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F O R E W O R D 

This is the second progress report concerning the 
programme on radioactive waste management and storage 
(indirect action) of the Commission of the European 
Communities. It covers the year 1977 and follows the 
1976 Annual Report. 

The five year programme, ending 3 1 December 1979, 
was approved by the Council of Ministers on 26 June 1975. 

The Council decision is based on the two following 
considerations : 

- "Nuclear energy is bound in the near future to be" 
come one of the main sources of energy alongside tradi
tional sources, and its specific nature requires perma
nent monitoring of its potential effects and improved 
measures and research to protect the environment; 

- The development of nuclear energy inevitably 
involves the production of radioactive waste and it 
is therefore essential to find effective means for 
ensuring the safety and protection of both man and his 
environment against the potential hazards involved in 
the management of such waste", 

The programme is carried out by contracts on an 
expense sharing basis with public or private qualified 
agencies of the Community; the Commission's financial 
participation amounts to 19,16 million units of account 
A Consultative Committee of national experts nominated 
by their governments assists the Commission for the ma
nagement of the programme. 

The aim of the programme, as indicated in the annex 
of the Council decision, is the joint development and 
perfecting of a system of management of radioactive waste 
produced by the nuclear industry which, at its various 
stages, affords man and his environment the best pro
tection possible. 

O.J. Nr. L 178/28, 9.7.1975 
1 9 , 1 6 Mio u . a . = a p p r o x . 23MioUS $ on 1 . 1 . 7 7 



The principal items of the programme are the follo

wing : 

A. Work to solve certain technological problems posed by 

the processing, storage and disposal of radioactive 

waste. 

Processing : 

Medium activity solid waste : coating with plastic 

resins ; 

Highactivity solid waste s decontamination and con

ditioning of irradiated fuel element cladding; 

Highactivity solid, waste : immobilization of calci

ned waste from fission products in a metal»matrix ; 

Plutoniumcontaminated solid waste : incineration 

process ; 

Comparative study of the properties of various mate

rials suitable for the immobilization of highactivity 

waste. 

Storage and disposal : 

Storage of solidified radioactive waste in engineered 

structure ; 

Disposal of radioactive waste in suitable geological 

formations, including those formations currently being 

studied; 

Storage of gaseous waste. 

Study of an advanced management model : 

Separation and recycling of longlife waste (actinides). 

B. Work contributing towards the definition of a general 

framework (legal, administrative, financial) for the 

implementation of radioactive waste storage and dis

posal measures : 

 Review of problems posed by the management of radio

active waste which could not be solved under existing 

international, legal, administrative and financial 

provisions and proposals for solutions; 

 Study of principles which should govern the management 

of radioactive waste. 

The professional staff in charge of the management of the pro

gramme during 1977 were : 

B. Huber (partly) CEC 

Ρ c.¡m„„ DirectorateGeneral XII 

Research, Science and Education 

P. Venet 200 rue de la loi 

Β 1049 Brussels 

with the assistance of C. Cottone, W. Krischer and W. Falke 



The p r o g r a m m e is closely c o o r d i n a t e d with the a c t i v i t i e s 
related to the r a d i o a c t i v e waste m a n a g e m e n t c o n d u c t e d by the 
Common R e s e a r c h Center of the CEC within its p l u r i a n n u a l 
R e s e a r c h p r o g r a m m e (direct a c t i o n ) . 

S. O r l o w s k i 
H e a d , d i v i s i o n 
" N u c l e a r fuel Cycle and 
p o w e r indust ry" 
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TREATMENT OF LOW AND MEDIUM LEVEL WASTES 

1.1. I n t r o d u c t i o n 

Liquid wastes from virtually all operations of the 
nuclear fuel cycle against immobilization for safe 
transportation and storage. 

The low and medium liquid level waste arising from 
LWR largely consists of evaporator sludges, ion ex
change resins and filter aids. Similar wastes are 
produced in certain operation of reprocessing plants. 
The presently applied immobilization techniques, 
using concrete or bitumen as metric, have not been 
entirely satisfactory. In certain cases solidifi
cation of the concrete was not assured or the waste 
volume was considerably increased. Bitumen embed
ding, among other shortcomings, has off-gas problems/ 
uses an inflammable matrix and produces solidified 
wastes with low mechanic strength. 

The immobilization in thermal setting resins, e.g. 
polythene, polyester or epoxy should at least for 
a wide range of low and medium level liquid wastes 
render waste products with improved characteristics 
for transport and disposal. 

1.2. M o b i l e P i l o t P l a n t s f o r R e s i n 
E m b e d d i n g o f R e a c t o r W a s t e s 
(Steag Kernenergie Gmbh) 

1.2.1. ubjective and_Scoge 

Steag Kernenergie Gmbh, the contractant, was and 
still is the only firm to commercially condition 
radioactive bead ion exchange resins by embedding 
this type of reactor waste in polystyrene resins. 
The objective of the R & D Contract in this pro
gramme was to study the possibilities and develop 
a technology permitting the embedding of other 
reactor wastes (e.g. evaporator sludges, filter 
candles, powder resins) in a suitable polymer ma
trix . 
The programme was intended to proceed in 5 stages : 
a) pieliminary investigations (product criteria, 

characteristics of the wastes); 
b) study and choice of candidate resins and con

ditioning methods; 
c) laboratory studies and technical experiments 

with inactive and active wastes; 
d) operation of experimental pilot plants; 
e) data processing and analysis of the results. 
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1.2.2. Preliminary Investigation 

The following investigations were carried out 
a) The various type 

viewed in order 
wastes for which 
was advantageous 

b) A set of prelimi 
tions of accepta 
of the product w 

c) Safety and opera 
immobilization s 
first list of cr 

d) The various type 
these criteria a 
tive wastes were 

s of reactor wastes were re
to determine the range of 
the resin fixation technique 

7 
nary requirements and condi-
nce for storage and disposal 
as drawn up ; 
tional characteristics of the 
ubstances were studied and a 
isteria was compiled; 
s of resins were examined against 
nd exploratory tests with inac-
undertaken. 

