on Radiological Protection (ICRP). In the waste 
treatment system, we adopted the figure for unknown nuclides both for air and 
for liquid. Accordingly, these values are 10“ 8 /гс/ml for liquid, 10“ 10 /¿c/ml for 
air containing ¡5, у-e mitters, and 5 x 10“ 13 fiс/ml for air containing a-emitters.

A t first sight it seemed a very attractive idea to discharge the low-level 
liquid waste and a part of the medium-level liquid waste into the ocean through
2 km pipelines. Oceanographic and geological examinations have however 
revealed that the whole of the coast was unfavourable for the construction of 
such a pipeline system and we had to give up this idea.

In the spring of 1958, construction of this plant started. The main building 
and storage facilities were completed in August 1958. Treating facilities for 
the low-level liquid were installed by March 1959.

2. Estimation of discharge rate

The basic design concept of the active-waste handling and treatment system
is based on a high degree of segregation at the point of production of wastes.
The next problem is the determination of the capactiy of the waste disposal
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system. For this purpose many factors have to be considered, such as number 
and flux of the reactors, the number of working scientists, the nature of the 
operation, etc.

The waste treatment plant was planned 1956, just after J A E R I had been 
established. A t that time, it was rather difficult to construct a plant suitable 
for the final requirement because the final scale of J A E R I had not yet been 
determined. Practically, it was obliged, as a temporary step, to work on the 
following basic assumptions:

Employees: about 2,500
Reactors : output order of flux
JR R -1 (Water-boiler type) 50 K W t 1012
JR R -2 (CP-5 type) 10 M W t 1014
JR R -3 (natural uranium-heavy water type) 10 M W t 1013

No discharge of high-level waste due to chemical processing of spent fuels
of J R R -3  (first domestic-made reactor), which are expected to be discharged 
after a year of operation.

Estimates of the quantity of waste were made on the basis of data on similar 
nuclear establishments already operated in foreign countries. In particular 
data on the Argonne National Laboratory were used for reference, in view of 
its resemblance to J A E R I in fundamental nature (2).

Finally, the estimated figures and proposed handling scheme were approved 
in 1957 by the Institute’s Committee on fuel reprocessing and waste disposal.

The handling scheme is as follows:

A . Liquid waste:

A . 1. Extremely low-level liquid waste ( ~  50 m3/day) having an activity of 
the order 10~6 ¿¿c/ml or less. It originates from water used for rinsing conta
minated tools in the radioactivity controlled area and is collected in retention 
tanks installed in the basement or neighbourhood of reactor buildings and of 
chemistry laboratories. After monitoring, it is discharged to sea with other 
ordinary drain water, which is expected to amount to 5 x 104 m 3/day (maxi
mum) from the river Kuji. A t the discharge point, the concentration of activity 
should be less than maximum discharge permitted by law, 10~8 ¡icfml. After 
discharge, dilution is expected to exceed 102 and the amount discharged into 
the sea was less than 0.6 me over a recent period of five months.

TABLE I
LIQUID WASTE FROM CHEMICAL RESEARCH BUILDING

Dat9
1959

Extremely low-level liquid waste Low-level liquid waste

quantity
(m3)

mean level 
(/ic/ml)

quantity
(m3)

mean level 
(p e/ml)

F eb . 16.1 2.2 X l O - 6 17.5 7.4 X 10 ®
Mar. 21.0 5.2 x 1 0 - 6 16.4 22.6 X 1 0 -»
A pr. 12.0 3.0 x  1 0 - 6 17.8 . 22.2  x  1 0 -6
May 23.1 4.4 x  10“ e 23.5 28.8 x  1 0 -s
Jun. 5.0 53.5 52.7 x 1 0 ~ 6
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TABLE II
ANALYSIS OF LOW-LEVEL LIQUID WASTE

p H
Specific

conductivity

( il/cm)-1

Si02

ppm

Fe

ppm

A1

ppm g 
To

ta
l 

g 
H

ar
dn

es
s

so4

ppm

Cl

ppm

N 03

ppm

*
3
3}
Й

mg/l

Specific Activity

3, Y

(/ic/ml)

a

f/ic/ml)

2.9 7.1 x 1 0 - “ 9.0 80 10 166 300 49 308 1.7 x 10“ 6 _
3.4 6.7 x 10“ 4 5.4 32 6 170 620 68 130 385 2.0 x 1 0 -6 1.2 x 10“ 8
3.1 . 5.3 x 1 0 - 4 — 4.0 — 97 — — — — 3.9 x 1 0 ^ 6
3.6 3.1 x 1 0 - 4 — 3.4 — 96 — — — — 2.8 x 1 0 -6 —
4.8 2.3 x 10-4 — 1.3 — 90 — — — — 14.2 x 10“ 6 —
2.1 17 x 10~4 7.5 4.4 3 61 627 55 17 510 118 x 10~6 32 x 10“ 8

* Residue evaporated to dryness under infra-red lamp for counting preparation.

A. 2. Low-level liqüid waste ( ~ 5 m 3/day) having an activity of the order 
of 10~4 and 10~5 /¿с/ml. This is also rinsing water, but it is more contaminated 
than extremely low-level liquid waste. This is transported from the retention 
tanks to feed tanks (36 m3 x  4) installed at the waste treatment plant by a 
4 m3 tank lorry.

A . 3. Medium-level liquid wastes ( < 1 0 0  1/day) having an activity between 
1 and 10~3 /ic/rnl. These are waste solutions resulting from various experiments. 
They are collected in polyethylene or glass bottles to prevent mutual mixing, 
and transported by trailer truck to the waste treatment plant for temporary 
storage.

B. Solid waste, the contamination level being normally less than 50 mr/h 
at the surface of the cartons.

В. 1. Combustible solid waste ( < 2 0 0  1/day) is packed into a 20 1 carton and 
transported by a trailer truck to the waste-treatment plant, as in the case of 
the medium-level liquid waste.

B. 2. Non-combustible solid waste ( <  100 1/day) is transported to the treat
ment site in the same way as combustible solid waste.

3. Liquid-waste processing

Most effort is directed to the processing of low-level liquid wastes. For the 
first stage, no facility for medium-level liquid waste was planned, because such 
data as nuclides contained, chemical composition and species etc. are already 
known and also because its discharge rate is relatively small compared with 
that of the low-level liquid waste and it is not impossible to treat it on the 
laboratory scale or to store it for some time. A  treating facility for this waste 
is expected to be installed in a few years.

The processing capacity for low-level liquid waste is planned to be 1 m 3/h. 
This figure is based on the assumption that the estimated daily discharge 
amounts could be treated in a single 8-hour shift. The amounts discharged 
in excess of this estimated value should be dealt with by two- or three-shift 
operation. The same idea will be adopted for solid-waste incineration.

The low-level liquid-waste treatment system consists of three processes: 
(1) flocculation, (2) ion exchange and (3) evaporation.
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3 .1 .  Flocculation
Aluminium hydroxide floe generated by electrolysis with an aluminium elec

trode is used with a concentration of 8 ppm A1 (30 ppm A1 (0 H )3), which is a 
very small amount compared with the several hundred ppm usually used in 
chemical flocculation. This process, which is followed by forced filtration, is 
essentially regarded as pre-treatment for the two subsequent processes, i.e. 
evaporation and ion exchange, and is not expected to demonstrate any decon
tamination ability of its own. It is intended to avoid operational troubles such 
as scale formation on the heating surface in evaporators and decreased 
exchange capacity and increased pressure drop across the ion-exchange column, 
and thus to raise the activity removal ability of the overall system. Although 
its floe concentration is lower than that of ordinary processes, this unit has an 
excellent performance for the wastes discharged from the chemistry labora
tories and the JR R -1 reactor: it yields at 70— 9 0%  removal for /?, ^-activity 
and over 95%  removal for а-activity and reduces silica to 2 ppm in filtered 
waste from the original 10 ppm content.

This floe generation by electrolysis has two distinctive features : (1) it is easy 
to control; and (2) it prevents an increase of the non-active solid contents. This 
unit consists of floe seed generator, settler, pH  controller, rapid filters and 
sludge separator. This process (combined with ion exchange) was originally 
developed for the production of the make-up water to be supplied to the high- 
temperature and high-pressure boiler by eliminating the silica in raw water (3). 
It can be applied with little modification to generate iron hydroxide floe 
instead of aluminium hydroxide or a mixture of both. Spent and contaminated 
sludge poured out from the settler is thickened at least up to several per cent 
and then solidified with cement. A t the working stage in the settler, the floe 
concentration was found to be 0 .9 % .

3.2 Ion exchange
This unit consists of two columns and auxiliary equipment for regenerating 

the resin. Each column contains a mixture of 40 1 of strong acidic cation- 
exchange resin “ Diaion” SK-1 and 90 1 of strong basic anion-exchange resin 
“ Diaion” SA-100. These two columns can be connected together in parallel 
or in series, and in the case of series combination it is possible to choose either 
column as a first column or as a polisher. Moreover, advantage has been taken 
of the fact that both can be served either as mixed-bed or as two-bed columns, 
to make the following arrangement. The normal arrangement is in series; a 
two-bed column in the first column followed by a mixed-bed column in a poli
sher. When leakage begins at the outlet of the two-bed column, the running 
of the ion-exchange system is stopped ; the two-bed column is then converted 
into a mixed-bed column after regeneration, and at the same time, the mixed- 
bed column is turned into a two-bed column by back-washing without rege
neration. Running is then recommenced. This operational mode has the ad
vantage of preventing hydroxide deposition on the resin surface, especially in 
the mixed-bed system, and of insuring a high demineralization capacity in 
the mixed-bed system. The once-through method has not been adopted because 
of the high solid contents and the relatively low specific activity in the liquid 
waste to be treated. Hydrochloric acid and caustic soda are used as régénérants, 
and waste régénérant containing radioactivity is treated by evaporation.

This unit shows the following performances for the liquid wastes having a 
/?, y-activity of 6.6 x 10_ 4 /Mc/ml and an а-activity of 1.7 x 10~fi /ic/ml :
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Decontamination Factor Two-Bed Mixed-Bed Overall 
For /5, y-activity 1.4 x l O 3 3.9 5.3 X  103
For a-activity 1.2 x  103 3.1 X  10 3.8 X  104

In routine operation on the combined system of (1) flocculation and (2) 
ion exchange, about 150 m3 of feed having an activity of 10~5— 10~6 /¿c/ml 
were decontaminated to a level lower than that set in the domenstic regulations 
for unknown nuclides, namely 1 0 -8 /ic/m l, without severe trouble and the 
volume-reduction ratio (decontaminated liquid/spent régénérant) is of the 
order of 4.3.

For instance, some typical data are shown in Table III .
Except in the “ once-through” method, in the case of ion exchange with 

regeneration, the ratio of volume reduction, i.e. the volume of liquid waste 
passed through a column system before breaking through divided by the

TABLE III 
TYPICAL DATA ON OPERATIONS

Specific
Conduc-

tivity

wCO
p- .  Ой д

S i02 Fe Cl s o 4 N 0 3

*Qa Specific Activity

pH О УH eô
W

ppm

'ей0>
Й

P ,r a

(Cl! cm )-1 ppm ppm ppm ppm ppm mg/1 (/je/ml)

Feed liquid 3.9 2.9 x 10-4 142 10.0 62 1.1 X 10~6
Filtered liquid 6.6 3.6 x 10-4 74 1.0 17.2 43 — — — 2.3 X 10-7
Demineralized

liquid
Two-bed 5.5 5 x 10-6 — tr. tr. — — — — 1.4 x 10-8
Mixed-bed 6.3 1 x 10-6 — tr. tr. — — — — i o - 9

Feed liquid 4.5 2.0 x 10~4 143 4.9 24 56 483 97 311 1.5 x 10-6 1.2 x 10-8
Filtered liquid 7.7 2.8 x 10-4 75 2.8 1.7 54 — — 427 6.4 X 10-7 3.6 x 10-10
Demineralized

liquid
Two-bed 6.0 2.5 x 10-6 <1 — — <5 tr. <0 .2 1.4 1.0 X io -8
Mixed-bed 6.6 2 x 10-6 <1 — — <5 tr. <0 .2 — io -9

Feed liquid 9.2 3.4 x 10-4 0.1 1.5 4.8 28 46 25 155 6.7 x 10-4 1.7 x 10-6
Demineralized

liquid
Two-bed 5.3 1.2 x 10-6 tr. tr. 0.1 — — tr. 1.5 4.9 X 10-7 1.0 x 10-9
Mixed-bed 5.3 4.8 x 10-7 tr. tr. tr. — — tr. 1.1 1.2 x 10-8 0.5 x 10-10

* residue evaporated to dryness under infra-red lamp for counting preparation

volume of the spent régénérant, should be quite a critical factor in the econo
mical waste treatment. In general, the volume of processed waste is governed 
by the solid contents in that waste. On our normal operation, 1 m3 of spent 
régénérant is produced and it is quite difficult to reduce this volume to less 
than 0.7 m 3 per single column regeneration. Thus, to maintain the volume 
reduction ratio at more than 5— 10, the solid contents in the liquid waste must 
be less than 200— 300 ppm ; but most of our liquid wastes have more solid 
contents. To process such waste, evaporation is suitable though its running 
cost is high.
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In order to lighten the load on the evaporator, we are trying out an experi
ment using an ion-exchange membrane dialyser from an Ionics Corporation 
brackish-water processing unit, model 300B. W ith this unit, the high-solid- 
content liquid is split into two portions, one being concentrated to about ten 
times the original saline concentration and to about one-tenth of the feed- 
liquid volume, and the other being deionized to about 10%  of the original 
solid and has nine-tenths of its volume. The former would then be treated 
in an evaporator and the latter could be processed in an ordinary ionexchange 
column. By repeating these processes, liquid wastes with 2,000— 10,000 ppm  
solid content could be treated without undue cost.

3. 3. jEvaporation

The evaporation unit installed here is a two-stage concentrating unit, each 
stage being of the natural circulation, steam-heating type. The first or eva
porator stage increases the liquid concentration in it up to a specific gravity 
of 1.15. The bottoms in the evaporator are then transferred to the second or 
concentrator stage, in which the bottoms are evaporated to sludge containing 
over 4 0 %  solid contents (sp gr more than 1.3). This sludge is solidified with 
Portland cement in a 200 1 drum for permanent storage. The decontamination 
ability of each stage was determined by cold experiments. The test liquid 
to be evaporated was 10%  LiCl aqueous solution, and the analysis was 
carried out by flame photometry, so that these results may be applied only in 
the case of non-volatile matter, including iodine, ruthenium, caesium etc. 
The evaporator, pipe line, cyclone, glass-fibre-packed tower and condenser 
system give a LiCl decontamination factor of the order of 107 or more. After 
this test, we are continuing the hot test, using P32 and I 131 as tracers.

In order to obtain design data of this unit, a small scale evaporator was 
installed for basic researches. Result (4, 5) obtained by LiCl-test is as follows:

The decontamination factor of an evaporator proper lies between 104 and 
106, when the vapour-mass velocity is in the range 20— 3,000 kg/m 2 h, and the 
maximum decontamination factor was obtained at about 30 kg/m 2 h. The decon
tamination factor of the pipeline was found to be between 1 and 10, and that 
of the cyclone between 3 and 103. In the evaporating system, consisting of 
evaporator, pipeline, cyclone and condenser, the overall decontamination factor 
was in the range 4 x  105 and 9 X  Ю6. In this case, the mass velocity at the 
maximum overall decontamination factor was about 3,000 kg/m 2 h.

4. Solid-waste processing

4. 1. Non-combustible solid waste

After transportation to the treatment plant, this waste is stored permanently 
in concrete trenches (300 m 3 x  2) without any treatment. J A E R I is now 
contemplating the bossibilities of ocean disposal and ground burial, of these 
wastes.

4.2. Incineration (about 30 kg ¡day)

Unlike the case of liquid waste treatment, we have neither experience nor 
basic research on solid waste incineration. The design of this unit is based on 
the relatively simplified flow sheet proposed by Arthur D . Little Inc. This
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Corporation has experience in the design and construction of the incineration 
unit at Argonne National Laboratory (6, 7). The unit to be installed is com
posed of furnace, Venturi scrubber, cyclone, reheater, high-efficiency filter 
and blower system. Installation of this unit is expected before the end of 1959.

5. Further work

J A E R I has at present only one operating reactor (JRR-1) and about 1,000 
employees. Construction is continuing. Reflecting this situation, the discharge 
volume of radioactive wastes is barely one-tenth of the estimated volume, 
but in two or three years, J A E R I will have the JR R -2, JR R -3 and Japan 
Power Demonstration Reactor (B W R -type, 46.7 M W t) and there is a possibi
lity that the dischargé amounts will exceed the estimated figures. The need 
for medium-level waste storage and treatment facilities is becoming serious. 
The sub-units of these facilities are storage tanks, a small-scale evaporator, a 
mechanical press and so on.

On the other hand, in order to cut down the total operating cost and to 
expand to the ultimate scale of disposal, research on new processes such as 
ground injection, and fixation in clay are being developed or initiated by our 
chemical engineers.

Finally, it should be emphasized that JAERI’s waste treatment plant has 
two sides; on the one hand, it is a plant for the treatment of the radioactive 
wastes discharged from JAERI and on the other it has the character of a 
testing centre for the development of waste disposal in Japan. After several 
years, when similar establishments begin their treatment operations, many 
contributions should be made to their design and operation from the present 
plant.

Acknowledgment

In particular, the authors are grateful to Mr. Yuji Matsuda for his funda
mental research on an evaporator and to Mr. Sen-ichi Sugimoto and his 
co-workers for their. co-operation in the working of our treatment plant.

R E F E R E N C E S
(1) Hydrographic Office, Maritime Safety Agency; Oceanographical Section, Japan

Meteorological Agency; Meteorological Research Institute; Tokai Regional Fisheries 
Research Laboratory; Ibaragi Prefectural Fisheries Experimental Station; Proc. 
2nd UN Int. Conf. Peaceful Uses of Atomic Energy. A/'Coiif. 15/P/I355, (1958).

(2) RODGER, W . A. and FINEMAN, P., Nucleonics 9, 6, 50 (1951).
(3) Japanese Patents Nos. 202, 380; 202, 381; 223, 511; 236, 711.
(4) MITSUISHI, N„ YAMAMOTO, Y . et al., Chemical Engineering (Japan) 22, 680,

(1958).
(5) MITSUISHI, N., YAMAMOTO, Y . et al., Chemical Engineering (Japan) in print.
(6) LITTLE, A. D., Inc., ALI-C-57867 (1950).
(7) HAMPSON, D. C., HYKAN, E. H. and RODGER, W. A., ANL-5067, (1953).





D ISC U SSIO N

Mr. Г. Duhamel (France) (translated from French) : I should like to ask 
Mr. Dunster a question concerning the liquid effluents disposed of in the sea. 
He mentioned such disposal and he also referred to it at the Geneva Conference. 
The amounts seem rather considerable and he spoke of the monitoring that is 
carried out in the sea. It would be preferable to achieve, by monitoring, positive 
rather than negative results, in other words, to trace the effluents instead of 
merely establishing that they could not be found. Does he think that it is 
possible to trace these effluents, for instance, with tritiated water, in order to 
follow their path in the sea.

Mr. H. J. Dunster (United Kingdom) : Basically there is no question of 
negative results involved in this monitoring programme. W ith the amount of 
radioactivity that is being put into the sea the results are positive. They can, 
therefore, be related to the amount of discharge and also to the permissible 
amounts of radioactivity in the various marine items and this is, in fact, the 
basis of the control. It  is less easy to measure the amount of radioactivity 
actually in the sea, although this is by no means impossible, but the interpre
tation is confused because the sea of the Cumberland coast contains a high 
proportion of solids in suspension. Much of the activity is deposited on the solid 
particles and it is not easy to tell whether the radioactivity measured is being 
dispersed or has in fact just recently been stirred up off the bottom. The tur
bulence in this area is considerable and the visibility on the sea bed, for example, 
is of the order of one or two feet.

Mr. F. Duhamel (translated from French) : In my opinion it is not sufficient 
to establish that there is no danger. I wanted to know if it is possible to follow 
exactly the path of the residual waters by tracing them, for instance, with 
tritiated water, which would certainly follow the same path as the effluent.

Mr. H. J. Dunster: There is a complete misconception, I think, in the 
form of the last part of this question, in particular the reference to using tritium 
as a tracer which we could be sure would follow the path of the effluent. The 
one thing we could be quite sure of is that tritium would not follow the path 
of fission products. This is not merely a dilution problem, it is a dilution pro
blem coupled with a series of reconcentration processes, and it is the reconcen
tration processes which are of importance. The hydrographic study is an im
portant part of the whole, but it is only a part. The important thing is to find 
out where the actual material that is discharged goes to and this is the aim of 
the monitoring programme. It is a quantitative study on the movement of 
the activity which is actually discharged.

Mr. H. Wijker (Netherlands) : Mr. Burns showed the formula (Ra x 2,500) 
+  (other alpha emitters x 420) +  (Sr x 50) +  other beta emitters shall be less 
than 20 curies in 30 days for the maximum permitted disposal in the Thames. 
The left-hand side factors are obtained by grouping MPC values; the fig. 20 
at the right-hand side can be written as к x 10- 4 , where 10_ 4 iac/ml is a limit 
for the MPC of all beta-emitters, except Sr90 and к a factor containing dilution 
and safety factors, depending on the approach adopted.

Since the International Commission on Radiological Protection (ICRP) 
has derived new recommended MPC values, a change in the formula might be 
necessary. In Table 3 of the NBS Handbook 69, a grouping based on the new 
MPC values is given (in this grouping the danger of I 131 +  I126 is underestimated 
by a factor of 1.5), and working along the same lines as those from which the
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above formula is derived, this leads to 300 (Ra226 +  Ra228) +  30 (Sr90 +  Pb210) 
+  5 (I129 +  Po210 +  Ra223 +  Pa231 +  natural Th) +  1.5 (At211 +  Ra221 +  Ac227

Th.230 -f- Til232) -f- all other isotopes =  3 x  10~5 k. However, by another 
grouping, a more practical formula can be derived from the new MPC values, 
whereby 1,000 (Ra226 + R a 228) +  100 (Pb210 +  Sr90) +  25 (I129 +  R a223 +  Po210) 
+  10 (other alpha-emitters +  other I-isotopes)+all other isotopes =  10 4 k. 
Here only Pa231, Cs134 and Ca45 are underestimated by 10 % ,  which is acceptable, 
comparing the accuracy of the MPC values. The question arises whether it is 
intended to change the formula in Harwell in accordance with MPC values ? 
In fact it is, and this will lead, to a formula roughly similar to the formulae 
mentioned by the questioner.

Mr. R. H. Burns (United Kingdom) : The particular formula I  quoted is the 
one in operation for Harwell at present. It depends upon the flow in the Thames 
and other considerations and cannot be used, as such, for any other establish
ment. The ICRP have considered new regulations which have not yet been 
issued. Some of the permissible levels have been altered and I  think we at 
Harwell, in common with anyone else who uses this formula, must look at 
these new regulations to see how we can alter it, particularly if the new ICRP  
recommendations are more stringent. In fact, that is precisely what we are 
doing now and. we are arriving at a rather similar formula to that referred to 
in the question.

Mr. B. F. Kolychev (USSR) (translated from Russian) : I  would liké to point 
out that our experience shows that the use of ion-exchange resins for the puri
fication of low-activity wastes is very effective and we are very pleased to note 
that this is also indicated in Mr. Burns’ report. I would like to say, however, 
that our experience shows that the degree of purification is at least one order 
of magnitude greater when ion-exchange resins are used. May I ask Mr. Burns 
what resins or, at least, what kinds of resin are used in the United Kingdom ?

Mr. R. H. Burns: In our medium-level plant, of which I showed you a flow 
diagram, we had to make up our minds whether to use synthetic resins of high 
capacity, which are only economical to use if you can regenerate them. I f  you 
regenerate them you finish up with a concentrated waste which is sometimes 
more difficult to get rid of than was the original liquor. W e decided, therefore, 
to use a cheap, naturally occurring material, and of those that we have tried, 
vermiculite, a natural product, is the best. I agree that you can get higher 
orders of decontamination using the synthetic resins, and these we will use in 
our high-level plant, but the activity, the 0.3 for the 0 .5 % ,  which remains 
after our medium-level plant is largely anionic or non-ionic and mainly due to 
ruthenium.

Mr. S. H. Small (Norway) : W hat is the extreme range of monitoring ? I 
ask this because of the possibility of effluents from one plant affecting operation 
of other plants, possibly in other countries.

Mr. H. J. Dunster: I  am not sure that I can give you an absolutely up-to- 
date figure on this. It is possible to detect the effluent from Windscale in certain 
highly concentrating materials, such as fine particles, at distances of the order 
of 70 kilometres, but only if one looks extremely hard. The levels are below 
the natural background of materials at this sort of range. It is certainly true 
that if two plants discharge into the same area of the sea they must be consi
dered as a joint operation. In practice, however, the limiting factors are usually 
those that arise fairly close to the dispersal point and interaction, while it 
needs to be considered, is not likely to be particularly important. One does not,
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for example, expect to find chemical processing plants every few miles around 
the coast-lines in any part of the world.

Mr. P. Cohen (France) (translated from French) : I would be very happy if 
Mr. Burns could give us some information concerning the three following points. 
He explained his basic approach to the treatment of highly-active liquids. 
Could he tell us, first of all, what is the activity anticipated in the case of such 
liquids and their salt content % He also said that the factor of anticipated 
decontamination was 105. W as this factor arrived at after a chemical treat
ment plus ion exchange or a chemical treatment plus evaporation ? Secondly, 
with regard to the disposal of solid waste into the sea he referred to the disposal 
of 4,000 с of beta-gamma residual activity per year on the continental shelf. 
Could he give us details concerning these solid wastes ? Are they sludges, and 
what is the depth of the continental shelf at this point ? Thirdly, with regard 
to the new ideas on the fusion of sludges with metals and incineration ashes, 
could he tell us what the fusion temperature is and what type of plant was 
used ?

Mr. R. H. Burns: High-level at Harwell is, so to speak, low-level at Wind- 
scale, but our high level is anything above 1 ¿uc per ml. This is the type of acti
vity level. W e expect confidently to obtain the decontamination factor of 105, 
either by chemical treatment plus ion exchange or chemical treatment with 
evaporation, but not by chemical treatment alone. The salt content varies 
very considerably but an average figure would be something of the .order of a 
100 ppm. The waste disposal at sea on the continental shelf consisted largely 
of the chemical sludges from our low-activity treatment plant, together 
with non-floatable objects. W e do not discharge floatable objects in this area, 
which is used by our services for other purposes, such as unstable ammunition, 
and the depth is approximately 100 fathoms. The fusion experiments, which 
I  mentioned are still very much in the experimental stage. W e are using a high- 
frequency furnace. The temperature we used was that which was sufficient to 
melt the highest melting-point metal present. It can vary, therefore, from 
aluminium to steel but, on the whole, it is averaged out at about 1,100° C.

Mr. Y. I. Spitsyn (USSR) (translated from Russian) : In this first paper at 
the first Geneva Conference, concerning the disposal of activity into the Irish 
Sea, Mr. Dunster said that a concentration of plutonium on the seashore and 
beta-emitters in plant and animal organisms were observed. Have these data 
been confirmed and, if so, why are such active solutions disposed into the sea 
although, as we have heard, an excellent method of purification of low-activity 
waters has been devised in Harwell ?

Mr. H. J. Dunster: The first paper which I  presented on this subject to the 
Geneva Conference was, in fact, a paper on the theoretical assessment of the 
problem rather than the practical measures and we were, to a great extent, 
guessing with regard to the behaviour of plutonium in the marine environment. 
Broadly speaking, experience has shown that our guesses were pessimistic and 
that the degree of concentration of plutonium has not been as high as the fac
tors we had originally assumed. The question of the policy to be adopted re
garding this type of disposal is basically an economic one. It would be more 
appropriate, perhaps, to discuss this in some detail this afternoon in the session 
dealing mainly with policy matters, but I  can say here that one should not 
consider, in assessing this type of discharge, what is the amount of activity, 
involved but rather, what is the dose to which human beings are exposed as a 
result. In the case of the discharges from Harwell, the liquid goes directly
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into the drinking-water supply for a large number of people. From Windscale 
it goes into a marine environment with considerable dilution and a relatively 
limited utilization of marine resources. The significance of the two discharges is, 
therefore, different by many orders of magnitude and a mere comparison in 
terms of curies is not particularly valuable. I think the essential answer to 
this question is that, if discharges can be made without inadmissible exposure 
of people or damage to the environment, and if this is the major economic 
point, they should be made. W e were told earlier in this conference that it was 
estimated that something like 80 %  of the cost of waste disposal in the United 
States was likely to go into intermediate wastes. I f  this problem can be solved 
in a markedly economic manner, without exposing people to objectionable 
levels of radiation, such a solution should be seriously considered. That is 
precisely what Windscale is trying to do.

Mr. P. Cohen (France) (translated from French) : I  was very pleased to learn 
from the proceedings this morning that scientists of various countries working 
under different conditions have nonetheless reached the same conclusion, 
namely, that it would be a good idea to treat high-activity wastes with various 
reagents in order to form an insoluble glass. Since the data given by Mr. Zima- 
kov appear to be laboratory results, I  should like to ask him whether he envisa
ges the use of this process on a semi-industrial or even a fully industrial scale. 
This may, for all I know, already have been done. But if it has not, I should 
be interested to know how the type of liquid involved is stored at present.

Mr. P. V. Zimakov (USSR) (translated from Russian) : First of all, I am 
very glad to hear that people agree with the views put forward in our paper.
I  ought, however, to add that it is unfortunately not quite correct to describe 
the glass in question as “ insoluble” . The glass we produce in our process is 
slightly soluble. W e are trying all the time to reduce this solubility, but in any 
case it is so slight that such blocks could be quite safely dumped into water 
tanks. W ith  regard to the scale of the work, I  can say that the research in which 
we are engaged is not purely academic but is consistently directed towards 
attaining greater safety in waste disposal.

Mr. E. Glueckauf (United Kingdom) : W ould Mr. Zimakov be so good as to 
tell us what was the composition of the glasses with which he and his colleagues 
experimented and whether the lower leaching rate above 900° С was due to 
the reduced surface area obtained by sintering or to a change in the crystallo- 
graphic structure of the ceramic material. Finally, would he also indicate what 
were the fission products leached from the materials in the slides he showed ?

Mr. P. Y . Zimakov- (translated from Russian) : W ith regard to the compo
sition of the fused masses of which I spoke, I am sorry that lack of time pre
vented me from giving the approximate composition of the materials added 
and of the blocks finally obtained. Mr. Glueckauf will, however, find this infor
mation in the published version of our paper.

W ith regard to ways of decreasing the solubility of the fused mass, we use 
only two methods. I should perhaps first explain with regard to the actual 
composition that we come up against the need for a very high fusion tempera
ture in the case of those compositions which give the highest degree of insolubi
lity. You will recall that in my paper I emphasized the danger of the formation 1 
of aerosols in work at high temperature. By way of conclusion, I can say that 
the only other way which we and other research workers in the glass fieled in 
the Soviet Union have found is to subject the material to a special crystalli
zation process so as to produce a very fine crystal structure. This has a consi
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derable effect on the hardness and the mechanical and chemical properties 
of the fused masses themselves. W e are at present examining the use of this 
method for the purpose of fixing fission fragments.

Mr. E . Glueckauf: The third part of m y question was what kind of fission 
products were leached out : caesium, strontium or some other product ?

Mr. P. V. Zimakov (translated from Russian) : The most dangerous product 
in this connexion is clearly strontium. I  put strontium even before caesium, 
because in order to incorporate it in very hard structures where it should enter 
into the actual crystalline framework of the block we at present have to use 
pretty high temperatures. But, with the use of the second method I  mentioned 
in m y previous answer— the special crystallization process— we hope to obtain 
fusions of sufficient hardness without the need to work at very high tempera
tures.

Mr. Bonniaud (France) (translated from French) : By what means does 
Mr. Zimakov propose to fix the ruthenium and caesium volatilized during the 
fusion process ?

Mr. P. V. Zimakov (translated from Russian) : That is a very good question. 
Ruthenium is in fact the product which gives us most trouble. Firstly, I  think 
that, at the stage we have so far reached in our work, we are quite reconciled 
to employing a secondary recovery process for that product. W e are constantly 
changing the mode of preparing the fusion and the composition of the ingre
dients in such a way as to reduce the volatility of the ruthenium. There are 
ways of doing this. In particular, as you probably know, since it has appeared 
in the literature, ruthenium is far less volatile in an atmosphere of carbon 
dioxide.

Mr. Bonniaud (translated from French) : A t Saclay we use a ruthenium- 
fixing process rather similar to that described by Mr. Aikin. W e add a com
pound in granular form which contains 10%  Fe and this fixes about 9 9 %  of 
the ruthenium at 800° C. W e then raise the temperature to 1,200° to obtain 
finally a glass in which the ruthenium is irreversibly fixed. Prima facie this 
seems quite an attractive possibility.

Mr. P. V . Zimakov (translated from Russian) : I  suggest we continue this 
discussion privately after the meeting.

Mr. P. Cohen (translated from French) : I  believe Mr. Rodger gave the volume 
reduction factor obtained by means of a calcinator as three. Mr. Burns in his 
paper this morning gave a ratio of 80:1 for the results obtained at Harwell. How  
does Mr. Rodger explain this difference ? Is it because the types of waste are 
not the same in both cases ? Or is it due to technical differences in equipment ?

Mr. W . A . Rodger: I  presume that Mr. Cohen is referring to incineration.
Mr. P. Cohen (translated from French): That is correct.
Mr. W . A . Rodger: The volume reduction by calcination (it was not given 

in the papers) is actually about 7 :1 .  The volume reduction which I quoted 
for incineration, was 20 :1 ,  or 9 5 % .  That is the result actually obtained during 
two years’ burning of a wide variety of combustible waste. I, too, noted the 
difference between that figure and the one quoted by Mr. Burns this morning. 
For them to get so high a volume reduction factor at Harwell, I  can only 
assume that they go in for more segregation of the waste at source than we do 
and burn largely cleansing tissue and similar bulky items, because you cannot 
get so high a figure with mixed waste which includes wood and items that have 
a high ash-content. I stand by the figure I  quoted.
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■Mr. P. V. Zimakov (translated from Russian) : Mr. Rodger made what seems 
to me a very interesting suggestion that it might well be worth while to re
cover the separated isotopes and use them in industry. In that connexion, I 
would like to ask him if he had in mind the use of fragmented, concentrated 
material or of separated products as radiation sources for irradiation purposes.

Mr. W . A . Rodger: I am not sure whether I caught all of that series of 
questions. Certainly work is being done in many countries on the use of sepa
rated fission products for a variety of purposes. I do not wish to imply that I  
am against such uses, but the only point I was trying to make in that part of 
my paper is that such research will not solve the waste disposal problem. 
Whether the separated products are put to profitable use or not, the disposal 
problem remains unchanged.

Mr. R. H . Burns (United Kingdom) : I  should perhaps explain, with reference 
to Mr. Rodger’s reply to Mr. Cohen, that at Harwell we segregate solid waste 
into two classes, combustible and non-combustible. The combustible waste, 
comprising tissue paper, plastics, protective clothing, animal remains, and so 
on, is incinerated in a special incinerator and the volume reduction obtained 
over the past six years has averaged 80:1.

Mr. G. Wormser (France) (translated from French): Mr. Rodger spoke just 
now of resin treatment of effluents containing about 300 ppm of solids. Can 
he give us further details on the origin of such effluents at Argonne and the 
quantity that may have to be treated in that way ?

Mr. W . A . Rodger (United States of America) : The water we obtain from our 
wells is not treated before being fed to our plant; it is extremely hard and con
tains, as a matter of fact, approximately 300 ppm to start with.
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T H E  P U B L I C  H E A L T H  P R O B L E M S  O F  N U C L E A R  W A S T E
D I S P O S A L

Abstract
The fundamental bases of the control of public health problems in conne

xion with the disposal of radioactive wastes are the Recommendations of 
the International Commission on Radiological Protection. These Recommen
dations cannot be applied directly to the disposal of waste because the released 
radioactivity rarely reaches man in a direct manner. The setting of maximum  
permissible discharge rates, therefore, involves a knowledge not only of 
man’s utilization of his environment but also of the diverse processes which 
govern the behaviour of radioactive materials in that environment. As an 
example of the way in which the United Kingdom has dealt with these problems 
the paper discusses the discharge of low-activity liquid wastes into the sea, 
and refers briefly to the similar problems of assessing discharges into rivers 
and disposal into the ground or the deep sea. The paper concludes that it 
is possible to demonstrate without difficulty the safety of most proposed 
waste-disposal operations but that meticulous investigation and control 
are necessary whenever substantial amounts of radioactivity are to be released 
to man’s environment.

L ’ E L I M I N A T I O N  D E S  D E C H E T S  R A D I O A C T I F S  E T  L A
S A N T E  P U B L I Q U E

Résumé
Les données de base relatives aux mesure de santé publique touchant 

l ’élimination des déchets radioactifs sont fournies par les recommandations 
de la Commission internationale de protection radiologique. Mais ces recom
mandations ne peuvent pas être directement appliquées à l ’élimination des 
déchets, car il est rare que l ’homme se trouve directement exposé aux radia
tions émises. Pour pouvoir fixer, en matière d ’élimination de déchets, un taux 
maximum admissible, il faut donc connaître non seulement le comportement 
de l ’homme dans le milieu considéré, mais aussi les processus suivant lesquels 
les matières radioactives agissent sur ce milieu. Prenant comme exemple ce 
qui est fait au Royaume-Uni, l ’auteur étudie la question de l ’évacuation dans 
la mer de déchets liquides de faible radioactivité et il donne un aperçu des 
problèmes que pose la fixation d ’un taux maximum en ce qui concerne l ’éva
cuation des déchets dans les rivières, leur enfouissement' dans le sol ou leur 
immersion dans les eaux profondes de la mer. L ’auteur conclut qu’il est pos
sible de démontrer sans difficulté que la plupart des solutions proposées offrent 
toutes les garanties de sécurité voulues, mais qu’une enquête et un contrôle 
rigoureux sont nécessaires lorsque des doses substantiefles de radioactivité 
peuvent se répandre dans une zone d ’habitat humain.

П Р О Б Л Е М Ы  О Х Р А Н Ы  З Д О Р О В Ь Я  В С В Я З И  С У Д А Л Е Н И Е М
Я Д Е Р Н Ы Х  О Т Х О Д О В

Резюме
Рекомендации Международной комиссии по защите от радиоактивного 

облучения являются фундаментальной основой контроля, который связан 
с проблемами охраны здоровья. Эти рекомендации нельзя применять непосред
ственно к удалению отходов, так как высвобожденная радиоактивность в ред
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ких случаях оказывает непосредственное воздействие на человека. Поэтому 
установление максимально возможной скорости сброса требует знания не 
только того, как человек использует окружающую его среду, но также различ
ных процессов, которые управляют поведением радиоактивных материалов в 
этой окружающей среде. В качестве примера того, как решают эти проблемы в 
Соединенном Королевстве, в докладе рассматривается сброс в море жидких 
отходов с низкой радиоактивностью и кратко разбираются подобные проблемы 
отвода отходов в реки и захоронения их в грунт или в глубины морей. В доку
менте делается вывод, что без особого труда можно продемонстрировать 
безопасность большинства предложенных операций по удалению отходов, но 
необходимо тщательное исследование и контроль в тех случаях, когда в окру
жающую человека среду отводится значительное количество радиоактивных 
материалов.

P R O B L E M A S  QUE P R E S E N T A  P A R A  LA  SALUD P U B L IC A  
LA  E V A C U A C IO N  DE DESECHOS R A D I A C T I V O S

Resumen
Los principios en que se base la solución de los problemas que presenta 

para la salud pública la evacuación de desechos radiactivos son las recomen
daciones de la Comisión Internacional para la Protección Radiológica. Estas 
recomendaciones no pueden ser aplicadas directamente a Ja evacuación de 
desechos debido a que la radiactividad producida no alcanza casi nunca al 
hombre en forma directa. Así pues, para establecer las cifras máximas de 
descarga radiactiva admisibles es preciso conocer no solamente la forma en 
que el hombre emplea el medio que le rodea sino también los distintos pro
cesos que rigen el comportamiento de las materias radiactivas en ese medio 
precisamente. Como ejemplo de la forma en que el Reino Unido ha tratado 
estos problemas, el autor de la memoria hace un estudio de la descarga de 
desechos líquidos de baja actividad en el mar y se refiere brevemente a los 
problemas similares que plantea el control de las descargas en ríos y de la 
evacuación en el suelo o en alta mar. Llega a la conclusión de que es posible 
demostrar sin dificultad el grado de seguridad de la mayoría de las operaciones 
propuestas para evacuación de desechos, pero que es necesaria una investiga
ción y un control meticulosos siempre que haya que evacuar desechos de alto 
nivel radiactivo en las proximidades de habitaciones humanas.

THE PUBLIC HEALTH PROBLEMS OF 
NUCLEAR WASTE DISPOSAL

H . J. D unster
U nited  K ingdom  A tomic E n er g y  A u th o r it y , H ealth  an d  Saf e t y

B ran ch .
U n ited  K ingdom

1. The principles of waste disposal
Although man has always been exposed to radiation from natural radio

active materials and from cosmic rays, there are few grounds for believing 
that this radiation has been a beneficial feature of his environment. It has
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provided a cause of genetic mutation and in that sense must be regarded 
as contributing to man’s evolution, but it is known that severe doses of 
radiation cause biological damage and malfunctioning, and it is possible 
that these injuries may very occasionally be caused by the low intensities 
of the natural background of radiation. In these circumstances, it is clearly 
prudent to require justification for the use of ionizing radiation and for any 
significant increase in the exposure to it of members of the general public. 
The benefits of nuclear power, of the therapeutic uses of radioactive materials, 
and of the scientific and technological advances resulting from the use of 
radioactive tracers provide this justification, while the Recommendations 
of the International Commission on Radiological Protection (ICRP) provide 
a standard by which to judge the significance of any exposure.