1.2.3. Results 

Reactor wastes 
Of the wastes produc 
solid incombustible, 
or liquid wastes, on 
be considered as mos 
ble wastes (absorber 
measuring devices et 
for organic polymers 
e.g. contaminated cl 
are generally of sue 
can be conditioned a 
The low active liqui 
ly be conditioned, b 
prior to incorporati 
of these wastes prod 
LWRs are, according 
lower than assumed i 
rature. 
The survey shows tha 
only about 50 m /a o 
form of filter aids 
1-3 m /a of medium a 
resin. 

ed by light water reactors : 
solid combustible and wet 

ly the latter category should 
t of the solid incombusti-
and control rods, in core 

c.) are normally too active 
and the solid combustibles : 

othing and cleaning material 
h low activity, that they 
nd stored without fixation, 
d or wet wastes can general
ut almost all require drying 
on into resins. The amounts 
uced by the modern large 
to a STEAG survey, somewhat 
n some of the recent lite-

t a 1200 MWe PWR produces 
f low active wet waste in 
and evaporator sludges and 
ctive spent ion exchange 

b) Quality and Safety Criteria of the Product 
The most important c 
MLW immobilization ρ 
- high chemical stab 

substance against 
lutions; 

- high leach resista 
- stability against 
- chemically and bio 

sition products; 
- no liquid or gaseo 

haracteristics for LLW and 
roducts were found to be : 
ility of the immobilization 
water and various salt so-

nce of the waste product; 
thermal effects; 
logically safe decompo-

us release; 
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- low flammability; 
- no violent chemical reaction; 
- high resistance against bacterial decompo

sition, fermentation and other forms of decay. 
The second group of characteristics, listing se
cond priority properties was also drawn up. These 
included such physical properties as softening 
point, density, mechanical strength, thermal 
conductivity and homogeneity of the product. 

c) Safety and ease of handling of the bonding resins 
In addition to the waste product criteria the 
polymers or other immobilization substances 
should be safe and convenient to handle in a 
reactor waste treatment plant. 
The main requirements in these aspects appear 
to be : 
- low viscosity; 
- low volatility; 
- high flame point; 
- low adhesion tendency; 
- low toxicity? 
- low specific reaction heat; 
- good control for the polymerisation; 
- good stability during storage. 

d) Choice of resins 
First series of tests with polystyrene, polyester 
and epoxy resins have been carried out but nume
rical results are not yet available. A more 
qualitative comparison of the three products is 
presented in table 1. 

Property of immobilizing resin Polystyrene Polyester Epoxy 

Leaching resistance (hardened) 
Fire hazard 
Reaction heat 
Vola tility 
Toxicity 
Viscosity 
Capacity to absorb waste 
moisture 

high 
high 
high 
high 
high 
low 
high 

high 
high 
medium 
medium 
high 
high 
low 

high 
low 
low 
low 
low 
high 
low 
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Other products - polyuremethanesjand resin - de
ment systems were also considered. First tests 
with polyuremethane confirmed that the leach re
sistance of this type of polymer is comparati
vely poor . 
The cement-polymer systems however promise to 
have all the advantages of the cement fixation 
(low fire hazard, good moisture absorption) without 
the disadvantages (mechanical strength, leach 
resistance). 

1.2.4. Conclusions 

The polystyrene resin embedding, originally favou
red by Steag, does not, in the view of the contrac
tor have a sufficient development potential to war
rant further effort on this contract. The main rea
sons for this conclusion are : 
- Handling problems with the raw resins (fire and 

explosion hazard of styrene, toxicity); 
- Processing difficulties : nearly all wet reactor 

wastes require preparatory treatment, generally 
drying, in order to obtain a satisfactory product; 

- Economics 
The progress achieved in improving cement conditio
ning methods and their products seriously threatens 
the economic viability of the competing resin based 
conditioning systems at least in the FRG, where the 
disposal space in the ASSE Salt mine is not the 
major cost factor. 

- Radiation shielding 
Due to the many process operations, frequent main
tenance and often low production rates of the resin 
conditioning plant, occupational radiation exposure 
is relatively high. 

The Commission and Steag will, in the beginning of 
1978, negotiate the discontinuation of the present 
programme. 

1.3. S t a t i o n a r y R e s i n E m b e d d i n g 
P i l o t P l a n t (SENA) 

1.3.1. Objectives 

The aim of the second R & D contract on low and 
medium level waste conditioning is to build and 
operate an active pilot plant for resin fixation 
of the reactor wastes on the site of the SENA PWR 
at Chooz and to test and evaluate the characteristics 
of the conditioned waste product in respect to 
storage and disposal. 
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1. 3. 2. The Development P^g^amme 

The R & D programme implemented under the contract 
consists of the following main actions : 
- definition of the conditioning process; 
- design and construction of the pilot plant; 
- commissioning and operation of the pilot plant; 
- testing and evaluation of the products. 

1.3.2.1. The Conditioning Process 

The process of fixing wet reactor waste in thermo
setting resins as patented by the SENA will prima
rily be applied to the evaporator sludges. These 
wet residues will first undergo chemical pre-treat
ment, in order to fix the principal radioisotopes 
Cs and Co to insoluble compounds* There upon they 
are dried in a continuous-rotating drum dryer and 
added to the polymer resin in the final packing 
drum. -The dryer off gas is sent through a scrubber 
(DF 10 to 10 ) and a condenser before entering the 
reactor off gas system. The mixture is then stirred 
and the accelerator and catalyst are added to start 
the setting. 
The waste-resin mixture then hardens within hours. 

1.3.2.2. The Reactor Wastes 

The amount of wastes that will be treated in the pi
lot plant are : 

3 3 
- ca. 30 m /a of primary wastes (50 Ci/m ) ; 

3 3 
- ca. 15 m /a of miscellaneous wastes (1 Ci/m ) . 
The primary wastes essentially consist of sodium 
borate (200 g/1) and boric acid (130 g/1) and con
tain the active isotopes Cr c,, Co.. . J,.,, Cs,. ,, 

* 51 60' 131 134 
C S137' 
The miscellaneous wastes will contain 100-200 g/1 
of various solid residues of detergents, deconta
mination products, sodium borate etc. 

1.3.2.3. The Pilot Plant 
A pilot plant applying this CEA process will be built 
commissioned and operated with active waste on the 
site of the Chooz PWR. The plant will condition 
the wastes from the reactors effluent treatment 
facilities and produce canned waste blocks accep
table for transport and storage. 
The construction of the pilot plant is scheduled to 
be completed in March 1979. 
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Ι.3.2.4. Commissioning 

At the end of the construction period a series of 
tests with inactive simulated wastes will provide 
opportunity for systematic trials at various ope
rating conditions and waste compositions. 

1.3.2.5. Operation 

The last eight months of the programme will be devo
ted to active operation under representative condi
tions , 
All operating parameters, inspection and maintenan
ce results as well as occupational exposure to radia' 
tion and, if any, toxic substances will be recorded 
and evaluated. 