The Recommendations of the ICRP divide exposure of the population 
into two categories: exposure of the public living in the neighbourhood of 
controlled areas, and exposure of the population at large. The former category 
deals with the exposure of individuals, while the latter is concerned primarily 
with the genetic problem and therefore deals with the average exposure 
of the whole population. The recommended maximum permissible doses 
also vary from organ to organ and include doses from both external and internal 
radiation. Natural background radiation and doses to patients resulting 
from medical procedures are not included.

Table I shows the maximum permissible doses implied by the 1958 Recom
mendations of the Main Commission (1).

TABLE I 
MAXIMUM PERMISSIBLE DOSES

Organ
Maximum permissible dose

Special Groups W hole population

Whole body a) 0.5 rem/yr 5 rem/30 yr b)
Gonads 0.5 rem/yr 5 rem/30 yr b)
Blood-forming organs 0.5. rem/yr 0.5 rem/yr
Lens of eye 0.5 rem/yr 0.5 rem/yr
Thyroid and skin 3.0 rem/yr 1.0 rem/yr
Other single organs 1.5 rem/yr 0.5 rem/yr

a) Also applies to the exposure o f  several major organs, jointly approximating to the whole body.
b) This dose is strictly a genetically significant dose, obtained by averaging individual doses weighted 

for the expected number o f children conceived subsequent to the exposure.

The Commission point out that the suggested maximum genetic dose 
must not be used up by one single type of exposure. They consider that the 
apportionment should be made by national authorities.

W ith  regard to waste disposal, the relative importance of the two cate
gories of exposure will depend primarily on the remoteness of the site of 
disposal. For example, waste discharged into sewers or coastal waters is

35 545



likely to be limited by the possible exposure of special groups such as sewage 
workers or local fishermen, who eat part of their own catch. The contribution 
to the population average will be trivial because the discharge must be governed 
by the dose to the most highly exposed individuals of the special group. 
The group average exposure will then be substantially less than the maximum, 
certainly not more than 0.1 rem per year, and the number of people in special 
groups of this sort will always be a small fraction of the population. In contrast, 
waste discharged into the ocean depths will be very widely distributed before 
it causes any human exposure. In this case, genetic considerations may well 
provide the limiting factor.

In assessing these problems in any practical case, it is clearly necessary 
to have in mind tentative figures for the permissible genetic dose. It  is generally 
accepted that it would be unwise in the present state of knowledge to dis
perse into the environment the primary fission-product wastes from large- 
scale nuclear power projects. In  fact, the difficulty of arranging such dispersals 
without causing excessive exposure of nearby special groups is so great that 
no serious consideration is being given to this method of disposal. Public 
exposure to radiation from waste disposal is therefore likely to be due only 
to the release of wastes of relatively low activity and there is thus no reason 
why waste disposal should claim a substantial part of the total permissible 
genetic dose. An allowance of 10%  of the total should prove quite adequate 
for planning purposes, and, with good management, the actual contribution 
will probably remain considerably less than this. In this connexion it should 
be remembered that many radioactive materials concentrate in organs other 
than the gonads, and contribute little to the genetic dose.

One further subdivision is helpful. The genetic dose will be received 
partly as a result of exposure of the special groups and partly as a result 
of exposure of the population at large. About half the allowance for waste 
disposal might be allocated to each type of exposure. This allocation would 
mean that, of a total allocation to waste disposal of 0.5 rem per 30 years, 
disposal causing general irradiation of whole populations could be allocated 
about 0.2 rem per 30 years with an additional 0.2 rem per 30 years resulting 
from exposure of special groups within the population.

These fundamental permissible doses are rarely capable of direct applic
ation to the problems of waste disposal. They have to be supplemented by 
studies of the processes by which radioactive materials become distributed 
through the environment and thereby cause radiation exposure of man. In  
many cases, a review of these processes and of the amount of waste to be 
released shows the existence of such large safety factors that the release 
can be declared safe with no further study. In other cases, however, present 
knowledge proves to be inadequate and no such 'declaration can be made. 
The preliminary review will then indicate the lines of investigation which 
need to be followed and will also show that some aspects of the problem 
can be neglected as trivial. In this way, a practicable programme can be 
defined for the study of what, in most cases, is an exceedingly complex problem. 
In spite of this deliberate simplification, it will often prove impossible to 
obtain all the necessary information from laboratory and field studies com
pleted in advance of the disposal of the waste and the final, definitive stages 
of the investigation will take the form of deliberate discharges of radio
activity coupled with carefully planned scientific measurements of the resulting 
activity in the environment.
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2. The application of the basic principles to the disposal of liquid waste in 
coastal waters.

The principles described in section 1 can be applied to any disposal of 
radioactivity into man’s environment. In the United Kingdom, the most 
extensive experience of this type of waste disposal has been gained with 
discharges of liquid waste into coastal waters. The following account of the 
studies associated with the discharges made from Windscale Works, Cumber
land, into the Irish Sea is summarized from the report (2) “ The Disposal 
of Radioactive Liquid Wastes into Coastal W aters” , delivered to the Second 
United Nations International Conference on the Peaceful Uses of Atomic 
Energy, Geneva, 1958.

Windscale is an establishment containing reactors, chemical plant pro
cessing irradiated fuel and laboratories. The main fission-product stream 
from the processing plant is concentrated by evaporation and stored. There 
are, however, larger-volume, low-activity wastes from other plants and 
from later stages of the processing plant, and these are monitored, treated 
if necessary and discharged to sea some 3 km beyond the high-water 
line.

Preliminary studies of the local hydrography showed that substantial 
discharges would be possible but that more detailed investigations would 
be required to establish quantitative limits. The preliminary studies also 
showed only three main potential dangers. These were radioactivity in edible 
fish and in edible seaweed, and radiation from the shore sand. Other risks, 
such as irradiation of bathers or the use of seaweed as a fertilizer were shown 
to be of a lower order of importance. The detailed investigations were there
fore concerned with laboratory work aimed at relating the radioactivity 
of the fish, seaweed and shore sand to the radioactivity in sea water predic
ted by the hydrographic studies. Other studies were concerned with the 
distribution and commercial capture of edible fish, with the distribution 
of the edible seaweed, and with the amounts of fish and seaweed eaten by  
the principal consumers. A  combination of the results of all this work with 
the recommendations of the ICRP provided an estimate of the maximum  
permissible discharge rate. Because of the uncertainties in some of the pre
dictions, a deliberate safety factor of ten was introduced into the calculations, 
which then showed that discharges at the rate of 100 curies per day of beta 
activity and of 0.1 curie per day of alpha activity would be completely safe.

It was expected that the actual discharges of waste from Windscale would 
be of the same order as this predicted safe amount, and it was therefore 
decided to use the discharges, combined with extensive surveys of radio
activity in the marine environment, to refine the predictions as well as to 
demonstrate the safety of the proposed rate of discharge. This large-scale, 
practical experiment has provided data for determining limiting discharge 
rates for some of the more important individual isotopes, and for establishing 
more precise limits for the total alpha and beta activities. It  has also made 
it possible to improve the predictions for other coastal areas, although it 
must be remembered that, in any practical case, the controlling factor may 
well be a local peculiarity, such as extreme stratification of layers of water, 
or the presence of oyster beds. Each case must therefore be the subject of 
a local assessment and any necessary investigations must be planned as a 
result of that assessment.
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3. The application to other types oí disposal
Discharges into rivers have to be assessed in exactly the same way as 

those into coastal waters, but there is one factor which may help to simplify 
the problems. River water is often used for drinking and this direct use may 
outweigh all other, indirect, uses of the water and of the river products. 
Permissible discharge rates can then be derived simply from a knowledge of 
the dilution in the river before the water is used for drinking. More difficult 
problems are often posed by the release of radioactive waste to the ground. 
In such cases, the primary aim is fixation of the radioactivity in a region 
to which people do not have access. In practice, however, there is always 
some dispersal and it is difficult to predict either the quantity likely to be 
dispersed or its subsequent behaviour. Practical field experiments are almost 
essential if large amounts of radioactivity are to be disposed of in this way.

The disposal of solids in the sea raises an entirely different sort of problem. 
Many solid wastes are not o f a type which will be broken down by the action 
of the sea and it is thus not possible to regard them as being “ dispersed” . 
Such solids are always sunk in robust containers, but even these have a limited 
life on the sea bed, and it is necessary to consider the possibility of individual 
items of waste coming ashore or being brought aboard fishing boats. This 
possibility can be reduced to negligible proportions by a suitable choice of 
disposal area, and by incinerating materials such as wood and paper which 
might float ashore when their containers fail. The resulting ash will disperse 
in the sea and can be assessed in the same way as liquids. The assessment of 
liquids discharged to the open ocean is not as straightforward as in the case 
of discharges to coastal waters because of the difficulty of defining the human 
population who may be exposed. On the other hand, the dilution factors 
introduced before radioactivity in the open oceans can reach man are so 
large that only a preliminary assessment is needed for the small scale of 
ocean disposal at present practised.

A  further difficulty, which applies particularly to ocean disposal, is the 
need to consider the total exposure, both of individuals and of populations, 
to radiation from all waste-disposal operations. In many cases, it will be 
clear to the disposer of the waste that he is providing the only source of such 
exposure, or that any other sources are insignificant. In these cases, control 
by a local or national authority is quite feasible. Such control can easily be 
extended to cover the multiplicity of small sources of waste which result 
from the use of radio-isotopes. If, however, the development of ocean disposal 
continues, it may be necessary to regard all disposals into one ocean as parts 
of a single operation. The assessment of these problems, and ultimately 
their control, will clearly be a subject for international consideration, and it is 
encouraging to note that the International Atomic Energy Agency has already 
initiated technical discussions on the control of waste disposal at sea.

Similar, considerations can also be applied to gaseous wastes, but these 
have not been discussed in this paper because this Conference is concerned 
mainly with the problems of oceanography and geology.

4. Conclusions
The recommendations of the International Commission on Radiological 

Protection provide a satisfactory basis for assessing the safety of discharges 
of radioactivity to the human environment. They need, however, to be supple
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mented by additional information on the behaviour of the radioactive material 
in the environment, and on the use which man makes of his environment 
in the vicinity of the discharges. No dispersal of radioactive waste is justi
fiable without an assessment of the possible consequences, followed, if neces
sary, by a programme of quantitative scientific investigation into those aspects 
of the problem which have been shown by the preliminary assessment to 
be of importance. The aim, and indeed the duty, of the specialists in the 
many sciences associated with radioactive waste disposal should be to define 
and emphasize the problems on which work is necessary.

Unfortunately, it is only too easy to predict hypothetical dangers, unrelated 
to the disposal of any practicable amount of radioactivity, and an uncritical 
emphasis on these aspects may cause a wasteful diversion of scientific 
resources and may ultimately lead to a loss of confidence in the judgement 
of the specialist. The cry of “ W o lf!”  will have been heard too often.

The problems of radioactive waste disposal are complex and far-reaching. 
They are not confined to science, but extend into politics, pubhc relations 
and ethics. Perhaps the scientific aspects are the least difficult to deal with, 
and there are certainly no scientific reasons for beheving that the problems 
of waste disposal will hamper the development of nuclear power— a develop
ment which may well become an essential part of the drive towards an 
improved standard of life for the world’s population.
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T E C H N I C A L  A N D  A D M I N I S T R A T I V E  C O N S I D E R A T I O N S  I N  
T H E  M A N A G E M E N T  O F  R A D I O A C T I V E  W A S T E S

Abstract
The purpose of this paper is to discuss the technical and administrative 

aspects of radioactive waste management in the light of our present experience 
and knowledge and to relate that discussion to possible future requirements 
for the adequate engineering, legal and administrative control of radioactive 
effluents from atomic energy operations.

Initially, the various kinds of radioactive wastes are classified in a general 
way to emphasize that the many-faceted problem of waste management 
is not susceptible of a single, unique solution. The role of specific environ
ments in waste management practices is briefly summarized and the basic 
approaches (“ dilute and disperse” and “ concentrate and contain” ) to waste 
control are defined. A  distinction is made between basic radiation protection 
standards and the operating or performance criteria that must be established 
in connexion with effluent control operations in' order to assure that the 
basic standards are met.

The development of standards and criteria and their application in the 
promulgation of health and safety regulations and legal and administrative 
procedures are discussed. In  this connexion, the utilization to the maximum  
practicable extent of existing laws and administrative procedures through 
existing authorities at various levels of government is suggested as being 
advantageous from the points of view of public relations and of administration.

Although the total costs for treatment and disposal of radioactive wastes 
are substantial, the cost per unit of electrical energy produced is a rather 
small percentage of the total cost per unit of energy. Other economic factors 
related to handling and disposal of wastes are also noted, including the re
lation of plant site to disposal location.

In addition, other considerations related to waste management, such as 
site selection and transport, are discussed.

C O N S I D E R A T I O N S  T E C H N I Q U E S  E T  A D M I N I S T R A T I V E S  
R E L A T I V E S  A U  T R A I T E M E N T  D E S  D E C H E T S  

R A D I O A C T I F S

Résumé

Les auteurs, à la lumière des connaissances actuelles, examinent les aspects 
techniques et administratifs du traitement des déchets en rattachant cette 
analyse aux mesures qu’il pourrait être nécessaire de prendre dans l ’avenir 
pour assurer un traitement et un contrôle efficaces, sur le plan administratif 
et juridique, des effluents radioactifs résultant de la production d’énergie 
atomique.

Les auteurs répartissent tout d ’abord en de larges catégories les différentes 
sortes de déchets pour bien souligner que le problème de leur traitement 
présente de multiples aspects et qu’on ne saurait en donner une solution unique.
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Ils examinent rapidement le rôle des différents milieux dans le choix des métho
des de traitement des déchets et définissent les procédés fondamentaux de 
contrôle (dilution et dispersion, concentration et confinement). Les auteurs 
distinguent entre les normes fondamentales de protection radiologique et les 
critères de fonctionnement qui doivent être fixés pour réaliser le contrôle des 
effluents de façon à veiller à ce que les normes fondamentales soient respectées.

Les auteurs examinent les progrès réalisés en matière de normes et critères 
ainsi que l ’application de ceux-ci dàns l ’établissement de règlements de santé 
et de sécurité et la mise au point de procédures administratives et juridiques. 
A  cet égard, ils signalent les avantages que présente, du point de vue de l ’opi
nion publique et du travail administratif, l ’utilisation la plus large des textes 
législatifs et des procédures administratives dans les services déjà créés aux 
divers échelons de l ’autorité.

Malgré l ’importance des dépenses qu’entraînent le traitement et l ’élimination 
des déchets radioactifs, le coût par unité d’énergie électrique produite ne repré
sente qu’une partie relativement restreinte du coût total par unité d’énergie. 
Les auteurs indiquent d ’autres facteurs économiques qui jouent un rôle dans la 
manipulation et l ’élimination des déchets, notamment en fonction de l ’em
placement de l ’usine et du point d ’évacuation.

En outre, ils examinent d ’autres aspects du traitement des déchets, tels que 
le choix du lieu de décharge et le transport.

Т Е Х Н И Ч Е С К И Е  И А Д М И Н И С Т Р А Т И В Н Ы Е  С О О Б Р А Ж Е Н И Я  
В О Б Л А С Т И  О Б Р А Щ Е Н И Я  С 

Р А Д И О А К Т И В Н Ы М И  О Т Х О Д А М И

Резюме

Цель настоящего доклада состоит в рассмотрении технических и администра
тивных аспектов обращения с радиоактивными отходами в свете имеющегося 
у нас опыта и знаний и учете этого обсуждения для возможных будущих требо
ваний в области соответствующего технического, юридического и администра
тивного контроля над радиоактивными отходами в результате использования 
энергии.

Первоначально различные виды. радиоактивных отходов разбиваются на 
общие категории для того, чтобы подчеркнуть, что многочисленные стоящие 
перед нами проблемы обращения с отходами не поддаются единичному в 
своем роде решению. Кратко суммируется роль специфической окружающей 
среды в практике обращения с отходами и определяются основные подходы 
(„растворение и дисперсия" и „концентрация и содержание11) к осуществлению 
контроля над отходами. Проводится различие между основными стандартами 
по защите от радиации и оперативным или производственным критериями, 
которые должны быть установлены в связи с операциями по контролю над 
отходами для обеспечения удовлетворения основных стандартов.

Рассматривается разработка стандартов и критерия и их применение для 
распространения правил по охране здоровья и техники безопасности и юриди
ческой и административной процедуры. В этой связи предлагается максималь
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ное использование существующего законодательства и административной про
цедуры в существующих учреждениях на различных уровнях управления, вы
годных как с административной точки зрения, так и с точки зрения обществен
ных отношений.

Хотя общие расходы на обращение с радиоактивными отхо'дами и их удале
ние являются существенными, расходы на единицу произведенной электро
энергии составляют довольно небольшой процент от общих расходов на еди
ницу энергии. Отмечаются также другие экономические факторы, относящиеся 
к обращению с радиоактивными отходами и их удалению, включая отношение 
места, где находится установка, к месту нахождения отходов.

Кроме того, рассматриваются другие соображения, связанные с обращением 
с отходами, такие как выбор места и транспортировка.

A S P E C T O S  T E C N I C O S  Y  A D M I N I S T R A T I V O S  D E  L A  M A N I 
P U L A C I O N  D E  D E S E C H O S  R A D I A C T I V O S

Resumen

En esta memoria se examinan los aspectos técnicos y  administrativos de 
la manipulación de desechos radiactivos, teniendo en cuenta nuestros conoci
mientos y experiencia actuales, y  vinculando asimismo dicho examen a las 
posibles necesidades futuras en lo referente al adecuado control técnico, 
jurídico y  administrativo de los efluentes radiactivos procedentes de las 
operaciones donde interviene la energía atómica.

Con el fin de subrayar que el múltiple problema de la manipulación de 
desechos radiactivos no admite una solución única, se hace una clasificación 
general de los desechos radiactivos. A  continuación se definen los dos métodos 
fundamentales de control de desechos radiactivos (“ dilución y dispersión”  
y “ concentración y confinamiento” ), resumiendo brevemente el papel de
sempeñado por determinados medios ambientes en los procedimientos de 
manipulación de desechos. Se hace una distinción entre las normas básicas 
de protección radiológica y  los criterios prácticos o de ejecución que es necesario 
establecer con respecto a las operaciones de control de efluentes a fin de asegurar 
el cumplimiento de dichas normas básicas.

Se examina el desarrollo de normas y  criterias y  su aplicación al estable
cimiento de reglamentaciones sanitarias .y de protección, así como a los proce
dimientos jurídico y administrativo. A  este respecto se sugiere utilizar al 
máximo los procedimientos administrativos y  legales ya existentes en los 
diversos organismos gubernamentales, por considerarlo beneficioso desde el 
punto de vista administrativo y  psicológico.

Aunque los costes totales que supone el tratamiento y  evacuación de los 
desechos radiactivos son considerables, el coste por unidad de energía eléc
trica producida representa sólo un pequeño porcentaje del coste total por 
unidad de energía. Se hace también referencia a otros aspectos económicos 
de la manipulación y  evacuación de desechos, incluida la relación existente 
entre la localización de la planta y la situación de la zona de evacuación.

Además, se exponen otras consideraciones relacionadas con la manipulación 
de desechos radiactivos, tales como la elección de emplazamientos y  los 
problemas de transporte.
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C h ie f, E n v x ro m e n ta l & S a n ita r y  E n g in e e r in g  B ra n c h ,  

D iv is io n  o f  R e a c t o r  D e v e lo p m e n t, U. S. A tom ic  E n e r g y  Com mission,
W a s h in g t o n , D . C.

U n it e d  St a t e s  o f  A m e r ic a

It is axiomatic that if the countries of the world hope to derive benefits 
from the atom, they must also be prepared to manage the radioactive waste 
materials inevitably associated wiht the necessary projects. In this respect, 
the nuclear energy industry is analogous to all of the other industrial activities 
of man. The control of wastes from man’s domestic, industrial and agricultural 
activities, to insure the protection of himself, his environment and his natural 
resources, continues to be of increasing interest and concern to the general 
population.

During the past year* in the United States, this increasing interest, both 
on the part of the public and within the nuclear energy industry itself, was 
manifested by a number of extensive hearings before Committees of the 
United States Congress and by public reaction to proposed waste-disposal 
operations in the sea. The extensive public hearings on “ Industrial Radio
active W aste Disposal” before the Joint Committee on Atomic Energy of 
the Congress of the United States produced a published record that is probably 
the most comprehensive collection of information on this subject now available. 
Among other things, these hearings served to assess the present status of 
radioactive waste management, and also attempted to bring into focus the 
role of effluent control in the future development of the industry, in each 
instance from the technical and administrative viewpoints. In this paper, 
a similar function is attempted in brief summary.

In  spite of all the discussion and published information on this subject, 
it still seems fair to note the lack of discrimination on the part of all except 
the relatively few specialists in this field with regard to the use of thé term 
“ radioactive wastes.”  Although general comprehension is improving markedly, 
insufficient distinction is still made regarding the nature, quantity or origin 
of the waste materials or the environment in which they must be considered. 
Important physical, chemical and radiometric characteristics of the waste 
materials are frequently ignored. Y et knowledge of these factors, together 
with the behaviour and characteristics of specific “ micro” environments, 
is essential to the proper understanding and efficient solution of waste manage
ment problems.