1.3.3. Product_Characteristics 

A special study will establish the requirements for 
transport and storage of the waste product. 
Production and, to a certain extent, experimental 
samples from the pilot plant will be tested and 
assessed against these characteristics. 
The product evaluation study will also compare the 
relevant properties of the SENA product with those 
achieved with cement and bitumen on similar wastes. 
Statistic analysis of the quality control of the 
product will provide information on the effects of 
variations in operating conditions and on the con
sistency of the production. 

1.3.4-j Present State of Advancement 

Work on preparing the site has begun in summer 1977 
and, at the end of 1977, building work was reported 
to be progressing to schedule. 
The principal target dates for the work in 1978 are 
Completion of project definition and of technologi
cal tests : 31 May 1978; 
Completion of building and civil engineering : 30 Oc
tober 1978; 
Commissioning of the pilot plant : 30 November 1978; 
Operation of the plant : 30 March 1979. 



HIGH-ACTIVITY SOLID WASTE : DECONTAMINATION AND 

CONDITIONING OF IRRADIATED FUEL ELEMENT CLADDINGS 

2.1. I n t r o d u c t 

Cladding wastes, whose characteristics are given in 
table 2.1. consist of cladding and structural compo
nents of the fuel assemblies that remain after chop-
leach operations at the reprocessing plant. 
Table 2.1 : Unconditioned cladding wastes from LWR 

spent fuel 

Waste composition 
(d = 1) 

Arising from 
1400 MT/y 

reprocessing 
Radioactivity 

(1). 
Thermal power 

(1) 
Zircaloy 75 % 

Stainless steel and 560 m /y 150 kCi/m" 
w Incone! alloy 25 /o 

850 W/m" 

(1) Burn up of 33 GWD/MT; cooling time of 1 year; con
tamination by 0.5 % of total spent fuel. 

Conditioning processes, combining, if possible, an ap
propriate immobilization of radioactivity for long-
term disposal with a substantial volume reduction, 
are needed for this waste. 

2.2. P r e s s C o m p a c t i o n a n d E n c a p s u-
l a t i o n b y L o w-M e 1 t i n g _A_ 1 JL_o y 
(CEÅ/SCK MÖT) 
Assembly extremities- are assumed to be regarded as a 
non-waste. The rest of cladding waste will be mecha
nically compacted into blocks and placed in a special 
basket. The remaining voids will be filled up with 
a corrosion resistant lead alloy by casting at about 
723 °K. The research programme for the development 
of this conditioning method has been already descri
bed (1) . 

2.2.1. Assessment_of Filling Allocs 

Lead-tin and lead-antinomy alloys were selected as 
candidate filling materials. The corrosion resis
tance of those alloys may be improved by small addi
tions of tellurium or calcium. 

2.2.1.1. Corrosion of Filling Alloys in Disposal Environment 

Potential alloys have been submitted to tests in which 
the wet atmosphere of an underground storage in a clay 
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formation has been simulated. The results in water 
environment (table 2.2) show the smallest corrosion 
rates in the case of ground water whose impurities 
form a protective layer or act as corrosion inhibi
tors . 

. 2 Table 2.2 : Weight changes (mg/cm ) of lead alloys 
after exposure to different environments 
at 322 K. 

Alloy 

Pb 

Pb-Zr'-Mg' 

Pb-Te 

Pb-Sb 

Pb-Ag 

> Ground water (+) 

15 days 

- 0.037 
- 0.035 

+ 0.186 
+ 0.185 

0 
- 0.072 

0 
- 0.019 

0 
+ 0.019 

3 months 

- 0.018 
- 0.059 

+ 0.186 
+ 0.148 

0 
- 0.062 

0 
+ 0.06 9 

+ 0.29 
+ 0.24 

Déminer a 1 i zed water 
Saturated with air : Absence of 
15 days 

- 18.18 
- 17 .79 

- 13.08 
- 18.59 

- 35.75 
- 33 .28 

- 16.76 
- 16.38 

- 6.76 
- 2.64 

3 months 

- 33.99 
- 35.51 

- 18.48 
- 24.58 

- 52.32 
- 49.80 

- 26.15 
- 28 .19 

- 9.11 
- 13.18 

2 . 5 months 

+ 0.626 
- 6 .67 

- 5 .87 
+ 2 .27 

- 9.74 
-11 .73 

+ 1 .93 
+ 1.16 

-39.00 
-39.02 

Humid clay 
atmosphere 

1 month 

+ 0. 14 

+ 0.29 

+ 0.14 

+ 0.14 

+ 6.83 

2.2.1.2. Interaction of the Filling Alloy with. Cladding 
Waste and with Canister Materials 

The compatibility of a Pb-1.5 w/o Sb alloy with 
zircaloy 4 and AISI 304 (potential canister mate
rials) is being evaluated after casting under vacuum 
at 723 K and long-term heat treatments up to 373 K. 
Attack of AISI 304 at the interface is caused by 
alloy impurities such as Cu, Ag, Zn and Cd. No 
reaction was observed in the case of Zircaloy-4. 

2.2.1.3. Influence of Filling Alloy on the Mechanical 
Properties of the Canister Material 

A lead surface coating has been applied on three 
candidate canister materials (carbon steel, AISI 316 
and AISI 430) for the experimental study at tempe
ratures up to the melting point of lead. 



2.2.2. Development of the Conditioning Process 

2.2.2.1. Compaction 

Compaction tests have been performed by means of an 
extrusion press on unirradiated stainless steel and 
zj.rcaloy-4 cladding tubes. The results of these tests 
are graphically represented in fig. 2.2.1. The 
compact diameter and the filling height (Ho) only 
have a minor influence on the obtained volume 
reduction. 
Fig. 2.2.2 shows a typical example of compacted 
zircaloy tubes. 

2.2.2.2. Embedding in Low Melting Alloys 

Embedding tests of compacted zircaloy chops have 
been performed with Pb-1.5 % Sb as filling alloy 
by air and by vacuum casting at 723 'K. Vacuum 
casting (fig. 2.2.3) results in a much better fil
ling (1.5 - 3.5 % rest porosity) in comparison to 
air casting (15 - 18 % rest porosity). Generally 
a good contact between zircaloy and lead alloy has 
been observed and no open porosities or crevice pro
pagation have been found. 