* 1958/59
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Considerations in waste disposal

Accordingly, in the evaluation or establishment of any waste-disposal 
system, three fundamental considerations are involved as follows:

1. The specific nature (physical, chemical, and radiometric) and quantity 
of the radioactive waste to be disposed of;

2. The characteristics (physical, chemical, and biological) of the receiving 
environment ; and

3. Basic radiation protection standards.

W ith  regard to the origin and nature of radioactive wastes, detailed 
descriptions are available elsewhere. The schematic flowsheet in Fig. 1 (1) 
summarizes the sources and characteristics of the effluents in the various 
parts of the nuclear fuel cycle. In  addition, the uses of radioisotopes in medicine, 
agriculture and industry also evolve waste materials. For our present pur
poses, these waste materials are evolved in gaseous, liquid and solid states 
with widely varying concentrations, compositions and total quantities of radio
activity. For example, the liquid effluent from a normally-operating water- 
cooled reactor or from medical research activities might have radioactive 
material concentrations of the order of fractions of a microcurie per litre. 
On the other hand, first-cycle wastes from the reprocessing of irradiated 
nuclear fuels might have radioactive material concentrations up to hundreds 
of curies per litre. This factor of difference alone is sufficient to make these 
various wastes create totally different problems.

Workers in the field have used the generalized terms of “ low” , “ inter
mediate” and “ high-level”  to characterize the categories of wastes. It  is 
emphasized that these terms cannot be specifically defined, even though, 
on the basis of concentration, activities greater than the order of mc/1 might 
be considered in the high-level category, those in the ¿ac-mc/l range in the 
intermediate category, and lower concentrations in the low-level category.

Physical state, isotopic composition and the particular environment in
volved also influence the specific, quantitative definition of these categories. 
In  connexion with the transportation of radioactive materials, we have 
made some effort at categorization on the basis of “potential hazard” (H p). 
Using only the characteristics of the waste itself, one may write a generalized 
equation H p=function (Q, R t , D) where

Q =  total quantity of radioactivity involved;
R T =  relative radiotoxicity of the material which is related to the isotopic 

composition of the waste and the maximum allowable concentrations 
in air and water; and

D  =  dispersability factor which is related to the physical, and in some 
cases chemical, state of the material (e.g. gaseous, particulate, liquid, 
pyrophoric, solid, etc.).

Even though such a semi-quantitative description may be quite useful 
from both a technical and an administrative standpoint, one must once again 
recognize that the important factor of environment is absent and must be 
included in a meaningful definition of any radioactive waste problem.

The basic approaches to radioactive effluent control have also been 
characterized in a general way by the phrases “ dilute and disperse” and “ con
centrate and contain.”  These approaches have been related to the waste 
categories by indicating that the “ dilute-and-disperse” approach is applicable
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to low-leveJ wastes. (either directly, or following treatment) in environments 
with demonstrably adequate dilution capacity. On the other hand, where 
high-level wastes are involved, it is apparent that our environment simply 
does not possess adequate capacity to receive safely the quantity of radio
active materials involved, and the “ concentrate-and-contain” approach must 
be utilized. Simpson of the United States Geological Survey has suggested 
that a third approach is being used in the disposal of wastes into the ground, 
and that this may be characterized by the phrase “ delay and decay.”  

Prom the foregoing discussion, it should be clear that in establishing the 
engineering or operational criteria for waste handling, treatment or disposal 
systems, it is essential that detailed quantitative consideration must be 
given to : (a) the waste material; (b) the specific environment; and (c) the 
interaction between the two. Such consideration must lead to the conclusion 
that the generally-acceptable radiation protection standards can be met. 
Thus, the distinction is made between waste management criteria (which 
may vary with individual situations) and radiation protection standards which 
are universally applicable.

Radiation protection criteria
W ith regard to the basic radiation protection standards (maximum allowable 

concentrations of various radioisotopes in air and water), there are several 
points which must be kept in mind in interpretation and application. First, 
it is important to note that when used in terms of maximum allowable con
centration (MAC) in air or water, continuous exposure or ingestion over a 
reproductive lifetime (30 years) without detectable biological damage is 
implicit. Accordingly, a single sample analysis or even a series of analyses 
is not necessarily evidence of an immediate health or environmental hazard. 
The National Committee on Radiation Protection and Measurements (NCRP), 
in the United States, and the International Commission on Radiological 
Protection (ICRP) indicate that such results m ay be averaged over a 13-week 
period. No specific values of MAC applicable to the general population have

TÀBLE I
MAXIMUM PERMISSIBLE GENETIC EXPOSURE TO THE POPULATION AT LARGE* 

(RBE DOSE IN REM TO THE GONADS TO AGE 30)

Í1.5 Internal (waste disposal)
0.5 External

2.0 General to population at large

11.0 Occupational
0.5 Special Groups 
1.5 Reserve (TV, watches, etc.)

______ 3X)_________________________________
5.0 (TOTAL)

* The value 4.5 rem medical dose is tho approximate value o f the genetically significant dose re
ceived in the United States from diagnostic and therapeutic applications o f ionizing radiation (“The 
Genetically Significant Radiation Dose Received by the Population o f  the United States, a report 
prepared for the National Academy o f  Sciences in 1957 by J. S. Laughlin and I. Pullman). The value 
o f  4.5 rem for background is probably an upper limit for most parts o f the United States. The sum 
o f  the figures 4.5 rem for medical exposure and 5 rem for other exposure is less than the total o f 
10 rem suggested by  a number o f  geneticists (“The Biological Effects o f  Atom ic Radiation,”  National 
Academy o f  Sciences —  National Research Council, 1956) as an upper limit for exposure to man-made 
sources o f ionizing radiation. The 5 rem for other exposure and the breakdown o f  this 5 rem is sug
gested by the ICRP (Recommendations o f  the International Commission on Radiological Protection, 
Pergamon Press, London, 1958) only to serve as a guide for planning purposes.

4.5 Medical 
5.0 Other
4.5 Background
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been recommended by the NCRP or ICRP, but the latter organization has 
suggested that, for planning purposes, a reduction factor of 100 be used 
where genetic exposure is involved and a reduction factor of 30 be used where 
somatic exposure is involved. For populations in the vicinity of nuclear 
plants, a factor of 10 is generally used. Table 1 (2) shows a breakdown of 
a suggested maximum permissible genetic exposure to the general population.

Because these standards are given in terms of specific quantitative values, 
there is a general tendency to interpret and apply them in a similar manner 
in administrative and regulatory practices. This can result in excessively 
complicated regulations which the promulgating agency, through lack of 
equipment and. personnel, may be unable to enforce, and it can lead to un
necessary public alarm. From a waste management standpoint, such quantita
tive values should not be interpreted as engineering specifications to work 
up to. A t the same time, it is equally unreasonable to require the application 
of these standards universally to the point of discharge into the environment 
rather than the point of exposure.

It would seem reasonable to suggest, therefore, that from both a technical 
and an administrative standpoint, such standards be used as guides and 
that the regulatory function be that of assuring adequate performance or 
operational criteria. Competent technical analysis and interpretation are 
obviously requisites for the discharge of this function. In the establishment 
of such criteria, three basic principles must be followed:

1. The minimum practicable amount of radioactive materials should be 
dispersed into the environment. The determination of “ practicable 
amounts” can only be made by a quantitative assessment of specific 
environments to assure protection of the public health and safety and 
the characteristics (treatment requirements) of specific wastes.

2. Continuing or periodic monitoring is mandatory in order to assure 
that established criteria are being followed and radiation protection 
standards or guides are being met.

3. Performance criteria must be modified as changes in the environment 
or waste materials require.

Effluent control

Although it has been stated that the atomic energy industry is analogous 
to other manufacturing industries with regard to effluent control, in some 
respects a unique role may have to be played by the Government in the future, 
over-all waste management picture. Withregard to waste “dispersal” operations 
(the term “dispersal” denotes the discharge of wastes to the environment 
in a manner that permits little or no direct control over the fate of the wastes 
following their discharge), the administrative and legal control over this 
industry would appear to be quite similar to that exercised by administrative 
agencies over other industries. However, where “concentrate-and-contain” , 
or “delay-and-decay” waste management practices are involved, and because 
of the long effective life of some of the wastes, Government must assume 
the long-term custodial function for the material in the interests of continued 
protection of the public health and safety. The implementation of this function 
has yet to be developed in the United States. It is of interest to note that 
in recent amendments to the Atomic Energy Act of 1954, the responsibility
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for waste-disposa] within the Atomic Energy Commission (AEC) was kept 
by the Government at the Federal level, although arrangements were 
established for transfer of responsibility. to the States , for control of isotope 
users.

In connexion with the AEC functions and responsibilities in the waste 
management field, experience in the United States has demonstrated the 
desirability of establishing close working relationships with other specialized 
agencies, such as the-U nited States Geological Survey, Weather Bureau, 
Coast & Geodetic Survey, Public Health Service, Bureau o f Mines and others. 
This has proved to be advantageous not only by making it possible to focus 
the specialized technical competencies of these organizations on radioactive 
waste problems, but also by helping to solve the public relations problems 
that are inevitably involved in waste operations. Similarly, the establishment 
of close working relationships with many of the State Government agencies 
has proved mutually beneficial. It should be pointed out that such Federal- 
State relationships have been successfully carried forward without specific 
regard to the jurisdictional question of Federal versus State responsibility 
in the atomic energy 'field.

In the light of this experience, it would appear that the future administrative 
control over waste management operations would be the distributed responsi
bility of the several levels of Government and the pertinent Government 
agencies at these several levels.

It is in the area of waste-dispersal operations— the return of low and inter
mediate-level wastes to the environment— that an international approach 
offers the greatést challenge and opportunity. Such questions as the dispersal 
of radioactive wastes into surface waterways, land burial and sea disposal, 
are of specific interest on an international basis. The report of the Inter
national Atomic Energy Agency’s Panel on Radioactive W aste Disposal 
into the Sea* should provide a very important and useful first step towards 
an international convention on this particular matter. The development 
of handbook information on waste handling and treatment facilities and 
components associated with the use of radioisotopes is another function 
which might well be carried out on an international basis. Other panels working 
under the aegis of the Agency, in a manner similar to the sea disposal panel, 
might well consider these other questions.

Experience to date

From an engineering standpoint, our waste management experience leads 
us to the following conclusions and estimates of the future situation. First, 
with regard to the low- and intermediate-level wastes amenable to dispersal 
to the environment either directly or following treatment, it has been demon
strated that with proper control such dispersal system are feasible. In  general, 
the engineering requirements for treatment components such as evaporators, 
ion-exchange units, precipitation plants, etc. can be delineated, as can the 
techniques for assessing the receiving environment. But again, it must be 
emphasized that some specific knowledge of the waste material and the 
environment must be available before the criteria for the design of the system

* Report of the Panel on Radioactive Waste Disposal into the Sea. IAEA, Vienna, 
1960.
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may be established. As the industry develops, waste dispersal operations 
will tend to increase and individual environments may receive materials 
from multiple sources. This, in turn, may lead to a requirement for allocation 
of environmental capacity. From this it is apparent that in-plant waste 
treatment criteria will receive greater attention, requirements for facilities 
to treat large volumes of low-level wastes will increase, as will total operational 

. costs, and the need for expanded environmental investigations and monitoring 
will develop.

Secondly, with regard to the highly-radioactive wastes (primarily from 
chemical reprocessing) that must be contained, underground tank storage 
systems have up to the present been adequate in every respect. However, 
it is generally conceded that such systems do not represent a final answer 
to the ultimate disposal question, even though tank storage will be an integral 
part of any ultimate disposal system. The two approaches to final disposal, 
conversion to or fixation in solid form and direct disposal in to selected geologic 
formations, are both under active investigation and enough work has been 
done to justify an expansion of these efforts to pilot, demonstration and 
field-scale investigations. In this area it is, therefore, apparent that for the 
next several years underground tank storage will continue to be the “ engineered 
system” for managing these high-level wastes, i.e., these wastes will not be 
disposed of in the usual sense of the term. The highly-active waste management 
development programme which must eventually include engineering-scale 
experiments with full-scale radioactivity levels, must be pursued with vigour 
in order, to obtain both the engineering and specific environmental data 
required for safe, practical, ultimate disposal systems. An ameliorating factor 
in this regard is the likelihood that the sources of such high-level wastes 
(primarily chemical reprocessing plants) in the future will be few in number, 
and further their siting may be influenced to some extent by the availability 
of a suitable nearby ultimate-disposal environment.

In connexion with the disposal of wastes into the ground (the “ delay - 
and-decay” approach), the feasibility of going to deeper strata for disposal 
of even low and intermediate liquid wastes is beginning to receive increasing 
attention in the United States. O f particular interest is the zone below the limits 
of potable water. Here again, however, determination of feasibility must await 
further research and development.

The consideration of waste management is obviously an important factor 
in the selection of sites for nuclear installations, particularly those which 
generate highly-radioactive wastes. The character of the wastes involved, 
the availability of suitable disposal environments, the relative hazard and 
economics associated with the transport of irradiated fuels and wastes are 
all important variables in site selection. It is essential that these variables 
be factored into the analysis and evaluation of proposed sites. In this regard, 
it is probable that in the future development of the industry it will be necessary 
to give increased attention to an overall evaluation of integrated systems 
of nuclear reactors, fuel reprocessing and waste management.

Economics of waste management

The over-all economics of waste management probably represent the most 
ill-defined area in the total nuclear energy economics picture. Since in one 
phase of waste management, namely, the final disposal of high-level wastes,
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there has been no actual operating experience, it is not possible to assess 
the economics of this phase of the technology on any firm operating basis. 
In the United States the total capital investment in waste management 
installations is estimated at $ 200 million and the estimated annual operating 
cost is $ 6 million. These cost figures do not include any long-term ultimate 
disposal costs. In most economic analyses, the portion of unit power cost 
allocable to waste disposal is obtained by difference. One simply adds the 
portion of the unit power cost due to reactor amortization and operations, 
fuel and fuel reprocessing, inventory charges, etc. and then substracts these 
costs from the total unit power cost that he hopes to achieve. The remainder 
is then stated as the cost allowable for waste disposal.

This kind of economic analysis leaves much to be desired, but is, perhaps, 
all that is possible at this stage of the industry’s development. Although 
the total costs of waste management are large, on the basis of the best in
formation and judgements available, it does not appear that, on a unit basis, 
these costs represent a serious obstacle in the achievement of economic nuclear 
power. I f  economic power is not achieved, it will not be due to the costs 
of waste management. A  conservative calculation based on allocating 1%  
of a total unit power cost of 8 mill per kW h to waste disposal and the following 
quantitative factors : burn-up of 5000 M W D  per ton, 600 gallons of waste 
(high-level) per ton of fuel processed, and a reactor efficiency of 2 5 % , yields 
an allowable high-level waste disposal cost o f $ 4 per gallon. A t present, 
it is believed that ultimate waste disposal systems can be built and operated 
within this cost limitation, but this has yet to be demonstrated. In any case, 
the costs of waste management add to the incentive to design reactors to use 
fuels with a higher burn-up and to develop fuel reprocessing schemes that will 
evolve smaller volumes of waste per unit of fuel processed. The basic principle 
of industrial waste management, that of attacking the problem at its source, 
is equally applicable in the nuclear energy industry.
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L E G A L  A N D  A D M I N I S T R A T I V E  P R O B L E M S  O F  C O N T R O L L 
I N G  T H E  D I S P O S A L  O F  N U C L E A R  W A S T E S  I N  T H E  S E A

Abstract
The basic purpose of the paper is to present some approaches to multi

national control of the sea disposal of nuclear wastes, considering both the 
type o f international .control which may be appropriate and the means for 
accomplishing such control.

First, the authors give a brief description of the kind of control which 
appears to be necessary in protecting public health against the hazards of 
the disposal of wastes in the sea.

The second part consists of a general analysis of the legal problems posed 
by nuclear wastes. Emphasis is placed on the authority of coastal states 
to impose unilateral control on the disposal of wastes by other nations if 
such disposal might adversely affect their interests. The authors inquire 
into the adequacy of legal remedies as well as the possible rule of law regarding 
the prevention of damage from waste disposal and the apportionment of 
liability in the event that such damage does occur.

The third part is an analysis of how other problems of control have been 
handled, both unilaterally and multilaterally.

The final part consists of an inquiry into various means of internationally 
controlling the sea disposal of nuclear wastes. The role of existing international 
bodies in the maintenance of continuing administrative control at the inter
national level is mentioned.

P R O B L E M E S  J U R I D I Q U E S  E T  A D M I N I S T R A T I F S  P O S E S  
P A R  L E  C O N T R O L E  D E  L ’ E L I M I N A T I O N  D E S  D E C H E T S  

N U C L E A I R E S  D A N S  L A  M E R

Résumé
Le but essentiel du mémoire est d ’exposer diverses façons d ’envisager le 

problème du contrôle multinational de l ’évacuation des déchets nucléaires 
dans l ’eau de mer, en examinant à la fois le type de contrôle international appro
prié et les moyens de le mettre en œuvre.

La première partie contiendra une description succincte du genre de contrôle 
qui semble nécessaire pour la protection de la santé publique contre les effets 
de l ’évacuation des déchets dans la mer.

La deuxième partie consistera en une analyse générale des problèmes juri
diques posés par. l ’élimination des déchets nucléaires. Les auteurs traiteront 
particulièrement du droit des Etats riverains d ’exercer un contrôle unilatéral 
sur l ’évacuation des déchets lorqu’elle est pratiquée par d ’autres nations et 
peut porter atteinte à leurs intérêts. Ils examineront l ’opportunité des remèdes 
juridiques, ainsi que les règlements législatifs possibles en ce qui concerne la 
prévention des dommages pouvant être causés par l ’élimination des déchets 
et la responsabilité engagée dans les cas où un tel dommage est occasionné.

La troisième partie contiendra un examen critique de la manière dont on 
pourrait traiter les autres problèmes de contrôle, tant sur une base unilatérale 
que multilatérale.

La dernière partie consistera en une étude de divers procédés de contrôle 
international de l ’évacuation des déchets nucléaires dans la mer. Il sera fait 
mention du rôle joué par les organismes internationaux actuels dans la mise 
en œuvre d ’un contrôle administratif continu due caractère international.
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П Р О Б Л Е М Ы  Ю Р И Д И Ч Е С К О Г О  И А Д М И Н И С Т Р А Т И В Н О Г О  
П О Р Я Д К А  П О  У С Т А Н О В Л Е Н И Ю  К О Н Т Р О Л Я  ЗА  

У Д А Л Е Н И Е М  Р А Д И О А К Т И В Н Ы Х  О Т Х О Д О В  В М О Р Я
Резюме

Основной целью доклада является представление некоторых подходов к 
межгосударственному контролю за удалением радиоактивных отходов в моря 
как с точки зрения применения самого вида международного контроля, так и 
с точки зрения средств по выполнению такого контроля.

Первая часть представляет собой краткое описание контроля, необходимого 
для охраны здоровья населения от влияния радиоактивных отходов при уда
лении их в моря.

Вторая часть состоит из общего анализа юридических проблем, возника
ющих с осуществлением удаления радиоактивных отходов. Особая ответствен
ность возлагается на государства, имеющие морскую границу и осуществля
ющие односторонний контроль по удалению отходов другими государствами, 
которые могут наносить ущерб их интересам. Мы исследуем соответствие 
юридических возмещений убытков равно как и возможного закона по предот
вращению ущерба, наносимого удалением радиоактивных отходов, и ответ
ственности в случае нанесения такого ущерба.

Третья часть доклада включает анализ решения других проблем контроля по 
одностороннему и многостороннему соглашениям.

Последняя часть включает исследование различных методов международного 
контроля по удалению радиоактивных отходов в моря. В докладе упоминается 
роль существующих международных органов по осуществлению постоянного 
административного контроля на международном уровне.

P R O B L E M A S  J U R I D I C O S  Y  A D M I N I S T R A T I V O S  Q U E  P L A N 
T E A  E L  C O N T R O L  D E  L A  E V A C U A C I O N  D E  D E S E C H O S  

N U C L E A R E S  E N  E L  M A R  
Resumen

Esta memoria tiene por principal objeto exponer algunos procedimientos 
de control multinacional de la evacuación de desechos nucleares en el mar, 
teniendo en cuenta tanto el tipo de control internacional que pueda ser ade
cuado, como los medios para ejercerlo.

En primer lugar se describe sucintamente el tipo de control necesario para 
proteger la salud pública contra los riesgos que presenta la evacuación de 
desechos radiactivos en el mar.

La segunda parte consiste en un análisis general de los problemas jurídicos 
planteados por los desechos nucleares. Se hace hincapié en la autoridad de 
los Estados ribereños para controlar de un modo unilateral la evacuación 
por parte de otras naciones de desechos que pudieran perjudicar sus intereses. 
Se examina la adecuación de los recursos legales, asi como las disposiciones 
legislativas que podrían introducirse para procaver los daños ocasionados 
por la evacuación de desechos, y se estudia la responsabilidad correspondiente.

La tercera parte consiste en un análisis de la forma en que se ha tratadode resol
ver otros problemas de control sobre una base tanto unilateral como multilateral.

La última parte consiste en el examen de las diversas maneras de establecer 
un control internacional de la evacuación en el mar de los desechos nucleares. 
La memoria hace referencia al papel de los órganos internacionales existentes 
por lo que se refiere al ejercicio de un control administrativo permanente 
en el plano internacional.
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LEGAL AND ADMINISTRATIVE PROBLEMS 
OF CONTROLLING THE DISPOSAL OF NUCLEAR  

WASTES IN THE SEA
L ee  M. H y d e  max and W illia m  H . Berman  

C o -D irecto rs, Atom ic E n e rg y  R esearch  P ro je c t , 
U n iv e rs ity  o f  M ichigan Law  School.

U n ited  States of A merica

The initial step towards health and safety control over nuclear waste 
disposal activities undoubtedly is the assessment of the complex scientific 
and technical problems involved. However, we cannot proceed very far 
before consideration must be given to the legal and administrative mechanisms 
that are necessary for an effective control scheme. It should be readily apparent 
that the steps which each nation may employ individually to protect its own 
territory from the deleterious effects of radiation pollution are not necessarily 
sufficient from the viewpoint of the international community. Nuclear waste 
products, once introduced into the environment, do not respect national 
boundaries. This is particularly true of wastes deposited in the sea, tributaries 
of the sea, or other multi-national waterwaj^s. Consequently, active and early 
consideration must be given to the kind of international control necessary 
to assure adequate protection of each nation from the adverse effects of 
the sea-disposal activities of every other nation.

W e have been giving consideration to this matter in our privately sponsored 
atomic energy research project at the University of Michigan Law School. 
In addition, we have been considering the need for international control 
in the related areas of sea transport of nuclear materials and movement 
of nuclear-powered vessels. This paper is based upon preliminary conclusions 
which we have reached at Michigan and has not been endorsed by my Govern
ment.

In contemplating the development of controls on an international level, 
one cannot help but be encouraged by recent efforts to secure international 
agreement over various facets of maritime activities. The increasing recognition 
of the need for a rule of law, rather than anarchy, over the vast expanse 
of the high seas, has recently led to two reasonably successful efforts to reach 
agreement on the terms of international conventions. The first is the 1954 
Convention on Oil Pollution, which, however, has not received wide rati
fication. The second, a much broader undertaking, was the agreement by  
the United Nations Conference on the Law of the Sea in 1958 on four con
ventions defining rights and obligations of nations within territorial and high 
seas. These efforts are indicative of an increasing awareness that the most 
practicable way of accommodating the conflicting needs of nations in the 
conduct of their maritime activities is by convention.

To ascertain the need for international control of the sea disposal of 
nuclear wastes, we must first determine the adequacy of existing legal machin
ery. W hat are the legal rights and remedies to which a nation can resort 
to prevent injury to its territory from environmental contamination? This 
question can best be answered by analysis of the three avenues open to a 
State : the first is unilateral action to prevent or to bring about the abate
ment of pollution without violating the territorial sovereignty of other states ;
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the second is an action brought before an international tribunal to enforce 
the obligation of the nation having jurisdiction over the activity to prevent 
injury to other nations; and the third is resort to the domestic courts of the 
nation having jurisdiction over the damaging or potentially damaging activity.

Generally, a State can only take unilateral action within its own territory. 
A  State bordering on the seas, however, can take preventive measures within 
certain areas of the sea beyond its land boundaries. Within the so-called 
territorial waters, extending from three to twelve miles from the coast line, 
each State has substantially absolute control, with exceptions that are not 
particularly relevant for our purposes. Beyond the territorial waters, a State 
may have authority to exercise reasonable control to prevent or avoid further 
injury to its vital territorial interests. Precisely how far beyond territorial 
limits such control can be exercised is far from certain. A  careful analysis 
of international practice and the more recent decisions of domestic courts 
and the International Court of Justice indicates that a State probably 
does have a right to exercise such control on the high seas at such distance 
as is necessary to protect its territory from damage. The 1958 Convention 
on the Territorial Sea and the Contiguous Zone*, may however, significantly 
alter this conclusion. I f  the Convention is ratified, the coastal State would 
be limited in the exercise of protective control to a distance of twelve miles 
from its shores. The Convention appears to lead to the anomalous consequence 
that a State could not take 'direct action to prevent a nuclear-propelled 
vessel from dumping reactor coolant waters into the seas thirteen miles from 
its coast line, regardless of the damage which might result.

The second avenue open to a State for protecting its interests is recourse 
to an international tribunal. The obligation of a State to prevent any act 
or the existence of any condition under its control which unreasonably inter
feres with the interests of other States has been given increasing recognition 
in international law. Most significant, for our purposes, is the Trail Smelter 
case. In this case, an international arbitral tribunal held that Canada was 
responsible, as a matter of customary international law, for pollution from 
a Canadian smelting plant that was causing damage to property within the 
United States. The tribunal not only awarded damages to the United States, 
but also ruled that the release of the pollutant should be stopped until certain 
safety measures had been adopted.

For several reasons, only limited reliance can be placed on resort to an 
international tribunal as a means of protection against injurious radiation 
pollution. First, the legal test is a difficult one for the complaining nation 
to meet. The complainant must establish, by clear and convincing evidence, 
that the injury which it has sustained or is likely to sustain will be of serious 
consequences. This test may prove particularly burdensome in a field, such 
as radiation protection, where knowledge of the effects is still quite incomplete 
and a manifestation of actual injury may not be readily apparent. In addition, 
there is no way of enforcing this obligation unless the State with jurisdiction 
over the activity agrees to submit the matter to an international tribunal 
or unless both nations already have bound themselves to submit disputes 
to the International Court of Justice. Only about forty nations have agreed 
in advance to submit their differences to the International Court, and several 
of these have imposed quite significant reservations. ’I f  an agreement is

* United Nations document A/CONF. 13/L 52 ; United. Nations Conference on the 
Law of the Sea, official records, Volume II, Annexes, Geneva 1958.
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necessary, negotiation of the precise terms for submitting the matter to a 
tribunal may take some time. In the interim, no relief from continuing pol
lution is available. Once the matter gets before the International Court, 
interim relief can be granted. Finally, the international obligation seems 
to be limited to those activities which threaten or injure the territory of another 
State. No enforceable obligation exists regarding damage to extremely valu
able fishing or continental-shelf. interests located beyond territorial limits.

The third approach open to a State is to sue in the domestic courts of the 
State having jurisdiction over the activity. Again, we encounter several 
disabilities. The seriousness of these disabilities may depend on whether 
suit is brought by a foreign State or one its citizens, and on whether the 
defendant is the State or a private party. A  foreign State, of course, may 
have to rely on comity as the basis for national courts entertaining its suit. 
As a matter of widespread practice, aliens have been granted the right to 
sue in national courts, and this practice is reinforced in many jurisdictions 
by a right of access to national courts accorded under bilateral treaties of 
friendship, trade, and commerce. In either case, the right to bring an action 
against a foreign State may be rather narrowly limited under a concept of 
sovereign immunity.

Assuming that the court takes jurisdiction, there are still other difficulties. 
The law of some nations does not provide for injunctive relief to prevent 
a potential threat of injury, but only provides for damages for injury already 
done and perhaps relief from further injury. In  the field of radiation pol
lution, damages may be difficult to prove and therefore constitute an inade
quate legal remedy. Moreover, the impact of radiation pollution is such that 
prevention is essential. Therefore, damages are ineffectual as the sole remedy. 
In addition, domestic courts will apply local concepts of acceptable risk. 
While an activity may not conform to generally acceptable standards such 
as those adopted by the International Commission on Radiological Protection 
(ICRP), it may be in accord with less restrictive local standards. Under 
such circumstances, the court would undoubtedly dismiss the action. Thus, 
the protection from radioactive pollution afforded by access to the courts 
of foreign States is far from a satisfactory answer.

W hat can we conclude from this brief analysis of existing legal rights 
and remedies ? It is apparent that in a number of situations a State will 
not be able legally to protect itself adequately from the adverse effects of 
radiation pollution conducted beyond its boundaries. These situations include 
pollution of rivers by upstream users, dumping of wastes by other States 
into their own territorial waters, and even release of wastes on the'high seas 
beyond the area of contiguous control. While there are obligations and rights 
in international law and in the domestic law of foreign States which give 
a State some basis for protection in connexion with radiation pollution by  
others, the rights are substantively deficient. More important, the mechanisms 
for asserting those rights, as well as the remedies available, do not provide 
adequate means of preventing pollution or of securing sufficiently rapid 
relief from continuing pollution. Prevention and rapid correction are essential 
in view of the serious and long-term effects of radiation.

Nor is our present legal structure at all adapted to protecting the interests 
of nations by preventing damaging pollution of the high seas. The most 
serious consequence of such pollution, of course, is the possible adverse effect 
on fisheries and the resources of the continental shelf.
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Finally, our existing legal system does not provide any means for en
forcing co-ordination of national activities. Even assuming that each national 
user of a river or sea area has adopted effective control over disposal activities 
within its jurisdiction to prevent radiation pollution in excess of internationally 
recommended levels, the cumulative effect of,the activities of several nations 
may be harmful. Where, as in the case of some radioactive particles, the 
pollutant has a long life and is in a fluid environment, this cumulative problem  
becomes particularly serious.

Some international action therefore will be essential for the time when 
sea disposal activities begin to assume significant proportions. W hat form  
should such action take ? Is a special convention necessary or does the Inter
national Atomic Energy Agency already have adequate authority? Article 
III . A . 6 of the Agency’s Statute does vest authority in the Agency to estab
lish regulatory standards for radiation health protection. The Agency also 
is permitted, in the words of the Statute, “ to provide for the application 
of these standards” to the activities of any State which submits a request 
for assistance from the Agency.

Hence, the Agency can adopt waste disposal standards and provide some 
international system of control for those nations which agree voluntarily 
to submit to such control. ’.Nations, however, are more likely to agree to abide 
by a control system where they have actively participated, in a political 
sense, in its development. After all, in devising a workable scheme, it may 
not be enough merely to adopt standards and controls based on the best 
scientific and technical judgements. National authorities must superimpose 
a political judgement in determining the degree of sovereignty that they 
are willing to cede.

The objective in the waste disposal field is to get States to assume oblig
ations to conduct their disposal activities in accordance with specific standards 
and controls. Once these obligations are clearly set forth, international control 
can be implemented. The enforcement of international obligations depends 
primarily on potential economic and political pressures from other States 
rather than on remedies awarded by an international tribunal. Such pres
sures are easiest to apply where a specific agreement has been made. Thus, 
we would strongly urge consideration of a convention to supplement, clarify 
and strengthen international responsibilities.

In drafting a convention, the first consideration is the matter of its scope, 
or of the activities to be covered. The activities included might concern wastes 
dispersed directly into waters from nuclear installations on shore, wastes 
dumped from disposal ships and coolant waters or other radioactive substan
ces released from nuclear-propelled vessels. Should the convention also cover 
the dispersal of gaseous wastes into the atmosphere to the extent that these 
might affect multi-national waters % In addition, should the waterways 
covered be limited to the seas and tributaries thereof or include any multi
national waters ? Further, should military activities be exempt ? Certainly, 
no general exemption for Government-owned installations is realistic because, 
in some nations, this would mean that all installations, commercial as well 
as military, would be exempt. Normally military vessels are exempt from 
maritime conventions and such vessels are easy to define. Military land- 
based activities however may be more difficult to define. Take for example 
a Government reactor operated for the dual purpose of producing power 
and plutonium. Is it commercial or military ? Perhaps, some such phrase
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as “ primarily related to military functions” can be used as a basis for exemp
tion.

In  addition to these questions of scope, there are questions regarding 
the various elements of a radiation protection control scheme. The basic 
element in a preventative control system is the standards. A  number of 
international conventions exist where basic standards have been adopted.
Good examples are the Oil Pollution Convention, the Convention on the 
Safety of Life at Sea, the Whaling Convention, and the Narcotic Drug Con
vention. In most of these conventions, the signatories bind themselves to 
adopt regulations which conform to specified standards. Normally, these /  
regulatory standards are attached as appendices or annexes to the conven
tions.

In addition to establishing basic regulatory standards, there are a number 
of precedents for vesting authority in some new or existing international 
body to amend the standards from time to time. The Whaling Convention, 
some of the international river conventions, the International Sugar Agree
ment, and the Constitution of the W orld Health Organization (WHO) are 
good examples. The designation of a continuing body will have advantages 
in the nuclear waste field. Changes in regulations undoubtedly will be neces
sary to accommodate the needs presented by increased disposal activities 
and particularly to take advantage of increased knowledge of radiation effects 
within the marine environment. Ultimately, it may be desirable to give an 
agency authority to establish national quotas for dumping nuclear wastes 
into internationally-established sea disposal areas. A  precedent for vesting 
authority to establish quotas in an international body is found in the Inter
national Sugar Agreement. Certainly, a continuing body will be necessary 
to establish new high-sea disposal areas unless criteria for establishing such 
areas on a national basis can be developed. From a co-ordination standpoint, 
however, the national establishment of disposal areas would probably prove 
ineffective.

I f  a continuing body is given authority to change standards, the question 
whether signatories to the convention should be automatically bound to the 
the changes will arise. Normally, nations reserve a right to file objections and 
not be bound; but perhaps some device for assuring compliance with majority 
rule should be adopted to avoid arbitrary action by signatories. Some pre
cedent exists for such a procedure in the European Convention on the Car
riage of Dangerous Goods by Road. In the final analysis, a nation is always 
free to withdraw from the convention completely.

In addition to the establishment of standards, the matter of inspection 
as a preventative measure must be considered. Certainly minimum standards 
for inspection by national authorities should be adopted. The Conventions, 
on Oil, Pollution, Whaling and the Safety of Life at Sea, among others, have 
such provisions; the Whaling Convention goes into considerable detail on 
this matter. Whether any right of inspection should be given to an internatio
nal authority raises some difficult questions. Perhaps the most difficult of 
these is the extent to which activities within territorial limits should be 
subject to international inspection. I f  only activities actually conducted 
on international waters are subject to inspection by an international authority, 
the right of inspection may be meaningless, since the precise source of excess 
radiation may be impossible to identify. Inspection of territorial activities 
raises obvious difficulties related to national sovereignty.
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An alternative to inspection by an international authority- is a system 
requiring inspection by national authorities in accordance with international 
standards and, in addition, requiring certain kinds of information to be repor
ted to an international authority for evaluation, comment, and publication. 
I f  a system of national inspection coupled with a reporting requirement is 
adopted, some procedure might be developed to assure that national obliga
tions are being properly met. For instance, the international authority might 
be vested with authority to conduct fact-finding hearings or to spot check 
inspections by national authorities. Of course, there are numerous alternatives 
beyond the two inspection schemes which we have briefly mentioned.

Consideration also must be given to provisions designed to assure that 
nations actually give effect to the agreed standards and procedures. Most con
ventions which provide for national regulation to protect public health impose 
a clear obligation on the signatories to enforce the regulations. To give force 
and effect to such an obligation, a number of conventions, such as the Oil 
Pollution and Whaling Conventions, require reports by national authorities 
of violations and actions taken. Such reports might be published, together 
with any comments by an international body on the adequacy of national 
enforcement. The Convention on Narcotic Drugs provides a more compelling 
type of international sanction. Where any nation’s stockpile of narcotics 
exceeds specified quantities, an international embargo can be imposed on nar
cotics shipments to that nation. Similarly, where a nation fails to adopt or 
abide by international waste disposal standards, an embargo on the shipment 
of radioactive materials to that nation or even withholding research assistance 
might be a desirable remedy. The International Atomic Energy Agency at 
present has authority to impose such sanctions on nations to whom it is supply
ing materials.

Finally, some type of arbitration procedure might be established on a volun
tary or compulsory basis. Such a procedure would be particularly useful 
for settling disputes between several users of a river or of a portion of the sea. 
An expert body may be more competent to resolve such a dispute than the 
International Court of Justice. Precedents can be found in the Convention 
establishing the Danube River Commission and in the 1958 International 
fishery conservation conventions.

The agency designated to administer the provisions of any waste disposal 
convention might be either the IA E A , W H O , the ICRP or a newly-created 
agency. The IA E A  would seem to be the logical recipient of the authority. 
It is rapidly building up the kind of expert staff needed to accomplish 
the necessary tasks. In addition, other conventions may be necessary to deal 
with such matters as transport of nuclear materials and nuclear-powered 
vessels. The same agency should be responsible for whatever administrative 
tasks are required for the control of all these activities. The IA E A  is the only 
body with the kind of over-all competence and responsibility to undertake 
these related tasks. Finally, the IA E A  already has general authority for deve
loping health and safety standards in the atomic energy field. Moreover, it has 
an obligation to develop and apply such standards to its own activities and to 
activities of those nations receiving radioactive materials from it. Placing the 
responsibility in another body would result in duplication of activities.

W hat steps should be taken to bring about an international agreement ? 
The IA E A  has already made a considerable contribution by convening a tech
nical panel to define the scientific problems. Moreover, this Monaco Conference
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should succeed in providing whatever supplementary information is necessary. 
As soon as review of the technical document drafted by the Agency’s panel is 
completed, the Agency should convene a preparatory committee composed 
of experts to draft a convention. This committee would consider and suggest 
preliminary solutions of the many problems concerning scope and procedures 
which we have outlined. On the basis of such a draft, a conference could be call
ed for the purpose of concluding an international agreement. The initiating 
body could be the IA E A , another agency connected with the United Nations 
or even the Government of Belgium, which has a traditional role in calling 
maritime conferences. Since the IA E A  is undertaking the preliminary work, 
it would seem to be the logical sponsor.

The answer to the question of how soon efforts should be initiated to for
mulate a convention depends on predictions of the increase in sea disposal of 
radioactive wastes. These predictions, in turn, depend upon the economics of 
various means of disposal and the growth of the nuclear power industry. As a 
practical matter, the need for international resolution is probably not imme
diate. It  must be recognized, however, that agreement on the terms of a con
vention and ratification by a significant number of nations may take a number 
o f years. Moreover, efforts to obtain agreement should not be postponed until 
a serious threat is posed or even until national approaches to the sea disposal 
of radioactive wastes become too fixed.

All we have been able to do in the short time allotted is to raise a few of 
the problems and suggest a few answers. W e cannot provide some answers 
because technical judgements are required. The answer to others will depend 
on political attitudes. One thing is clear: in seeking solutions to the various 
problems raised, a dynamic and imaginative approach is necessary to ensure 
that the vital objective of public health and safety is achieved, particularly in 
view of the dangerous potential of radioactive pollutants. The safety objective 
may provide the incentive for an international control scheme of greater depth 
than heretofore accomplished. Consider how much has been achieved by way 
of international control in the conservation of marine life. Nations may be 
willing to move further where potential damage to life, rather than solely an 
economic impact, is involved.





T H E  H Y D R O G R A P H I C A L  F E A T U R E S  O F  T H E  B A L T I C  S E A  
A N D  T H E  D I S P O S A L  O F  R A D I O A C T I V E  W A S T E S

Abstract
The purpose of the paper is to point out a few hydrographical features of the 

Baltic Sea, which make this sea, in reference to the disposal of radioactive 
wastes, different from any oceanic region.

The seas can be divided, in reference to the practical problem of the disposal 
of radionuclides, into the following zones: (1) harbours, (2) fairways leading 
into harbours, (3) outer continental shelf and (4) the open sea. There, is no 
open sea, in the above sense, in the Baltic Sea. In addition, the validity of the 
rules recommended for the above zones, must be carefully checked through 
further hydrographical studies, since:
(1) the whole Baltic is, in a sense, an estuary, with a sill-depth of only 18 metres 

in the Danish Sounds,
(2) the mixing in the Baltic Sea is much more restricted than in the oceans, 

since the Baltic is rich in islands, brackish, heavily stratified, practically 
tideless, in winter partly covered with ice, and has a limited fetch of wind 
and only slowly moving permanent currents.

In the paper reference is made to all these factors which diminish the turbu
lent diffusion, both vertical and horizontal.

For the evaluation of the advection and turbulent (eddy) diffusion, both in 
the upper water layers and at the bottom, synoptic observations of current 
velocity and salinity at a number of points in several regions of the Baltic 
Sea and under different weather conditions are needed.

L ’ H Y D R O G R A P H I E  D E  L A  M E R  B A L T I Q U E  E T  L ’ E V A C U A 
T I O N  D E S  D E C H E T S  R A D I O A C T I F S

Résumé
Le mémoire a pour but d’exposer certains traits de l ’hydrographie de la 

mer Baltique qui, du point de vue de l ’évacuation des déchets radioactifs, 
la distinguent de toute région océanique.

Pour l ’étude des problèmes pratiques posés par l ’évacuation des déchets 
radioactifs, on peut répartir la mer en quatre zones: 1) les ports, 2) les chenaux 
d ’accès aux ports, 3) le plateau continental, 4) la haute mer. Dans ce sens, il 
n ’y a pas de haute mer dans la Baltique. En outre, la validité des règlements 
recommandés pour les zones précitées doit faire l ’objet d ’une vérification appro
fondie au moyen d ’études hydrographiques plus poussées, étant donné que:

1) Toute la Baltique est, en un sens, un estuaire, avec une profondeur de 
seuil qui ne dépasse pas 18 mètres dans les Détroits.

2) Le brassage y est beaucoup plus réduit que dans les océans, pour diverses 
raisons: nombreuses îles, eau saumâtre, stratification marquée, pratique
ment pas de marées, mer partiellement recouverte de glace en hiver, 
peu de parcours pour lés vents, faible vitesse des courants permanents.