2.2.3. Conceptual Development 

A preliminary concept has been based on a compact 
unit with capacities from 1500 to 3000 tons/a and 
producing compacted waste briquettes of 34 cm 
diameter and 6 cm height. About 3600 loadings have 
to be compacted annually by a unit of this size in 
a 300 MTU per year reprocessing plant which would 
require a smaller press. 
Press constructors have been contacted to evaluate 
the realization of a press unit in a hot cell at 
reasonable costs. 
A conceptual design of a waste canister, which can 
be used as mould for casting of filling alloy, has 
been completed (200 cm length, 35 cm internal dia
meter, 3 mm wall thickness). 

2.3. C o n d i t i o n i n g b y R o l l i n g a n d 
E m b e d d i n g i n C o n c r e t e (KFK -
Karlsruhe) 
The method consists in incorporating in concrete 
the hulls whose volume is reduced by rolling press 
and the structural materials. The process will be 
developed and optimized by inactive tests at a 
pilot plant. The research includes the conceptual 
study of a reference process, as well as a compa
rative study of the various processes for treating 
cladding wastes. 
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2.3.1. Process_Development_and_Pilot_Plant Conception 

The rolling characteristics of inactive hulls were 

studied at a laboratory press. Zircaloy4 hulls 

(10.75 χ 0.72 χ 50 mm) may be compacted till about 

45 % of their theoretical density by single piece 

feeding with a deforming force of not more than 

16 kN. After rolling three times about 30 % of 

hull pieces were longitudinally broken. 0.03 % fi

nes were produced. The design of a half scale 

compacting unity (fig. 2.3.1) for cold tests has 

been started. The cladding wastes are discharged 

from a 400 liter container (A) into the feeding 

hopper (B). By means of a vibrating runner (C) 

the structural pieces, which are directly conveyed 

to the drum (G) containing the fluid concrete, are 

separated from the small pieces and hulls. The 

latter will, one by one, reach the compacting rolls 

(E) through a dosing gear (H). The compacted pie

ces will then fall into the drum (G). 

2.3.2. Examination of Conditioned Wastes for Disposal 

2.3.2.1. Hydrogen and Water Release 

Physical and chemical reactions were examined on 

various concrete and zircaloy (fines) concrete 

mixtures, assuming that the waste temperature does 

not exceed 100 °C. Some tests were extended up to 

400 °C to consider accident conditions. 

Hydrogen is released by : 

 Thermal effect 

Different concrete mixtures were tested at tempe

rature up to 400 °C and the results condensed in 

a graph are given in fig. 2.3.2. Concrete with 

additions at 200 °C already produced a H release 

rate, which may lead to an inflammable and explo

sive gas mixture. 

 Water zirconium reaction 

Zirconium shows a high reactivity with the water 

present in concrete. Measurements were carried 

out on H release from a zirconium finesconcrete 

mixture as a function of temperature, zirconium 

content and duration of the experiment (fig. 2.3.3) . 

Concrete additions seem to favour the reaction. 

 Water radiolysis 

The water present in concrete undergoes the follo

wing radiolytical reaction : 

3 H O ^=à H° + 0H° + H + H O 

Concrete samples(4015 g) sealed in glass (Argon 

atmosphere) were irradiated to gamma dose of 20, 
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50, 100 and 200 Mrad. 

The first results indicate H releases of 2.2 

6.5J01/g concrete per Mrad corresponding to 40 

70 % of the produced hydrogen. 

 Water 

Water may be eliminated by thermal effect. Labo· 

ratory tests gave weight losses up to 26 % after 

1 day at 100 °C. The results are given in table 

2.3. 

Table 2.3 : Water release from concrete samples 

at 100 °C. 

CONCRETE
 :

 EPZ350 

Weight loss (w/o) : 

: After 3 h \ 7.2 

9 h : 19.3 

: 24 h : 26 

PZ350F 

2.2 

11 

21 

PZ450F 

5 .3 

16 

22 

PZ450F: PZ450F 

+ 1 % : + 1 % 

Tricosal:Addiment 

7.6 2 

15.3 : 10 

19 \ 17 

Blitz '[ 
dämmer 

8 

18 : 

22 

2.3.2.2. Tritium Release 

Assuming a fuel burn up of 33 GWD/te, a cooling ti

me of 3 years and a 60 % tritium retention in zirca

loy, hull wastes should have a tritium activity of 

1 Ci/kg Zr. Isotopie exchange reactions in the 

system zircaloytritiumconcretewater were inves

tigated in following media : 

 Hydrogen produced by water radiolysis during irra

diation at 100 °C to gamma doses of 20100 Mrad and 

 Water at 21 °C and 100 °C 

 Aqueous solutions with pH 110 at 100 °C 

Samples were prepared with tritiated zircaloy (0.1 ■ 

0.15 mCi/g Zr). 

As yet there is no evidence of isotopie exchange 

phenomena. Tritium release seems caused by thermal 

effect. Thermal tritium release values in the 

temperature range 100400 °C are given in table 2.4 
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Table 2.4 : Tritium release from concrete overcoated 
tritiated zircaloy hulls at various tem
peratures and experimentation time. 

Sample Nr Temperature 
(°C) 

Experimenta
tion time 

(h) 
Relative release 

rate (Ci/Ci day) 

2; 3; 4 
6 

100 
300 
300 
400 
400 

24 
24 

150 
24 

150 

4.1 - 6.7 x- 10 
3 .6 χ io"3 

-5 

9.8 χ 10 
1.1 χ 10 
2.1 χ 10 

-4 
-2 
-3 

2.3.2.3. Mechanical Stability of Conditioned Wastes 

The compression strength has been determined on 
specimens of hulls (10.8 -χ 0.8 χ 50 mm) incor
porated in concrete (PZ - 350 + 1 % Tricosal) : 

2 Unoompacted Zircaloy 4215 N/cm 
2 

Compacted Zircaloy 2880 N/cm 
Concrete specimen (as 
reference) 3490 N/cm' 

2.3.2.4. Thermal Conductivity of Conditioned Wastes 

The thermal conductivity of the heterogeneous con
crete-waste system was theoretically estimated for 
different compaction grades, and orientations of the 
hulls. At a compaction of hulls to 45 % of their 
theoretical density the thermal conductivity va
lues were in the range 0,057 - 0,064 W. cm" . κ" , 

These estimates will be verified by measurements. 