Le mémoire mentionne tous ces facteurs qui diminuent la dispersion par 
turbulence, tant verticale qu’horizontale.

Pour évaluer la dispersion par advection et par turbulence, tant dans les 
couches supérieures qu’au fond de la mer, il faudrait faire des observations 
synoptiques de la vitesse des courants et de la concentration saline en un cer
tain nombre de points' situés dans plusieurs régions de la Baltique et dans 
diverses conditions atmosphériques.
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Г И Д Р О Г Р А Ф И Ч Е С К И Е  О С О Б Е Н Н О С Т И  Б А Л Т И Й С К О Г О  
М О Р Я  И У Д А Л Е Н И Е  Р А Д И О А К Т И В Н Ы Х  О Т Х О Д О В

Резюме

Цель данного документа указать несколько гидрографических особенностей 
Балтийского моря, которые отличают это море в том, что касается удаления 
радиоактивных отходов, от любого океанического района.

С точки зрения практической проблемы удаления радиоактивных изотопов, 
моря можно разделить на следующие зоны: 1) гавани, 2) фарватеры, ведущие 
к гаваням, 3) внеконтинентальный шельф, 4) открытое море. В свете вышеизло
женного, Балтийское море не является открытым морем. Кроме того, необходи
мо тщательно проверить с помощью дальнейших гидрографических исследо
ваний обоснованность правил, которые рекомендованы для вышеупомянутых 
зон, так как

1) все Балтийское море является в некотором смысле устьем, глубина кото
рого до порога составляет только 18 метров в Датских проливах,

2) образование смеси в Балтийском море более ограниченно, чем в океанах, 
так как Балтийское море богато островами, солоноватое, с большими 
наслоениями, фактически не имеет приливов и отливов, зимой частично 
покрыто льдом и имеет незначительные ветры, имеет только медленное 
постоянное течение.

В данном документе указываются все эти факторы, которые снижают как 
вертикальную, так и горизонтальную турбулентную диффузию. Для опреде
ления адвекции и турбулентной (вихревой) диффузии как в верхних водных 
слоях, так и на дне, необходимо иметь синоптические данные о скорости тече
ния и о солености в ряде пунктов в нескольких районах Балтийского моря и при 
различной погоде.

C A R A C T E R I S T I C A S  H I D R O G R A F I C A S  D E L  M A R  B A L T I C O  
E N  R E L A C I O N  C O N  L A  E V A C U A C I O N  D E  D E S E C H O S

R A D I A C T I V O S

Resumen

La memoria tiene por finalidad describir algunas características hidro
gráficas del Mar Báltico que hacen que este mar, para la evacuación de dese
chos radiactivos, sea diferente de las demás regiones oceánicas.

Para la evacuación de radionúclidos pueden distinguirse, en la práctica, 
las siguientes zonas marítimas: 1) puertos; 2) vías de acceso a los'puertos;
3) plataforma continental exterior, y  4) alta mar. En este sentido, no existe 
alta mar en el Báltico. Además, la validez de las normas recomendadas para 
estas cuatro zonas debe verificarse cuidadosamente con nuevos estudios hidro
gráficos, ya que:
1) Todo el Báltico es, en cierto modo, un estuario, cuya profundidad es de

sólo 18 metros en los estrechos daneses;
2) La velocidad de mezcla en este Mar es mucho menor que en los océanos, 

pues el Báltico: tiene muchas islas; es de escasa salinidad; es muy estrati
ficado; carece prácticamente de mareas; en invierno queda parcialmente 
cubierto de hielo; sólo registra vientos débiles; no tiene corrientes conti
nuas más que de escasa velocidad.

En la memoria se examinan todos estos factores que reducen la difusión 
turbulenta, tanto vertical como horizontal.
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Para evaluar la convección y la  difusión turbulenta, tanto en las capas super
ficiales como en las profundas, es preciso efectuar observaciones sinópticas de 
la velocidad de las corrientes y  de la salinidad de las aguas en numerosos puntos 
de distintas zonas del Báltico y en diferentes condiciones meteorológicas.

THE HYDROGRAPHICAL FEATURES  
OF THE BALTIC SEA AND THE DISPOSAL  

OF RADIOACTIVE WASTES

Ilmo H e l a , Professor ,
I nstitute  of Marin e  R esearch , H e l sin k i,

F inland

Since the purpose of this paper is to point out a few significant hydrographi
cal features of the Baltic Sea (Fig. 1), which make this sea, in reference to the 
disposal of radioactive wastes, different from any oceanic region, it is necessary 
to start with a few known facts on the disposal problem.

Fig. 1 
The Baltic Sea

In principle, there are only two ways of handling radioactive waste materials to 
prevent them from becoming a hazard to man :

1. By containment, which has as its objective the retention of the material 
in such a maimer that it does not get into the human environment, at 
least until natural decay has reduced the radioactivity of material to a 
harmless level; and
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2. By dispersal, which has as' its objective the dilution of the waste to below 
permissible levels before it becomes a part of the immediate human 
environment (1).

Regardless of the complexity of the processes involved, there are only two 
probable avenues through which the radioactive substances may be brought 
back to man:

1. Transport of the radioactive wastes from the disposal sites to the imme
diate shoreline, there creating a potential hazard in man’s uses of the 
coast; and

2. Uptake of the radioactive waste components by the marine biota with 
return to man in commercially important fish and shell-fish.

The immediate hydrographical problems connected with the disposal of the 
radioactive waste materials are quite different in the case of surface waters 
and of bottom waters. In connexion with the surface waters, the following main 
sources of radionuclides must be taken into account, excluding accidental 
disposals :

Effluent wastes from land-based nuclear reactors;
Ruptured containers of packaged radioactive wastes disposed on the bottom  

of the sea ;
Radioactive effluents and other wastes from nuclear-powered ships;
Laboratory or other similar sewage wastes; and
Radioactive fall-out.
In connection with the bottom-waters, the following sources of radionuclides 

are possible:
Ruptured containers.
Sinking particles brought into the bottom water from the surface either 

through sedimentation or co'agulation, or through vertical diffusion from the 
surface layers.

Following again the preference quoted above (1), the later fate of thé mobile 
radioactive wastes introduced into the marine environment depends upon the 
following three processes :

1. Initial dilution, resulting from the mechanical mixture of the effluent 
with the receiving waters ;

2. Advection of the effluent with currents and simultaneous turbulent 
diffusion leading to further reduction in concentration (obviously, the 
water circulation in the immediate area of the disposal site will control 
the initial movements of the soluble and finely divided waste. However, 
the general circulation of the water does not wholly control the move
ments of such waste, since tides, internal seiches, waves and storm 
surges impose controls which may in fact outweigh in importance the 
average circulation. On the other hand, factors such as current velocity, 
depth, density stratification, wind velocity and fetch, and density diffe
rences between effluent and receiving waters all influence the process of 
turbulent diffusion) ; and

3. Concentration of activity from the water in the suspended silt, the 
bottom sediments and the biota.

Following the practice adopted or suggested in the United States, the seas 
can be divided, in reference to the problem of the disposal of radioactive wastes, 
into the following four zones :

1. Harbours, estuaries, and coastal waters out to two miles from the shore
line;
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2. The coastal area between 2 miles and 12 miles from the coastline, includ
ing the channels leading into the harbours ;

3. The outer continental shelf, extending from 12 miles offshore outward
to the 200-fathom depth contour; and i ,

! 4. The open sea, here considered to comprise those ocean areas more than
12 miles from shore and having depths greater than 200 fathoms.

In considering the special problems of the Baltic Sea, the fourth category ' 
must be eliminated: there is no open sea, in the above sense, in the Baltic 
Sea (except for the limited Landsort Deep).

The Cçmmittee on effects of Atomic Radiation on Oceanography and Fishe
ries recommends for nuclear-powered ships the following rules (here simpli
fied) for the different zones (1):

1. For harbours:
a) No solid radioactive wastes or spent ion-exchange resins should be 

discharged into these waters from nuclear-powered ships; and
b) Nuclear-powered ships should be equipped with tanks capable of 

containing any liquid wastes which accumulate during the harbour 
time. The tanks should not be discharged until the ship has reached 
the open waters (3) of the continental shelf.

2. For ship traffic routes :
a) No solid wastes should be introduced into this environment.
b) Low-level liquid effluent may be discharged into the waters of the 

coastal area, between 2 and 12 miles from shore, providing that the 
total activity contained in any single discharge does not exceed 
5 x  Ю-1 с resulting from isotopes with half-lives of more than 6 houra.

3. For the open Baltic (i.e., for the outer continental shelf):
a) The release of low-level liquid wastes from nuclear-powered ships 

into waters of the outer continental shelf apparently presents no seri
ous problem.

b) I f  denser than sea water, spent ion-exchange resins from nuclear- 
powered ships may be discharged into non-fishing areas of the outer 
continental shelf.

I t  is the urgent task of the Baltic oceanographers to find out whether or not 
these rules can be adopted for the Baltic Sea. In this connexion the intensity 
of the turbulent mixing becomes decisive. In addition, the question of the possible 
disposal of canisters containing any radioactive wastes needs its own solution. 
Besides diffusion and the possible hazards brought about by the fishermen, 
the renewal frequency of the bottom water becomes decisive.

In approaching the solution of these problems, attention must be given to 
the question of general circulation and vertical structure of the waters, both 
affecting the mixing conditions, and to several other factors. In spite of the 
well understood gross features of the circulation pattern based upon morpho
logy, knowledge of the net fresh-water, flow, absence of tidal currents and the 
salinity distribution, plenty of new hydrographic research is urgently needed, 
since the details of water movement and mixing are understood only very 
poorly and since the local influences necessitate new studies in every special 
case.

Though the Baltic Sea is not known well enough to warrant a valid solution 
of the above problems, it can be stated that the Baltic is in several respects 
different from the oceans. In addition, the adjacent seas are by no means iden
tical, as can be seen from the following classification (Fig. 2) which is based
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on the degree of restriction of their communication with the ocean, on the 
existence or absence of formation of heavy bottom water inside the basin, and 
on the positiveness of their water balance.

The main hydrographical features of the Baltic Sea (Fig. 3) are the result 
of three factors:

1. The^ entrance of the Baltic Sea is narrow and shallow. Thus, the Baltic 
Sea may be regarded as a huge fjord. The sill depth of the Danish Sounds 
is only 18 m. The areas of the cross-sections are: the Sound 80,000, the 
Great Belt 255,000, and the Little Belt 16,000 sq.m. only.

2. The water balance of the Baltic Sea is positive, as can be seen from the 
following equation of annual balance :

runoff +  precipitation —  evaporation +  inflow =
470 km3+  200 k m 3 — 180 k m 3 + 4 3 0  k m3 =

outflow =  920 km 3
Thus there is, on an average, an outbound less saline surface flow and 
an inbound more saline undercurrent through the Danish Sounds.

3. The Baltic Sea is shallow, the mean depth being only 55 m. It is interesting 
to note that the volume of water in the Mediterranean (plus the Black 
Sea) is 184 times and that of the Arctic Sea 738 times greater than that 
of the Baltic Sea.

Owing to the narrow entrance of the Baltic Sea, the tidal ranges and, corres
pondingly, the tidal currents of the Baltic are a phenomenon independent of 
the oceanic tides and thus practically negligible. In the easternmost part of 
the Gulf of Finland the tidal amplitude may reach under favourable condi
tions 15 cm, elsewhere, the amplitude is only a few centimetres. Besides the 
lack of tidal currents, even the permanent currents of the Baltic Sea are weak. 
Their effect can be observed direct]}-, as a phenomenon independent of the 
wind drift, only during windless spells in the spring. The lack of tidal currents 
especially contributes to the limited horizontal mixing of the Baltic Sea.

The vertical structure of the waters is brought about, as a rule, by causes which 
can be given as two groups:

1. Changes in the temperature and salinity conditions at the sea surface 
affect vertical gradients ; in the Baltic sea a thermal discontinuity layer, 
the summer thermocline, is brought about in the early summer 'by the 
increasing amount of incoming radiation.

2. Differences in the density of waters taking part in advective (horizontal) 
water movements at different depths bring about other strata. In the 
Baltic Sea a deeper haline discontinuity layer, a permanent “ halocline” 
is maintained by the advective movement of waters.

Since both the summer thermocline and the permanent halocline almost 
completely prevent the vertical mixing and are thus most significant for the 
disposal problem, they must be explained more thoroughly.

First of all attention must be paid to the development of the summer ther
mocline. It is only in the case of a sea surface without the slightest wave motion, 
that the incoming radiation of a sunny day, absorbed at the very surface, re
mains there. In the case of a limited vertical mixing, caused by slight wavè 
action, a diurnal thermocline may appear, say, one or two metres below the 
surface. Such a nucleus of thermocline is not a permanent feature. Normally 
its vertical stability does not reach a value high enough to prevent even a 
minor increase in the mixing from pushing this thermocline downwards in the 
water column. Thus this temporary thermocline will sink to a depth where a
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more pronounced discontinuity layer of density already exists. During the 
actual spring overturn, the permanent halocline is the uppermost disconti
nuity layer. However, with the spring flood of the rivers a tendency to another 
halocline is developed nearer the sea surface. The waters discharged from the 
rivers tend to turn to the right and remain closer to the coastline. Therefore the 
conditions of vertical stability in the early summer in the coastal waters 
are different from those in the open sea (as can be seen in Fig. 4). The summer

С О . w a t e r s

An upper "halocline" appears й>° No upper "halocline" dS_
dz

Vertical mixing and warming 
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More incoming radiation

The above "halocline" be
comes summer thermocline
di 
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Slight decrease in the temper
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i i ~ °  
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The summer thermocline' appears
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The mixing becomes more effective 
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to become a "halocline" as well

Horizontal differences decrease

Fig. 4
Development of vertical stability in the Gulf of Bothnia in early summer

thermocline of the Baltic Sea starts to develop at the depth of 10 to 15 metres. 
(Fig. 5). The uppermost water layer above the summer thermocline may be called 
“ Baltic summer surface water” . The water below this thermocline remains 
cold throughout the summer, actually showing a pronounced intermediary 
temperature minimum. This water may be called “ Baltic winter water” , since 
it is brought about by the convection processes of the preceding winter.

N ext the permanent halocline must be considered (cf. Fig. 6 by Wiist). 
The Baltic Sea may be considered a positive estuary. The two-layer system
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B R A M O  1 КA U АКАЙ/

is always well developed, the transition (halocline) being defined in the Baltic 
proper by thé isohaline of 8, in the Bothnian Sea by the isohaline of 5.75 and 
in the Bothnian Bay by the isohaline of 3.75 parts per thousand. The depth 
of this halocline west of Bornholm in the Arkona Basin is 40 m, east of Born
holm 60 m, east of Gotland 70 m, rising towards the Gulf of Finland, and 
60 to 70 m, in the two basins of the Gulf of Bothnia. The strong positive заИт 
nity gradient of this permanent halocline is always connected with a j clear 
positive (inverse) temperature gradient with a strong negative gradient of 
oxygen content and with a strong' positive gradient of the inorganic dissolved 
phosphorus content. j

In certain parts of the Baltic Sea, at least, the waters under the above1 halo
cline can be divided into two water masses. Thus one arrives at the schematic 
vertical structure of the Baltic summer waters shown in Fig. 7. !

The Kattegat waters penetrating into the Baltic Sea (either as mean under
current or in connexion with westerly storms) flow towards the innermost 
ends of the Baltic Sea along its deepest “ valley” owing to their higher density. 
A t the same time the waters brought into the Baltic in the form of run-off 
and precipitation are moving as the uppermost layers towards the Danish 
Sounds. A  continuous but very slow vertical mixing takes place between these 
different waters, i.e. through the permanent halocline described above. Thus 
the salinity of the upper waters increases while that of the lower waters decrea
ses. The average bottom flow in the areas of estuaries can always be expected 
to be inward. Thus one must count on eastward and northward bottom  
currents, a fact that must be remembered when discussing the possibilities of 
disposing of wastes on the bottom of the Baltic Sea. |

Under normal conditions, in any positive estuary (cf. Fig. 3), provided that the 
sill depth is not too limited, an upper outflow and a deeper inflow are observed 
across the sill. These average flow conditions are based upon the internal for
ces, that is, upon the density difference between the saline oceanic arid less 
saline estuarine water. . .. .
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Fig. 6 (2)
Longitudinal distribution of at [<*t —(9— 1) 1000 where e stands for the density] along the Baltic Sea. Note the summer 

thermocline at about 15 m and the permanent halocline at about 00 m.



Fig. 7
A schematic representation of the vertical structure of Baltic water masses (in summer)

On the other hand, the external, changing factors cause currents of another 
type. These currents are brought about through the hydraulic head between 
the sides of the sill, that is, mainly through the different, wind-produced 
piling-up of water. I t  is evident that the width and the length of the sound in 
question, its sill-depth, the depth and width of the sea-areas outside and inside 
of the sound area, and the degree of the.positiveness of the estuary, all affect 
the currents and other hydrographical changes caused by the external forces. 
Characteristic of the Great Belt and of the Sound is their narrowness and 
their length. In addition, the piling-up of sea level is possible on both sides of 
these Sounds, since those sea-areas are quite shallow and their shape more or

Fig. 8
A typical wind field forcing Kattegat waters into the Baltic Sea



less funnel-like. Actually, in the case of westerly or southwesterly winds 
(Fig. 8) around the Danish Sounds, even the surface waters flow into the Baltic 
Sea, while in the case of easterly and northeasterly winds (Fig. 9) the external

A typical wind field strengthening the outflow through the Danish Sounds

forces strengthen the outflow. To a certain extent the same water is transported 
in the Sounds back and forth. However, these Sounds, with the Kattegat, are 
the transition zone between the oceanic and Baltic waters, with a horizontal 
salinity and density gradient (the permanent halocline reaches the sea surface 
east of the Sounds, in their immediate vicinity). When the more saline inflowing 
water has moved along the inner entrance of the Sounds into a deeper layer, 
it can no longer leave the basin of the Baltic Sea with the next outflow, which 
consists of lighter surface water only. Therefore, the oscillatory motion of the 
water and of the isohalines along the Sounds always takes some Baltic water 
away from and brings some Kattegat water into the Baltic Sea. Thus for the 
renewal of the deeper water the length of the inflow period becomes decisive.

The separation between waters С and D is based upon the pulsatory inflow 
of saline water through the Danish Sounds. С-water is brought into the Baltic 
basin in normal, limited cases of inflow ; however, in exceptional cases, during 
the longest-lasting periods of inflow, more saline D-water penetrates the Baltic 
basin. Owing to its higher salinity, this water is denser and moves under the 
previously deepest waters. After an intrusion of such highly saline bottom wa
ter, a few years elapse before vertical mixing has lowered the density of the 
new stagnant water sufficiently to allow another equally strong intrusion to 
lift the old water away from the basin. Thus most of the time the D-water is 
really “ old, almost stagnant, saline water from the W est” . Only immediately 
after the crucial inflow the same water mass can be called “ young, most 
saline water from the W est” .
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The hydrographers do not know yet how frequently the bottom water of the 
different basins is renewed. (Schematically one could guess that the average 
length of the renewal period is 5 to 10 years for the Arkona Basin, 15 years for 
the Bornholm Basin, and 30 years for the Gotland Basin.) This periodical 
renewal of the bottom water is most significant in relation to the possible dis
posal of packaged radioactive wastes on the bottom of the Baltic Sea, since 
once in a limited number of years the bottom water, which might contain 
radioactive substances either in solution or in suspension will suddenly be 
lifted away from its basin.

The deep water of the basins of the Bothnian Sea and the Bothnian Bay are 
similarly formed at the sea surface south of their entrances, which are wide and 
short, and show a limited difference in the salinity. Thus the renewal of their 
deep water occurs quite frequently and so thoroughly that no stagnation 
of water is possible. Therefore a permanent accumulation of any waste effluents 
is not possible on the bottom of the Gulf of Bothnia.

The above refers to summer conditions only. Towards the autumn, the 
temperature of the surface waters decreases. A t that time the discharge values 
are much lower than in the early summer. The density difference at the sum
mer thermocline decreases and, owing to the mixing becoming more effective, 
the thermocline sinks deeper in the water column. The final limit of this autumn 
overturn is normally reached at the permanent “ halocline” . In the main part 
of the Baltic proper, the temperature of the maximum density of the surface 
waters is as high as +  2.4° C, which corresponds to the temperature of the fall 
overturn.

As a result of further cooling of the surface water, an inverse “ winter thermo
cline” with a “ Baltic winter surface water” is developed over larges areas of 
the Baltic Sea. Owing to the minor vertical gradient of density and also to the 
effectiveness of the factors causing vertical mixing, the winter thermocline 
is never as marked or as stable as the summer one. However, in the ice-covered 
areas the vertical mixing is obviously limited to a rather well-defined layer 
of the Baltic winter surface water.

The inverse winter conditions are followed by a spring overturn which fur
ther aids the aeration of the waters above the permanent halocline. For this 
reason the “ Baltic winter water” (B) normally remains almost saturated with 
oxygen throughout the following summer. In open sea areas with depths less 
than that of the permanent halocline, where the overturn convection reaches 
the bottom, it is out of the question for permanent sedimentation of finer 
material, possibly containing radioactive waste, to occur.