2.3.3 Preliminary Study_of the Reference_Process 

Assuming compaction of the hulls to 
Zircaloy density (objective) a 200 
drum will contain 560 kg of compact 
structure materials in a concrete m 
This corresponds to a volume reduct 
2.8 and to a production of 1060 was 
year for the conditioning of claddi 
a 1400 te/y reprocessing plant. 
The alternative of 400 litres drums 
An interim storage for periods of 2 
needed for reason of waste managerne 
for removal and lowering of heat ge 
sidering the high tritium content o 
investigation on its release are ne 

45 % of 
litres waste 
ed hulls and 
atrix of 210 kg. 
ion factor of 
te drums per 
ng wastes from 

will be examined, 
5 years will be 
nt as well as 
neration. Con
fi hulls, further 
eded . 
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A preliminary assessment shows that the volume 
reduction of cladding waste will reduce the total 
costs by 40 % - 60 %. 

2.4. D e c o n t a m i n a t i o n a n d C o n d i t i o 
n i n g b y F u s i o n (CEA Marcoule) 
Two different processes have been considered for this 
study : 
- Volume reduction.by utectic fusion of the waste and 

decontamination.by the introduction of molten glass 
into the metal bath. Separation of the slag from 
the alloy and conditioning of both products for the 
long-term storage; 

- Embedding of waste in glass, used elsewhere for fis
sion products solidification; 

Most of the work envisaged involves the first process. 
The original research programme (1) was modified by 
excluding the conceptual studies of the hot cell and 
of a reference process for comparative purpose 
(§2.3.2,4 and chap. 2.3.3 of reference 1 ) . The re
search work runs from the 1st August 1977 to 31st 
July 1979. 

2.4.1. Laboratory Study 

2.4.1.1. Utectic Mixture 

Tests have been performed on lowering the fusion points 
of zircaloy and stainless steel. Different mixtures, 
each of 200 grams, were maintained for four hours at 
the selected temperature in argon atmosphere. 
Two utectics were considered for zircaloy alloys : 
(a) 78,5 w/o Zr - 21.5 w/o Cu at 995 PC; 
(b) 83 w/o Zr - 17 w/o Ni at 960 °C. 
The fusion tests at 1200 °C on these utectics gave well 
melted ingots, whose metallographic examinations are 
under way. Carbon and Silicon were considered as ad
ditional material to stainless steel. The results, 
which are summarized in table 2.5, indicate 1300 ÇC 
as the lowest temperature to obtain a complete ingot. 

2.4.1.2. Corrosion of Refractory Materials 

The ceramics selected for the corrosion study and their 
composition in weight per cent (values in brackets) are 
(+) ALCOR-B : AL 0 (99.3) 
(+) ISOSTAL-G : AL O (97 %) 
(+) ALUMINE (ISOSTATIC) 
(+) ZAC-1681 : AL 0 (48); ZrO (35); SiO (0.5) 
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(* 

(* 

(* 
(* 

(* 
(* 
(* 
( 

( + 

( + 

(+ 
( + 

: MgO (96); CaO (2.5); SiO (1); 
Fe 20 3 (0.5) 

: MgO (55); Cr O (20); A I O (8); 
Fe 20 3 (12) 

MAGNORITE MN 197:MgO (97); SiO (1.5); CaO (1.3) 

ANKER-DI 

ELECTREX-F55 

CR 20 3 - 1215 

ZFE 
SUPERSTAR 
GRAPHITE-ATJ 
MAGMALOX 

C-104 

CR-100 

CSi 
CaF„ 

Cr 20 3 (96); Ti0 2 (3.6); F e ^ (0.3) 

ZrO + HfO (97); CaO (3) 
C (25-30); CSi (20-25) 

Al O (72); SiO (20); ZrO (5); 
>Na20J(0.8) 
MgO (58); Cr O (28); Fe O (7); 
A1 20 3 (5); SÏ02 (1.3); CaOJ(0.7) 
Cr O. (94); TiO„ (4.2); Al O (0.4); 
Mg Mo. 4)"; Si02"(0.3) 2 3 

2.4.2, Technological Study_ 

2.4.2.1. Prototype Fusion Rig 

A simplified prototype rig for preliminary coating 
experiment at half-industrial scale with simulated 
claddings, was assembled (Fig. 2.4.1). It consists 
of a stainless steel box equipped to operate in ar
gon atmosphere and of a tilting electric induction 
furnace (fig. 2.4.2) with a crucible of 50 kg capa
city. 

2.4.2.2, Compaction Tests by Fusion 

Melting tests in argon atmosphere were carried out 
on following simulated wastes : 
- Zircaloy 4 tubes length = 20-30 mm 

diameter = 8.25 mm 
wall thickness = 0.5 mm 

- Stainless steel AISI 304 L length = 20-30 mm 
diameter = 5 mm 
wall thickness <= 0.5 mm 

After fusion of a small part of the material (3 kg), 
the furnace is fed at a rate depending on the diges
tion capability of the bath. The main data related 
to these tests are given in table 2,6. 

(*) : For stainless steel and zircaloy alloys casting 
(+) : Only for zircaloy alloys casting 



Table 2.5 : Preparation tests of stainless steel (18/10) ingots with different additional materials at varying 

under argon atmosphere 

Temperature 

°C 

1200 

1250 

1300 

2 % 

D 

□ 
■ 

(30-50% of 

carbon) 

3 % 

D 

□ 
■ 

(^30% of c: 

CARBON 

4 % 

D 

□ 
■ 

(<10% of 

C) 

5 % 

D 

U 

■ 
(20-30% of 

C) 

6 % 

D 

□ 
■ 

(~ 15% of 

C) 

15 % 

Β 

■ 

SILICON 

17.5 % 20 % 

No tests 

n.t. 

■ 
Β 

■ 

25 % 

n.t. 

■ 
Total material for each sample = 200 g; dark surface represents the percentage of material forming the ingot; 

in brackets the amount of additions not incorporated in the ingot. 

αϊ 
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Table 2.6 : Fusion tests of Zircaloy and stainless 

steel 

= => = = = = 0 3 = = = = = : 

Metal 

Additional material 

STAINLESS STEEL AISI 304 L 

2 .% C 4 % C 6 % C 15.% Si 

Ζ ircaloy4 

21.5 % Cu 

Bath temperature ('C) 

Feeding rate (kg/h) 

Ingot characteristics 

 weight 

 added material (w/o) 

 fusion point (liquidus) 

ra 
 fusion point (so'lidus) 

(
g
C) 

1480 

46 

35 

1425 

1404 

1380 

43 

34.3 

1 .8 

1246 

1212 

1380 

35 

34.7 

3.75 

1223 

1194 

1540 

25 

31 

5,35 

1178 

1143 

1240 

14 

29 

+ 

1147 

1113 

1125 

50 

22 .5 

19.5 

1238 

1188 

2 .5 

Analytical value not yet available. 

C h a r a c t e r i z a t i o n o f t h e 

a c t i v i t y ι η D i f f e r e n t C l a d d i 

R a d i o

n_g_ 

W a s t e s (UKAEA Harwell) 

Analytic examinations of typical irradiated fuel ele

ment claddings will be carried out as described in (1). 

Examinations of two batches of samples were completed 

(table 2.7). 

Table 2.7 : Details on examined batches of samples 

Origin of hulls 

Reprocessing of a 

PWR (KWO) fuel 

element at WAK 

plant 

Laboratory scale 

reprocessing of 

FBR (Dounreay) 

experimental 

fuel 

Batch 

Nr 

1 

4 

Material/sample 

Zircaloy 

Stainless steel 

SCOF 2 

SCOF 3 (60 V) 

SCOF 3 (93 B) 

!3 = 353*sm»SX 

Burn \i¿ 

GWD/t 

25.5 

54 

43 

51 

Date of: 

A · V.
 : F U e l 

discharge 

12.08.71
:
UO (U235=2.8%) 
:
 2 

:
(U,Pu)0 ;Pu=15% 

'06.02.74
:
U 235 ¿ 93 % ' 

:
26.02.74

:
U 235 = 60 % 

:
26.02.74

:
U 235 = 93 % 
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Hulls were sectioned to provide rings of material 
which were subjected, directly or after complete dis
solution, to the experimental methods. 
A detailed description of these methods is given in 
the literature (2; 3 ) . 

2.5.1.- Total Content of Actinides 

The Pu-239 contents of the hulls were determined (ta
ble 2.8) by three different methods : 
- Neutron activation 

After irradiation of the samples in a thermal neu
tron flux for about 1 min and cooling for 30 sees, 
the delayed neutrons emitted by fission are coun
ted. The method does not differentiate between 
different fissile nuclides. 

- Direct alpha spectrometry 
The content of the main alpha emitter will be 
evaluated by means of alpha-spectra taken from 
hull sections themselves. 

- Alpha spectrometry of hull solutions 
Actinides were determined by alpha-spectrometry on 
thin sources prepared from hulls solutions. The 
Pu-238 and Am-241 activities were measured after 
separation of Pu (organic phase) from Am ( ,aqueous 
phase) by 10 % Tri-n-octylamine in xilene. 

Table 2.8 : Pu-239 content of hulls (̂Jg 239 Pu/g 
hulls) 

METHOD 
Neutron 

activation 

Direct alpha- Alpha-spectro
metry on 

spectrometry^») 'sample solution 
! iix 

Batch Nr 1 (KWO) 
S i r c a l o y (4 s a m p l e s ) 

(6 s a m p l e s ) 
1.4 - 5 . 2 2 - 5 . 6 

16 .7 

a t c h Nr 4 ( D o u n r e a y ) 
t a i n l e s s s t e e l - SCOF 2 

t a i n l e s s s t e e l - SCOF 3 
(60 V) 

tainless steel - SCOF 3 
(93 V) 

200 - 570 
mean of 10, : 370 

55 - 550 
mean of 10 : 173 

44 - 200 
mean of 10 

54 

18 

23 
119 

457 - 919 
mean of 4 : 773 

18 - 63 
mean of 2 1 : 47 

43 - 69 
mean of 5 : 53 

^*) Values will be lower on taking account of the Pu-240 content 
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2.5.2. Total_content_of_Activation_and_Fission Products 

The main gamma emitters were determined in complete· 
ly dissolved hull sections by gamma spectrometry. 
The results are given in table 2.9. 

Table 2.9 : Activation and fission products in : 

A  Z i rca loy cladcjinq of batch " r 1 (.uCi/g tul Ls) 

Sample 

(cooling time 

Nr.3(2245 d) 

Nr.6( v/ 6 y) 

Nr.18(2245d> 

Nr.3 (*) 

Mn54 

1.82 



2.0 

234 

Co58 



500 





Co60 

183 

12800 

87 

406 

Zr95 

4.3 

4.5 

1x10 

Ru106 

234 

700 

146 

1.5x10^ 

Sb125 

183 

1300 

398 

828 

Cs134 

84 



106 

670 

Cs137 

382 

100 

463 

432 

Ce144 

30 



33 

6.7x10 

Eu152 









Eu154 









Β  Stainless steel cladding of batch Nr 4 (mCi/g hulls) 

SCOF 2 

<737d) 

SC0Fi<*) 

SCOF 3 (GOV) 

(597 d) 

SCOF 3 (GOV) 

(*) 

SCOF 3 (93V) 

(597V11 d) 

8.6 

44.2 

8.1 

30.5 

7.9 

0.59 

803 

1.0 

345 

1.0 

0.57 

0.74 

0.35 

0.43 

0.33 









0.89 

3.57 





0.09 

0.15 





0.06 









0.44 

0.46 

0.25 

0.26 

0.10. 

0.43 

2.58 

0.22 

0.94 

0.09 

0.09 

0.10 

0.08 

0.09 

0.09 

0.07 

0.08 

0.06 

0.07 

0.06 

* Values corrected to time of discharge from reactor 

2 . 5 . 3 . S u r f a c e _ D i s t r i b u t i o n _ o f _ A l g h a E m i t t e r s bv A l p h a 

5E5EïE2???££ï_? n d A u t o r a d i o g r a p h y 

The r e s u l t s of a l p h a  s p e c t r o r a e t r i c d e t e r m i n a t i o n are 
g i v e n in T a b l e s 2 .10 and 2 . 1 1 . 

A u t o r a d i o g r a p h s have been made t o s u r v e y t h e d i s t r i b u t i o n 
of a l p h a a c t i v i t y . A c e l l u l o s e n i t r a t e f i l m , which i s 
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immune to beta and gamma radiation, was placed in 
intimate contact with the hull surface. Latent tracks 
formed by alpha particle can be developed in an etching 
solution (Fig.2.5.1). 