Owing to the positive water balance and the narrow entrances of the Baltic, 
the surface salinities are low (in the Arkona Basin 8, off the southwestern coast 
of Finland 6 and in the northernmost coastal region of the Gulf of Bothnia 
practically О parts per thousand).

The schematic representation (Fig. 10) shows under which exceptional 
conditions ice is formed on the sea surface. The hydrographical line of demar
cation between ocean and lake as regards freezing behaviour lies at a salinity 
of 24.7 parts per thousand, in which case the temperature of the maximum den
sity and of the initial freezing are identical. Thus in this respect the Baltic 
Sea may be regarded as a lake with the temperature of maximum den
sity +  2.5° C, while freezing begins at — 0.3° C.. '
; The seasonal changes in the vertical mixing of the surface. water can be 

summarized as follows.
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C o n d i t io n s  u n d e r  w h ic h  I c e  i s  fo rm e d  o n  th e  s e a  s u r f a c e .

Fig. 10
A scheme of the special case of ice forming on the sea surface

In summer the convective mixing reaches only the summer thermocline 
i.e., a depth of some 15 m.

In autumn the overturn reaches the permanent halocline, the depth of which 
is some 60 m in most places.

In winter, owing to the ice cover, which in the mildest winters covers a 
maximum of 10%  of the total area and during extremely severe winters 
the entire area of the Baltic, the mixing is limited, at least in the ice-covered 
areas, to a rather thin surface layer.

In spring the overturn is repeated.
Thus it has become evident that the rules and recommendations to be adop

ted or suggested for the three corresponding oceanic subdivisions and, similarly, 
practice in the disposal of containers of radioactive waste material, cannot 
be appropriate in the Baltic Sea owing to the following two factors:

1. The whole Baltic Sea is, in a sense, an estuary.
2. The mixing in the Baltic Sea is much more restricted than in the oceans, 

since the Baltic is rich in islands (cf. Fig. 11), practically tideless, heavily 
stratified, especially in summer, brackish and in winter partly covered 
with ice, and has a limited fetch of wind.
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S O M E  I N T E R N A T I O N A L  L E G A L  A S P E C T S  
O F  T H E  E N C L O S E D  S E A S ,  E S P E C I A L L Y  T H E  B A L T I C  S E A ,  

W I T H  R E G A R D  T O  T H E I R  
P R O T E C T I O N  A G A I N S T  P O L L U T I V E  A G E N T S

Abstract

Enclosed or intra-continental seas should be distinguished from lakes, be
cause the systems of the international law of the sea and international water- 
law differ from each other. The definitions of the enclosed sea used in the lite
rature are not satisfactory and in the paper a new and more appropriate 
definition is proposed.

The main sources of the international law of the sea are four Conventions 
adopted by the United Nations Conference on the Law of the Sea held at 
Geneva in 1958.

Many of the problems concerning the Baltic are also characteristic of other 
intra-continental seas. In  the paper reference is made to these problems and 
to the considerations that render the provisions of the Conventions on the 
Law of the Sea inadequate for the case of the enclosed seas.

W ith  regard to the prevention of pollution of the sea and the disposal of 
radioactive wastes, the rules of international law are still undeveloped. In the 
paper mention is made of the aspects that should be considered when drawing 
up regulations and taking measures for the prevention of pollution, especially 
of the enclosed seas.

Q U E L Q U E S  C O N S I D E R A T I O N S  D E  D R O I T  
I N T E R N A T I O N A L  T O U C H A N T  L E S  M E R S  F E R M E E S ,  

N O T A M M E N T  L A  B A L T I Q U E ,  A U  P O I N T  D E  V U E  D E  L A  
P R O T E C T I O N  C O N T R E  L E S  A G E N T S  D E  P O L L U T I O N

Résumé

Il faut distinguer les mers fermées ou intracontinentales des lacs, car le 
droit maritime international s’applique aux premières et non aux deuxièmes. 
Il n ’existe pas de définition satisfaisante de la mer fermée, et l ’auteur du mé
moire propose une nouvelle, qui est plus exacte.

Les principales sources du droit maritime international sont constituées par 
quatre conventions, adoptées par la Conférence des Nations Unies sur le droit 
de la mer, qui s’est tenue à Genève en 1958.

Beaucoup de problèmes concernant la mer Baltique sont des. problèmes 
types qui intéressent également les autres mers intracontinentales. Le mémoire 
expose ces problèmes et les raisons pour lequelles les dispositions des conven
tions sur le droit de la mer ne sont pas suffisantes dans le cas des mers fermées.

En ce qui concerne la prévention de la pollution de la mer et l ’évacuation des 
déchets radioactifs, les dispositions du droit international sont à peu près 
inexistantes. Le mémoire indique les points de vue dont il faudrait tenir compte 
pour élaborer des règlements et prendre des mesures en vue de prévenir la 
pollution, spécialement dans les mers fermées.
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Н Е К О Т О Р Ы Е  М Е Ж Д У Н А Р О Д Н Ы Е  Ю Р И Д И Ч Е С К И Е  
А С П Е К Т Ы ,  С В Я З А Н Н Ы Е  С З А Щ И Т О Й  В Н У Т Р Е Н Н И Х  М О Р Е Й ,  

И В Ч А С Т Н О С Т И  Б А Л Т И Й С К О Г О  М О Р Я ,
О Т  З А Г Р Я З Н Е Н И Я

Резюме

Закрытые или внутренние моря необходимо отличать от озер, потому что 
система международного морского законодательства и система международ
ного речного законодательства отличаются друг от друга. Определения закры
тых морей, которые даются в литературе, являются неудовлетворительными, 
и в данном документе предлагается новое более правильное определение.

В основу морского законодательства положены четыре конвенции, принятые 
на Конференции Организации Объединенных Наций по морскому праву, со
стоявшейся в Женеве в 1958 году.

Многие проблемы, относящиеся к району Балтийского моря, являются также 
типичными для других внутренних морей. В этом документе содержится ссылка 
на эти проблемы, а также на те факторы, которые являются причиной того, 
что положения конвенций по морскому праву являются недостаточными в отно
шении закрытых морей.

Что касается: предотвращения загрязнения моря и удаления радиоактивных 
отходов, то правила международного законодательства еще не разработаны. 
В этом документе упоминаются точки зрения, которые должны приниматься 
во внимание при разработке правил и принятии мер по предотвращению загряз
нений закрытых морей.

E S T U D I O  D E  A L G U N O S  A S P E C T O S  J U R I D I C O S  I N T E R 
N A C I O N A L E S  D E  L O S  M A R E S  C E R R A D O S ,  E S P E C I A L 

M E N T E  E L  B A L T I C O ,  C O N  M I R A S  A  L A  P R O T E C C I O N  D E  
S U S  A G U A S  F R E N T E  A  L O S  A G E N T E S  C O N T A M I N A D O R E S

Resumen

Hay que distinguir entre los mares cerrados o continentales y los lagos, por
que las normas del Derecho internacional del mar y del Derecho de aguas inter
nacionales son diferentes en cada caso. Las definiciones de mar cerrado que se 
emplean en las obras publicadas no resultan satisfactorias, por lo que en la 
memoria se propone una nueva definición más adecuada.

Las fuentes principales del Derecho internacional del mar son las cuatro 
convenciones aprobadas por la Conferencia de las Naciones Unidas sobre el 
Derecho del Mar, que se celebró en Ginebra en 1958.

En cambio, muchos de los problemas que se plantean en la zona del Báltico 
son también característicos de los demás mares continentales. En el documento 
se hace referencia a estos problemas y  a los factores que hacen que las normas 
de las convenciones sobre el Derecho del Mar no sean suficientes en lo que se 
refiere a los mares cerrados.

En cuanto a las medidas para impedir la contaminación del mar y para la 
evacuación de desechos radiactivos, aún no se han elaborado las normas de 
derecho internacional correspondientes. En el documento se alude a los cri
terios que deberán tenerse presentes al formular dichas normas y  al adoptar 
medidas para impedir la contaminación, sobre todo en los mares cerrados.
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SOME INTERNATIONAL LEGAL ASPECTS 
, OF THE ENCLOSED SEAS, ESPECIALLY  

THE BALTIC SEA, W ITH REGARD TO THEIR  
PROTECTION AGAINST POLLUTIVE AGENTS

E .J .  M a n n e r , V i c e  C h a n c e l l o r  o f  J u s t i c e ,
C h a i r m a n  o f  t h e  A d v i s o r y  S t a t e  C o m m i t t e e  o n  W a t e r  P o l l u t i o n ,

H e l s i n k i ,
F i n l a n d

General Features of the International Legal Status of the Enclosed Seas

Enclosed seas (maria clausa, mers fermées), or such intracontinental seas as 
are connected with the adjacent sea by no more than a strait, form a group 
of their own in the system of international sea law. The legal status of sea areas 
which fall within this group depends partly on the width of the natural entrance 
to the sea outside, and partly on the number of States to which the coasts 
of the enclosed sea belong. Although the Convention on the Territorial Sea 
and the Contiguous Zone adopted at Geneva on 27 April 1958* does not speci
fically refer to enclosed seas, its provisions relating to bays (Article 7) imply the 
rule (1) that an enclosed sea connected with the adjacent sea by a natural 
entrance not exceeding twenty-four miles in width at the mouth, and more
over situated entirely within the territory o f a single State, forms a part of the 
internal waters of the State concerned and therefore of its territory. This rule 
is in conformity with opinions expressed in textbooks on international law 
and with the usage whereby a State may consider an enclosed sea surrounded 
by its coasts as belonging to its territorial waters provided that the entrance 
to the open sea does not exceed twice the width of the territorial sea (2), 
or that the State can otherwise exercise dominion over it (3). On the other hand, 
when the width of the strait connecting an enclosed sea with the open sea 
exceeds twenty-four miles, or the coasts of an enclosed sea with a connecting 
strait which is even narrower belong to more than one State, the status of the 
enclosed sea is— unless otherwise determined by virtue of historic title or valid 
agreements— the same as that of an open oceanic bay and its open waters 
beyond the territorial waters which form a part of the high seas. The latter 
applies inter alia to the Baltic Sea, which together with its bays is reckoned 
among the “free seas” .**

Lakes are often mentioned in the same context as enclosed seas, but a clear 
distinction between the two concepts is not always made***.  W hen the whole 
length of the lake coast belongs to one State alone, the lake is considered to be 
a part of the State’s territory— like the enclosed sea in corresponding cases (4).. 
In this respect, it is of no practical significance whether a lake or a sea is 
concerned.

In principle, lakes as a part of the inland waters belong to the State’s inter
nal waters, even when surrounded by the land domain of more than one State.

* U n ited  N ations docu m en t A /C O N F . 13 /L  52; U n ited  N ations C onference on  the 
L a w  o f  th e  Sea, o ffic ia l records, v o lu m e I I ,  annexes.

**  W ith  regard to  the developm ent o f  the in ternational legal status o f  the area o f  the 
B a lt ic  Sea, see reference (2), p . 125.

* * * See e.g., B J Ô R K S T E N , D as W assergebiet F inn lands in vd lkerrech tlicher H insich t, 
H elsinki 1925, p . 37 ; O P P E N H E IM  (L auterpach t), In tern ation al L a w  I , E d in bu rgh  1947, 
p . 432 and  H Y D E , In tern ation al L a w  I , B oston , 1947, p . 482 f.
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The current opinion is that the entire lake is in the latter case divided among 
the co-riparian states*, which means that its open waters are not without 
dominion**. No further arguments for this standpoint are put forward'by  
some of its advocates, who are of the opinion that the principle concerns 
lakes in particular, and is applicable irrespective of whether the lake is or is 
not connected with the sea by a navigable fairway***.  Furthermore, any 
water-area connected with the sea by no more than a river is usually considered 
as belonging to the co-riparians, irrespective of whether its water is fresh or 
salt, and as also having the status of a lake, even if it is called a “ sea” . The rules 
governing the legal status of an enclosed sea and a lake concur also as regards 
the last-mentioned water area (5).

Comments on the Distinction between the Concepts of Enclosed Sea and Lake

1 Despite what has beensaid above, it cannot be claimed that the conceptual 
distinction between a lake and an enclosed sea has merely a formal or theoreti
cal significance. It must be borne in mind that the question is related to two 
different legal fields, that of the international law of the sea and the inter
national water-law, which differ not only formally and systematically,**** but 
first and foremost fundamentally. The international law of the sea has been 
evolved on the basis of the principles of the communis omnium doctrine of 
Roman law and the freedom of the high seas. Nevertheless, the rights of coastal 
states over the territorial sea, contiguous zone and continental shelf contract, 
from the historical point of view at least the field to which the latter principle 
is applicable. On the other hand, the international water-law has evolved in the 
opposite direction, and its supreme principle, which stressed the sovereignty 
of the State, has had to yield ground to limitations of the uses of water areas 
required by international water transport, more effective utilization of water 
systems and the safeguarding of the interests of neighbour states. * * * * *  Although

* Thus e.g., ERICH, op.cit:, p. 141; BJÜRKSTEN, op. cit., p. 38; and OPPENHEIM, 
op. cit., p. 432, who states, however, that the rule is not indisputable.

* * It is a different matter that the right exercisèd by the state over a lake area may be 
limited by regional agreements or general agreements on the protection of international 
water traffic. See in detail CASTREN, op.cit., p.-94ff., and GUGGENHEIM, op.cit., 
p. 365 ff.

*** ERICH, op.cit., p. 141; v. LISZT'S opinion does not concour, see op.cit., p. 85 
(“ . . .mit dem offenen Meere_nicht in schiffbarer Verbindung stehen” ).

* * * * The main principles of the international law of the sea are codified in the four Con
ventions adopted at Geneva on 27 April, 1958 (Convention on the Territorial Sea and the 
Contiguous'Zone, Convention on the High Seas, Convention on Fishing and Conservation 
of the Living Resources of the High Seas and Convention on the Continental Shelf) and 
in the annexed Optional Protocol of Signature concerning the Compulsory Settlement 
of Disputes (United Nations Conference on the Law' of the Sea, official records, volume II, 
annexes).

On the other hand, the elucidation of the fundamental principles of the International 
■water-law is still in its initial stages. They are still uncodified, though preparatory1 work 
for their codification has been started. The principles and recommendations adopted at 
the Conference of the International Law Association, (ILA), held in New York in 1958, 
are a northworthy achievement in this field. Rules and regulations concerning the uses 
of inland waters are also provided for by the Convention on navigable waterways of 
international concern signed at Barcelona in 1921, and the Convention relating to the 
Uses of Rivers for Hydraulic Power signed at Geneva in 1923. See also OPPENHEIM, 
op.cit., p. 419 ff., and literature referred to therein.

***** These aspects are emphasized also by BJORKSTEN, op.cit., p. 7 f.
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the international law on inland waters cannot yet be described as a positive system  
in the same sense as the international law of the sea codified in marine conven
tions, to-day an essential difference is made in determining the international 
legal status of a water area as regards its uses and restrictions depending upon 
whether the area must be regarded as an enclosed sea or as a Jake. The distinc
ión between these concepts is thus of great practical importance.

The relevant literature does not, however, give any satisfactory answer 
to the question of what is. to be regarded as the distinctive feature. Reference 
was made above to the salt content of the water area, to the effect that as such 
it is not a suitable criterion for making a distinction between a lake and an 
enclosed sea, although it may have considerable influence on their natural 
resources and thereby on their economic importance. As the distinction between 
a river and a strait is equally vague, the definition whereby an enclosed water 
area connected with the adjacent sea by no more than a river should be regard
ed as a lake, whereas when it is connected by a strait it should be considered 
to be a sea, is also vague. The latter definition has, however, a fairly close 
bearing on what should be held as a material basis for the distinction between 
the two concepts. I f  it is presupposed that a water area other than one that is 
fully enclosed can also be described as a lake, the fact that it is connected with 
the adjacent sea becomes decisive in making a distinction between a lake and an 
enclosed sea. In this respect, neither the length nor the width of the connection 
as such, nor its navigability, is to be considered decisive. The distinctive feature 
must provide an answer to the question of why is it pertinent to apply to the 
area concerned either the principles of international sea law or those of inter
national water-law, as the casé m aybe. Any essential influence on the nature 
of the water area exercised by the fact that it is connected with the adjacent 
sea may be regarded as decisive in this respect. W ith this as a starting point, 
it is possible to define an enclosed sea as a water area connected with the 
adjacent sea in such a maimer that its hydrographical properties are affected 
thereby. Whenever such connection, with.the consequent effects, is jacking, 
as is .usually the case when the connection is no more than a river, the water 
area must be considered to be a lake. When one takes into consideration the 
present level of hydrography and oceanography, as well as the research insti
tutes working in different countries, the recognition of this distinction is no 
difficult task, and accordingly the suggested definition is easily applicable in 
practice. ' ■ ;

The classification of enclosed seas in the group of seas means that they are 
subjected to the rules of the international law of the.sea; that is in conformity 
with, their nature being principally marine. On the other hand,, it cannot be 
claimed that the hydrographical properties of an enclosed séa should in every 
respect correspond^ to those of the adjacent sea with which it is connected. 
I t  may suffice that this connection affects in some essential respects the condi
tions prevailing in ; the water area. Unless such influence can be proved to 
exist, arid the área thus lacks the characteristics of a water area connected with 
the sea, there is justification for regarding it as a lake, and for applying to it 
the principles of the International Water-Law. . :

' The distinction between the enclosed sea and the lake could have .been de
fined simultaneously with the drafting of the Conventions on the International 
Law of the. Sea, but no attention was then paid to the matter. It  would be 
ádvisáble tQ| také;.,the1;matter into consideration when preparations are being 
made for the next marine conference. The-necessary definition can, however,
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be just as well included in the standards of the International Water-Law. A  
proposal to'this effect wasisubmitted to the Water Law Committee set up by. 
the International Law Association.

Enclosed seas and the rules oí the international law oí the sea

The fact that an enclosed water area is classed as a sea does not in itself 
mean that the application of the standards and regulations of the International 
Law of the Sea to the area would provide an appropriate solution, adapted to 
that area’s peculiar conditions, of all questions arising from its regime and use. 
The 1958 Geneva Conventions on the International Law of the Sea, which 
constitute the main source of international sea law, were obviously drawn up 
mainly with large open seas and their coasts in mind. Despite the fact that these 
Conventions have not yet been ratified by the signatories, they may be con
sidered to be in conformity with the international law in force.in this respect. 
It is true that the provisions concerning marine bays, as appears from the 
foregoing, are also applicable to enclosed seas, although only in relation to their 
international ksgal status and only when the coasts of the area belong to a 
single State (Convention on the Territorial Sea, Article 7). In settling questions 
which arise from the uses and rule of enclosed seas, the provisions of the Con
ventions on the International Law of the Sea relating to the territorial sea, the 
contiguous zone and the continental shelf belonging to and divided among 
States situated on opposite sides of narrow bays or straits are not applicable 
in a wider sense (Articles 12 and 24). These Geneva Conventions do not include 
any specific general provisions concerning enclosed seas, which means* that 
these sea areas have the same status as seas in general with regard to  the 
settling of issues arising from their regime and use. From the point of view  of 
international law, the sea area comprises territorial waters of different States 
next to the coasts and the high seas beyond them, except where reasons of his
toric title or treaties apply, or unless a bay or an enclosed sea of which the entire 
coast belongs to a single State is concerned. Territorial waters form a part of 
State territories and are thus under the sovereignty and jurisdiction of. the 
respective States*, whereas the high seas are a res nullius from the point of 
view of both private and international law. The principle of the freedom of the 
high seas as defined in Article 2 of the Convention on the High Seas, and other 
provisions of this Convention, are thereto applicable. The zone contiguous to 
the territorial sea over which the coastal State is entitled to exercise the 
rights referred to in Article 24 of the Convention on the Territorial Sea is 
legally a part of the high seas. The same also applies to a sea area over the 
sea-bed and subsoil of which the State exercises the right of exploitation of its 
natural resources by virtue of the provisions of the Convention on the Conti
nental Shelf.

The above is also applicable to an enclosed sea of which the coasts belong 
to more than one State. The enclosed sea may include part of the high seas, 
that is to say if it comprises areas outside the territorial sea belt (of a width 
of 3— 12 miles) of the coastal State. Also, the central regions of the Baltic 
Sea and its bays, the Gulf of Bothnia and the Gulf of Finland, are accordingly 
high sea areas irrespective of the fact that .they, are all .fairly shallow (median

* It is known that in Geneva agreement was not reached on the principle of the uni-' 
form width of the territorial sea. Therefore any state may still determine the width of its 
territorial sea unless otherwise required by agreements or other special circumstanees.
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depth not more than 55 m) and that the high sea-bed between territorial 
waters opposite to each other must in many places be referred to as the con
tinental shelf. Although the high seas of the Baltic Sea do not form an area 
which would be geographically or hydrographically clearly distinguishable 
from the coastal waters, they nevertheless have the same legal status as open 
oceans with their deep hollows and open waters.