2 Table 2.10 : Surface activity of KWO hulls (mCi/m ) 

Sample 
Surface 

Batch Nr 1 

2 - Inner 

2 - Outer 

3 - Inner 

3 - Outer 

11- Inner 

11- Outer 

18- Inner 

Pu239+Pu240 

(5.15 MeV) 

1 .5 

0.05 

2.4 

0.33 

0. 74 

O. 26 

0.96 

Pu2 3 8+Am2 41 

(5.5 MeV) 

2 .0 

o.oy 
3.6 

0. 17 

1 .73 

0.27 

2 . 1 

Cm 244 

(5.8 MeV) 

0.94 

0.02 

1 .3 

0.06 

0.92 

0.03 

0.98 

'Cm 

(6. 1 

0 . 

5 χ 

1 χ 

5 χ 

9 χ 

1 χ 

3 χ 

242 

MeV) ' 

01 

io"4 

io"3 

io"4 

io"3 

io"4 

io"3 

Date of 

measurement 

14.02.77 ; 

09.02.77 [ 

15.02.77 

19.02.77 ; 

21.02.77 

02.03.77 ; 

06.03.77 

Table 2.11 Surface activity.of stainless steel hulls 
(Pu-239 atoms/cm ) 

Surface 
Batch sample Nr 4 

SCOF 1 SCOF 2 SCOF 3 (60 V) SCOF 3 (93 V) 

Inner 

Outer 

3.7 χ 10 16 8.3 χ 10 

7.2 χ 10 

15 

16 
2.1 χ 10 15 6.9 χ 10 15 

1.2 χ 10 16 1.0 χ 10' 16 

N.B : By uniform contamination of both surfaces at 
the level of 1 χ 10 atoms 239 Pu/cm , one tonne 
of hulls would contain 27 g of 239 Pu. 

2.5.4. Depth_Distribution_of Alpha Emitters_by_Alpha 
Spectrometry 

The depth of the emitting nuclide below the surface can 
be evaluated by the remaining energy of the emerged al
pha particle. Fig. 2.5.2 shows some results obtained 
by this technique. Actinides have penetrated on the 
inner hull surface to a depth of 1 - 2 microns. 
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2.5.5. Distribution of Fissile Nuclides by Fission Track 
Autoradiography 

A film of a suitable detector material (e.g. Lexan poly
carbonate) is placed in close contact with the surface 
of the sample, which is mounted in bakelite. After 
irradiation in a thermal neutron flux {-„-2 χ 10 n/cm /sec) , 
the film is chemically treated to have preferential 
etching in the regions damaged by fission particles. 
The tracks can be now observed under optical microsco
pe or with a Quantimet Image Analysing system. A typi
cal example of the distribution of fissile material in 
Zircaloy hulls is given in- Fig. 2.5.3. 
Stainless steel hulls were much more heavily contami
nated on the outer radius than on the inside but, after 
cleaning the distribution was reversed (most of outside 
contamination was removed). Zircaloy hulls were much 
more contaminated on the inside and the distribution 
pattern was not changed on cleaning. 

2.5.6. Remoyal_of_Actinides from Hull Surfaces 

Table 2.12 gives results for different reagents used to 
clean stainless steel and Zircaloy samples in a ultraso
nic bath. 

Table 2.12 Removal of actinides from hulls (1 h agita
tion in ultrasonic bath) 

: Sample 

'Stainless steel 
:SC0F 2 
:SC0F 3 (60 V) 
:SC0F 3 (60 V) 
:SC0F 3 (93 V) 

:SC0F 2 
:SC0F 3 (60 V) 
:SC0F 3 (93 V) 

'Zircaloy 
:Hull m (Batch 
:Nr 1) 

II II 

Reagent/Temperature 

3M HNO , 22eC 
3Μ.ΗΝ0Γ. 22eC 
6M HNO3 22°C 
3M HNO,,* 22°C 

3 60°C 
3M HNO + 0.5 M HF, 22°C 
3M HNO + 0.5 M HF, 22°C 
3M HNO3 + 0.5 M HF, 22°C 

3M HNO , 22eC 

3Μ HNO + 0.5 M HF, 22°C 
0.4 M Ammonium oxalate 
+ 0.16 M Citric acid + 
0.05 M H O , 22°C 

Pu-: 

removed 

915 - 452 
20.4- 35.4 

34 
68.2- 62.O 

41 .6 
902 

38.1 
65 .2 

4 . 1 

8 .6 

3 .3 

39 (fJg/q hui: 

left 

2.5 - 4.1 
1.7 - 9.4 

4.0 
1.3 - 1.2 

1 .3 
<0.25 
<0.2 5 
<0.2 5 

5 .4 

8 . 1 

6.9 

.s) : 
Percentage 

removed 

: 99 : 
9 2 - 7 9 : 

: 90 : 
: 98 :. 
! 97 : 

^»100 : 
rv»100 : 
rvJIOO : 

: 43 : 

: 52 : 

: 32 : 
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Contami 

may be 

Using a 

the sta 

to 0.2 

reduce 

for 3M 

removal 

at 600 

nation 

nation of both type of hulls 

reduc 

more 

inles 

5/¿g 

3M HNO at 22°C; 

ed to the l10yt\g Pu239/g hulls range. 

aggressive reagent (3M HNO + 0.5 M HF) 

s steel contamination may be reduced 

the Ζ 

HNO . 

of Ζ 

Pu239/g hulls. This reagent did not 

ircaloy contamination below that found 

American work (4) has shown that the 

rO (e.g. by treatment with gaseous HF 

s necessary to allow a good decontami°C) i 

of Zircaloy hulls. 

2.6 s m e η t t h e V a r i o u 
τ
 Υ Ρ C l a d d i n g 

The Commission has concluded the prospective inventory 

until 1990 of cladding waste arising in the European 

Community and their composition. Data have been 

collected from different Institutions, namely : CEA 

(France), CEN (Belgium), CNEN (Italy), KFK (Fed. Rep. 

of Germany) and UKAEA (United Kingdom). 

The elaborated data have been published 

(Ref. 5) . 

(EUR 5969) 

2.6.1. Claddinçj_Wastes_f rom Different_Reactor_Types 

Waste amounts and material compositions are summari

zed in table 2.13. In case of substantial differen

ces in the design of the same reactor type, both va

lues are given. 

Table 2.13 : Waste specifications 

: Reactor : 

Waste amounts 

(Kg/ton H.M.) 