That the freedom of the high seas reigns also in the res nullius of the Baltic 
Sea is undoubtedly justified and well-grounded as regards international trade, 
communications, fishing and other exploitation of the natural resources of the 
sea. In relation to these activities, the principle of the high seas and the pro
visions of the Geneva Conventions on its application are of great importance 
to the Baltic Sea, as well as to other enclosed seas. This is also true as regards 
the Convention on Fishing and Conservation of the Living Resources of the 
High Seas, the provisions of which may in general be considered as being 
appropriate also in conditions peculiar to enclosed seas. Similarly, the provi
sions of the Conventions on the International Law of the Sea concerning the 
right of the State over the contiguous zone and the continental shelf are also 
applicable to enclosed seas. It is true that as regards the narrow and shallow 
regions of such seas the application of the Convention on the Continental 
Shelf may mean that the whole sea-bed of the high seas is divided into areas 
over which the surrounding States exercise usufructuary rights (Article 6 of 
the Convention on the Continental Shelf). A  corresponding situation may 
arise also in respect of ocean bays. Furthermore, according to this Convention, 
the exploitation of the continental shelf shall not unjustifiably interfere with 
navigation or fishing, activity for the conservation of the living resources of 
the sea or scientific research in the area (Article 5).

In this connexion, however, it is far more important to draw attention to 
the disadvantages which may under certain conditions ensue from the applica^ 
tion in enclosed seas of the rules and principles governing sea areas in general. 
In the first place, these disadvantages concern pollution of the sea and other 
cases in which effects resulting from any activity related to an enclosed sea 
differ from those resulting from the same activity related to an open sea area, 
thus necessitating a different approach. In this respect, it must be regarded 
as unsatisfactory that the classification of the central regions of the enclosed 
seas among the high seas gives them, in principle, the status of the ocean, and 
thus prevents coastal states from exercising control in their interest over any 
other waters than their own territorial waters and, in certain respects (according 
to Article 24 of the Convention on the Territorial Sea), over the contiguous 
zone insofar as the Conventions on the Conservation of Natural Resources 
or on the Continental Shelf are not applicable, or certain measures (prevention 
of slave trade and piracy, hot pursuit, etc.) referred to in the Convention on 
the High Seas are not in question. In this instance, the difference, as seen by  
international law, between an open intra-continental sea surrounded by more 
than one State and a similarly situated lake is especially clear. W hat must 
be regarded as a defect to be pointed out in this connexion is that in the 
international conventions on territorial seas no general provisions are included 
which are concerned with the obligation of the State to prevent in its territory 
such steps as may also affect the territorial waters of another State, particularly 
within the enclosed sea. In this respect, the International W ater Law may be 
referred to. It  recognizes the principle of the integrated whole of a drainage 
basin and adopts— though not yet on a general conventional basis— the rule
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that the State shall, with respect to the waters of the drainage basin belonging „ 
to it, refrain from measures which may infringe the legal rights of another 
State over the same drainage basin*.

To illustrate' the importance of the above aspects, it is deemed appropriate 
to draw attention to opinions, based upon, marine research, on the characteristic 
features of the Baltic Sea. Professor I lm o  H e l a ,  Leader of the Institute of 
Marine Research, has written a paper on the hydrographical features of this 
sea area, which is a typical enclosed sea, although with certain peculiarities.
It states, inter alia, that the Baltic Sea does not comprise an open sea in the 
sense in which this concept is used in reference to treatment of radioactive 
wastes, i.e., a sea area of a depth of 200 fathoms and more than 12 miles off 
the coast. In a sense, the Baltic Sea is the estuary of a large river with a siJl- 
depth of only 18 m in the Danish Sounds. As mentioned above, it is shallow 
throughout with a relatively small quantity of water and salt content. Mixing, 
which is also of special importance in connexion with waste disposal, is more 
restricted in the Baltic Sea than in the oceans, owing to the large number of 
islands, the lack of tides, the limited fetch of wind and the fact that it is partly 
covered with ice in winter. When in addition to the emergence of land on the 
coasts of the Gulfs of Bothnia and Finland, and the constant changes which 
in consequence take place in the boundaries to which certain provisions of the 
International Law of the Sea are applicable, the features mentioned by 
Professor Hela are also considered, it can be said that the Baltic Sea repre
sents—despite its connexion with the ocean—a separate enclosed sea of hydrd- 
graphically peculiar characteristics in which the conditions necessitate the 
imposition of special restrictions on activities—whether related to the open 
sea or the territorial waters of the coastal states—which may result in changes 
harmful to the area in general or which infringe the interests of a State. This 
especially concerns any procedure which results in the pollution of the sea area 
through industrial wastes, oil and radioactive wastes.

Prevention oí the pollution oí enclosed seas

Pollution is usually regarded first and foremost as a problem of internal and 
underground waters**. No doubt some of its most common forms, such as that 
occasioned by sewage, and the harm and injury brought about by small, 
though in this respect less dangerous industrial plants, have as a rule practical 
importance only when the dumping area is not extensive and the quantity 
and the mobility of water are small. Pollution of the coastal waters of the sea 
is accordingly mostly a limited local phenomenon. Attention has been paid to 
pollution of the sea as a question of more far-reaching importance mainly as 
regards oil and. radioactive wastes.

This also appears from the international sea law, which includes more 
detailed rules and regulations relating to pollution only with regard to the

* This rule was adopted by the Conference of the International Law Association held 
in New York in 1958 in the following form : “Co-riparian states are under duty to respect 
the legal rights of each co-riparian state in the drainage basin.”

** E.g., SERLACHITJS, Kommentar till lagen om vattenratten,-, Helsinki-1913, I, 
p. 127, states without any further arguments, that the prohibition of pollution in Sec
tion 24 of Chapter I of the Finnish Law on Water-Rights excepts the sea outside the 
archipelago and off an open coast. This standpoint is obviously erroneous. See vol. 7 :13.
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prevention of injury caused by discharge of oil from ships. A  Convention to 
this effect was siqued in London in 1954 ( Convention internationale pour 
la prévention de la pollution des eaux de la mer par les hydrocarbures) .  A  reference 
is made to it in Article 24 of the Geneva Convention on the High Seas, which 
concerns the prevention of oil injury caused by pipelines, or resulting from 
activities related to the sea-bed and its subsoil.. Article 25 of this Convention 
refers to the dumping of radioactive wastes into the sea. Under this Article, 
the States which are parties to the Convention shall, while taking into account 
any standards formulated by international organizations, primarily by the 
International Atomic Energy Agency, take legislative measures for the pre
vention of pollution of the seas resulting from such activities. The same Article 
further prescribes that the .contracting parties shall co-operate with the com
petent international organizations in taking measures for the prevention of 
pollution of the seas or air space above, resulting from any activities producing 
radioactive or other harmful agents.

The latter part of the Article thus takes into account pollution likely to be 
caused by agents other than oil and radioactive wastes. Depending on their 
quantity and quality, some industrial wastes may also pollute the seas with 
harmful and prejudicial effects, and this applies to other agents, if they contain 
poisons or pathogenic agents. Under certain conditions, pollution may spread 
to the territory of another State, or cause injury to fishing, whaling, etc. 
outside territorial waters. This is especially true in the shallow and narrow 
regions of enclosed seas, and it can be said that as far as prejudicial pollution 
in general is concerned, the status of enclosed seas is equal to that of lakes.

In developing the International W ater Law, special attention has been 
paid to the prevention of pollution of waters. A t the Conference of the.Inter
national Law Association held in New York in 1958, a recommendation was 
adopted to the effect that co-riparian States of an international drainage basin 
should by all practicable means take action to prevent pollution. Co-operation 
between States necessitated by the prevention of pollution of internal waters 
is under consideration in the committee set up by the organization, and in the 
competent bodies of other relevant international organizations (Economic 
Commission for Europe, W orld Health Organization, and Food and Agriculture 
Organization.) On the other hand, due attention has not been paid to the 
prevention of pollution of enclosed seas in particular. I f  one judges from the 
point of view of conditions in the Baltic Sea, the protection given by the 
Conventions on the International Law of the Sea against pollution of sea areas 
is found to have many loop-holes and defects.

General provisions concerned with the prevention of pollution are included 
in the Convention on the High Seas, which means that they are only indirectly 
related to permissible activities carried out by the State in its own territorial 
waters. This defect is especially noticeable as regards enclosed seas where 
territorial waters of different States are close to each other, and where often 
such conditions prevail that harmful effects resulting from any activity related 
to the territorial sea are harmful also to other areas of the sea.

The provisions of the Convention on the High Seas concerning dangerous 
agents other than radioactive wastes with reference to co-operation with the 
competent international organizations are formulated in terms which are 
too indefinite and general to suffice as a basis for solving practical issues. As 
in the main such issues obviously arise in connexion with shallow and narrow 
waters, this is a defect of special importance to enclosed seas.
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The general treaty on oil injury concluded in London in 1954 contains de
tailed provisions on the prevention of such injury caused by ships, whereas 
the prevention of injury caused by other factors referred to in Article 24 of the 
Convention on the High Seas has not been provided for in greater detail. On 
the whole, the regional provisions of the London treaty and its Annex took 
into considération conditions peculiar to different sea areas. They even 
(Article III) covered the large North-American lakes. Exceptionally, the 
provision of the Annex applicable to the Baltic Sea is that under which sea 
areas 50 miles off the coast form so-called “prohibited zones” . This means 
that the Baltic Sea includes areas not protected by the oil injury treaty. In 
view of the special conditions prevalent in the Baltic Sea, the situation thus 
created must be regarded as very unsatisfactory.

The treatment and disposal of radioactive wastes is a difficult problem of 
sea areas to which no final practicable solution has yet been found. First and 
foremost, the question is that of wastes from nuclear plants, isotope applica
tions and radioactive residual waters, to which must also be added wastes 
discharged from nuclear ships. A t the International Conference on the Law  
of the Sea held at Geneva in 1958, the proposal made by certain States to the 
effect that the Convention should include a special provision prohibiting all 
dumping of radioactive wastes into the sea and that all States should under
take to co-operate in drawing up regulations to.prevent radioactive pollution 
of both sea and air space, was not adopted. Instead, Article 25 of the Conven
tion on the High Seas was given the substance explained above. This means 
that in respect of radioactive pollution also there are so far no definite provi
sions stating which activities are allowed, which are prohibited, and where. 
The situation will remain critical, especially as regards enclosed seas, for as 
long as their protection remains incomplete, at least against radioactive 
wastes, in the absence of detailed regulations.

Particularly as regards nuclear ships plying on enclosed seas, no restrictions 
have so far been prescribed in relation to the high seas other than those made 
in pursuance of Article 25 of the Convention on the High Seas. On the other 
hand, it may be considered that should such traffic prove prejudicial the 
State may— in accordance with Article 14, paragraph 4, Article 16, para
graph 1 and Article 17 of the Convention on the Territorial Sea— restrict the 
right of innocent passage of nuclear ships, or for the protection of its security 
it may issue orders concerning such traffic to be observed also by foreign 
ships.

Before broaching the question of how international sea law should be further 
developed, especially as regards enclosed seas, it is important to draw attention 
to a fundamental legal aspect that should be taken into account in regulating 
the uses of enclosed seas. It has been previously pointed out that the Baltic 
Sea is a separate entity, with hydrographical features which differ from those 
of the open seas. If certain regional and local features are disregarded, the 
same can be said to apply to enclosed seas in general. All of them are more 
or less enclosed, internally integrated areas, and it is characteristic of them 
that the effect resulting from an activity relating to any part of the area may 
also be produced elsewhere in the area. In this respect it is, of course, possible 
to speak—though with certain reservations as regards enclosed seas—of such 
regional coherence upon which is based the central principle (the Kohârenz- 
prinzip) of the International Water Law. In the Water Law, this principle 
means that rivers and lakes of the same drainage basin should be regarded
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not as individual entities but as an integrated whole, irrespective of how they 
are divided among different States.* The obligation of co-riparian States, as 
mentioned earlier, to refrain from activities which may infringe the legal 
rights of another State over the same basin, is based on this principle.** 
The principle of an “ integrated whole” has for. hydrographical reasons a wider 
and more definite meaning in relation to inland waters than in relation to 
enclosed seas ; but the recognition that with certain limitations it is also 
applicable to enclosed seas would clarify the theoretical basis on which the 
uses of these water areas should be regulated by international law. It seems 
that this aspect should be taken into account in developing the International 
Law of the Sea.

Finally, as regards practical measures that should be taken for the protection 
of enclosed seas against radioactive and other pollution, it is evident that an 
effort should be made to complete the standards and regulations of the Law  
of the Sea that are defective in the above mentioned respects. It  is to be 
noted that by regional agreements, i.e., by agreements made between co-ripari
an States, as a rule, only disputes pertinent to the uses of territorial waters 
of the contracting parties can be settled, whereas external States cannot be 
put under any obligation to observe the rules and regulations restricting the 
freedom of the high seas.*** For this reason, and as a basis for future regional 
regulation, including the obligations relating to the sovereignty of co-riparian 
States, it is necessary to draw up general' conventional provisions for the 
protection of enclosed seas. As regards radioactive wastes, there must be taken 
into account the recommendations included in the resolutions of the Geneva 
Conference on the International Law of the Sea. According to the recom
mendation, the International Atomic Energy Agency shall carry out investiga
tions with the aid of specialized agencies, take steps to help States to regulate 
the dumping of radioactive wastes into the sea, promulgate rules and draw up 
internationally adoptable instructions in order to prevent pollution of the seas 
through radioactive wastes in quantities which are harmful to people and to 
marine natural resources. This recommendation and the carrying out of the 
tasks must be considered to be of very great importance, since the solving of 
problems which in many respects still need clarification requires specialized 
knowledge and co-operation between representatives of different fields. It  can 
be anticipated that on this basis the pollution of enclosed seas will also receive 
due attention, and that in this respect proposals for new provisions will be 
ready for submission to the next International Conference on the Law of the 
Sea.

* The principle of international law unanimously agreed upon at the Conference of the 
ILA in New York in 1958, reads as follows: “A system of rivers and lakes in a drainage 
basin should be treated as an integrated whole (and not piece meal)” . See also HARTIG, 
Ein neuer Ausgangspunkt fiir internationale wasserrechtliche Regelungen: das Kohà- 
renzprinzip. Wasser und Energiewirtschaft, Zürich 1958, 8 ff., and ZURBRÜGG, Wasser - 
recht an der 48. Konferenz der “ International Law Association”, Wasser und Energie
wirtschaft, Zürich 1959, 5 f.

** The concept l:legal rights” as used in this context has been criticized because of 
its vagueness.

*** In this connexion, reference may also be made to point 3 of .Annex A of the oil 
injury Convention, according to which any state is entitled to propose that the prohibited 
zone be extended to cover an area not exceeding 100 miles off its coast. As regards the 
Baltic Sea, however its coastal States cannot protect from oil injury the entire sea area 
concerned by virtue of this stipulation.
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D I S C U S S I O N

Mí. V.L.  Romanov, USSR (translated from Russian): I have listened with • 
interest to the statements of our American colleagues on the legal aspects of 
the control of radioactive waste disposal into the sea. Although they referred 
to certain restrictions on, and control of, radioactive waste disposal into the 
sea, their entire remarks are based on the assumption that such disposal 
and the resultant contamination of the sea by radioactive wastes are permis
sible in law. Such a position, in my view, is not in accordance with the univer
sally accepted regime of the high seas in international law. The cardinal 
principle of that regime is freedom of the high seas, which means essentially 
freedom of navigation and freedom of fishing for all States. Contamination of 
the sea by radioactive wastes is incompatible with this principle of the free
dom of the high seas. The danger to the life and well-being of mankind from 
contamination of the sea by radioactive wastes, the threat it constitutes to 
international shipping and the destructive effect it has on fisheries, which are 
an important source of food for thè populations of many countries, have been 
repeatedly emphasized at scientific and diplomatic conferences. Several spea
kers at this Conference have drawn attention to this same danger.

The position is not altered by the fact that, in disposing of radioactive 
wastes in the depths of the sea, it is possible to dissolve those wastes and 
disperse them in the sea in a more or less diluted form. The absolute volume 
of these wastes is no indication of their activity.

Jurists should not for one moment suppose that there is any fundamental 
difference in principle between the marine environment and the land environ
ment as far as radioactive wastes are concerned. The land environment (not, 
of course, the soil but the rock formations in which these wastes are placed) 
is static and almost entirely devoid of life but the same cannot be said of the 
mid-ocean environment, which is characterized by the mobility, both hori
zontally and vertically, of the water masses even in the great depths. Another 
characteristic of the marine environment is the large number of living organisms 
which it contains and which go to provide food for man. In view not only of 
present day international law but also of the evidence provided by eminent 
scientists, it is inadmissible that freedom of the high seas should mean free
dom to contaminate the seas with radioactives wastes, should mean freedom 
to prejudice the interests of other States with regard to fisheries for example.

This principle of the inadmissibility of contaminating the high seas with 
radioactive wastes was confirmed by the Convention on the Regime of the 
High Seas adopted in 1958 at Geneva at a conference attended by represen
tatives of more than 80 countries.

Article 25 of this Convention makes it binding on States to take steps to 
avoid polluting the sea with radioactive wastes. It  is common knowledge that 
many States, including the Soviet Union, spoke at the Geneva Conference in 
favour of the outright prohibition of radioactive waste disposal into the sea. 
All these facts of international practice show that contamination of the sea by 
radioactive wastes runs, counter to international law.

Mr. H.J. Dunster (United Kingdom ): I  shall be very brief on this question 
as I do not feel it is a fruitful source of scientific discussion. One key point I 
should like to make is that, purely from the scientific point of view, the ques
tion of whether radioactive waste pollutes, or contaminates, the sea must 
inevitably be a matter of degree. The sea already contains about half a million
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megacuries of radioactivity not put there by man but derived from a natural 
source of radioactive. I f  Mr. Romanov means quite literally that nothing 
that is radioactive may be put into the sea, and not merely that the quan
tity, must be lower than that which somebody else is already discharging into 
it, if he really means that the figure must be zero, then there is only one way 
to achieve this: we have to stop, immediately, all use of nuclear power, all 
application of radioisotopes, and all uses of radioactive material. I do not 
believe that in the present state of our technological knowledge this is a rea
sonable thing to suggest.

Mr. F. Duhamel, France (translated from French): Establishment of a 
national or international system of control such as that mentioned by Mr. Hyde- 
man would encounter some difficulties in practice. It is no easy matter to 
apply international standards to discharges into watercourses, for example, 
or into the sea. Preliminary studies would have to be made in each specific 
case. W ho does he think should be entrusted with such studies ?

Mr. L. M. Hydeman (United States of America) : I  was suggesting that con
trol would be entrusted to an international agency which would undertake 
the necessary studies for each disposal area and decide in the light of some 
general criteria what could be disposed of in that area. I would also assume that 
all this would be done in co-operation with the scientific and technical experts 
of the national authorities most closely involved.

Mr. Gaibar Puertas, Spain (translated from Spanish) : In my opinion it is 
quite wrong to discharge radioactive waste into the. sea before having made a 
thorough check of the hydrodynamic conditions and of the strength or imper
meability of the containers in which it is proposed to seal the radioactive 
matter. W e do not know enough at present about ocean currents (especially 
the deep and the vertical currents), Neither do we know how long it will be 
before the concrete blocks and other containers cease, through erosion or 
cracking, to be watertight.

It  therefore seems impossible to put the proposed international control 
into effect and in m y view, it would be wiser for each nation to protect, bury 
and guard its radioactive waste on dry land.

Mr. Y . Miyake (Japan): In connexion with the three papers just presented, 
I  should like to draw the Conference’s attention to the resolution unanimously 
adopted by the1 Executive Committee of the International Union of Biological 
Sciences of the ICSU on 8 November 1949, in which it noted thé danger to the 
fauna and flora of the closed seas arising from the ever-increasing quantity 
of radioactive waste which is being disposed of in them.

Mr. L. Facy, World Meteorological Organization, (translated from French) : 
A  comparable problem to those already mentioned is that set by the diffusion 
in the atmosphere of gaseous or air-borne radioactive effluents due to accidental 
discharges from reactors. Serious reactor incidents may result in the discharge 
of fission products into the lower layers of the atmosphere in quantities com
parable to those already observed in the fall-outs of recent years.

Similarly, the regular discharge of radioactive isotopes, such as iodine-131 
or krypton-85 .into the air will undoubtedly set us some pretty complex pro
blems later on when atomic energy comes to be the main source of power in 
the world.

These problems are, I am sure, extremely intricate ones, both from the scien
tific standpoint and from the point of view of future regulation. As represen
tative of the World Meteorological Organization, I should like to remind you
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that our Organization is ready to assist the International Atomic Energy  
Agency in studying and discussing the great problems set by the pollution of 
the atmosphere by radioactive waste. '

"Mr. U . d’Ancona, Italy, (translated from French): W ith reference to Mr. Н у  de
man’s paper, I  should like to say that before going into the legal aspects of the 
dispersion of radioactive waste in the sea, it would be better first to see whether 
the sea is the most convenient place for disposing of such waste.

Mr. Б. Pritchard (United States of America) : Mr. Hela is certainly recognized 
as an authority on the oceanography of the Baltic Sea, and I  do not presume 
to question what he has said on that subject. I do differ with him, however, 
on a matter which may be primarily a question of semantics. The various 
semi-enclosed seas, as well as various regions of the ocean, differ one from the 
other in regard to diffusion, advection, etc. However, they are the same, in 
that the same basic principles apply in the evaluation of the amount of radio
active material which may be introduced without undue risk to man.
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