: Material com

: position (w/o) 

j Zircaloy 

Stainless steel 

: Harmonic steel 

Inconel 

: Various 

BWR : 

400 

80.5 

9.5 

1.3 

8.7 

PWR : 

3 18rr4iO 

8572 

1 122 

; 46 

SGHWR: 

282 

77 

22 .5 

: 0.5 

AGR 

154 

95 

: 5 

FBR (core) : 

1422  1746 : 

95  100 [ 

: 5 : 

2.6.2. Waste_Arisings in_the_Community 

On the basis of the expected time schedules for the 

reprocessing capacities in the Member States the cu

mulative amounts of cladding wastes until 1990 were 

estimated (Table 2.14). 
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Table 2.14 Cumulative arisings of wastes (metric 
tons). 

Country 
(fuel origin) 

France : (LWR) 
( Γ 13 Κ ) 

: total 

United Kingdom 
: (AGR) 
: (SGHWR) 
: (LWR) 
: (FBR) 

total 

Fed.Rep.of 
: Germany 

: (LWR) 

! I t a l * (LWR) 
: (FBR) 

total 

! B e l 9 i u m
 ( LWR) 

European Comm. 

(LWR) 
(AGR) 
(SGHWR) 
(FBR) 

: total 

1980 : 

4 1 5 ; 

415 : 

13 
13 

75 

-

-

. 

490 

13 
: 503 

1985 : 

1740 

1740 : 

154 

34 
188 

135 

3 
3 

75 

; 1950 
! 1 5 4 

: 38 

1990 : 

4529 
- -375 
4904 : 

460 : 
320 : 
460 : 
55 : 

1295 

480 : 

250 : 
10 : 

260 

: 430 : 

6140 
460 
320 
440 

: 2141 : 7360 : 

These amounts may become substantially lower, as a 
consequence of further delays in construction and 
commissioning of new reprocessing plants. 

2.6.3. Radioactivity and Decay Heat 

The total induced radioactivity and the heat generation 
of waste components as function of cooling times are 
given instable 2.15. The neutron exposure rate is 
2.9 χ 10 n/cm (thermal flux). 
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Table 2.15 Activation (A : KCi/te alloy) and 

heat generation (H : W/te alloy) 

at different cooling times. 

AL toy 

Zircaloy4 

Stainless steel 

(AISI 321) 

Inconel 718 

Inconel χ 750 

1 

A 

11 

437 

521 

271 

y 

H 

77 

2300 

4130 

2610 

3 

A 

2.1 

274 

170 

149 

y 

H 

27 

1601 

1430 

1370 

■ 

10 

A 

0.74 

59 

73 

79 

y 

H 

11 

572 

547 

543 

25 y 

A H 

< 0.1 

9.9 

33 

43 

< 2 

75 

78 

80 

10C 

A 



3.1 

17 

23 

» y 

H 



0.5 

3 

4 
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. 

Q 

i î lOO 

80 

60 

iO 

20 

ι 

JS s* 
j f 

ι 

s AISI 30( 

" ZIRCALOY-ί 

^ . - S ^ ^ " " " 

, 1 1 1 , ». 
10 20 30 

COMPACTION PRESSURE (kg.mm'2) 

FI,. 2.2.1 : «/„ΤΗ DENSITY Vs. COMPACTION PRESSURE 

Fig. 2.2.2 : Zircaloy 4 compact to 65 % T.D. (φ 150 mm; Ho : 500 mm, 
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Fig. 2.2.3 : Compacted zircaloy-4 chops (74 % TH) encapsulated by 
Pb - 1.5 Sb alloy (vacuum casting at 723°K) 
(Magnification χ 20) 
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Fig 2.3.1: COMPACTING UNIT 
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IMMOBILIZATION OF FISSION PRODUCT CALCES 

A METALLIC MATRIX 

There is nothing to report since this action 
has been deferred. 
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TREATMENT OF Pu-CONTAMINATED COMBUSTIBLE 

WASTES 

4.1. G e n e r a l A s p e c t s a n d T e n d e n-

Plutonium contaminated wastes or more generally 
°< -wastes mainly arise from such operations at 
the back end of the fuel cycle as the extraction 
cycles of reprocessing, the reconversion of re
cycled fuel and the manufacture of MOX fuel ele
ments. A substantial part of this Pu-contamina-
ted waste is combustible e.g. the gloves from 
glove-boxes, used filters, packing material and 
protective clothing. 
The Community programme promotes five incineration 
studies and one specific investigation on Pu 
recovery. 
The broad aim of these projects is to : 
- reduce the volume of waste; 
- obtain waste products, which are compatible 

with available conditioning and disposal methods; 
- separate the actinides from other residues; 
- recover plutonium where practicable. 
During 1977, most of the new actions were placed 
with studies totally or largely devoted to the 
recovery of Pu. 
Among the most difficult problems encountered by 
all investigators was to ensure satisfactory off-
gas cleaning. Other problems not yet solved in 
many cases concern the construction materials and 
the process control. 

4.2. H i g h T e m p e r a t u r e I n c i n e r a 
t i o n (CEN/SCK-B) 

4.2.1. Obj ectives 

The objective of this contract is to develop the 
high temperature incineration technique for the 
treatment of plutonium (Pu) contaminated waste. 
Two aims are being pursued : 
a') Incineration of low Pu-contaminated waste to 

produce a highly leach resistant product sui-
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table for long term storage and ultimate dispo
sal by means of a modified commercial waste in
cinerator (FLK60, capacity 100-150 kg/h), 
(Ref. 1) ; 

b) Incineration of heavily Pu-contaminated waste, 
with the aim to produce a readily soluble 
product in order to promote maximum Pu-reco-
very by means of a reduced scale pilot plant 
in development (capacity 10 kg/h). 

4.2.2. Design and Construction Work 

4.2.2.1. Installation and Testing of the Off-Gas Puri

fication System 

The "installation of the off-gas purification system 
to the FLK60 plant was completed consisting of : 
- 2 heat exchangers; 
- 2 panel bed filters; 
- scrubber unit; 
- 2 absolute filters; 
- gas control system; 
- ventilation system; 
- stack. 
The system has been tes 
le and repeatedly modif 
bed filters, whose rete 
to be insufficient, the 
torily performed. But 
ve yet been treated. Ρ 
ficiency of the scrubbe 
HCL have been carried o 
HCL. 95 % of the HCL c 
believed that this can 
by adding Na OH. Exten 
bution measurements of 
out in situ. A safety 
system is in preparatio 

ted in parts and as a who-
ied. Apart from the panel 
ntion capacity was found 
off-gas system satisfac-

neither PVC nor rubber ha-
reliminary tests on the ef-
r unit for trapping gaseous 
ut by injection of pure 
ould be trapped and it is 
be -substantially improved 
sive particle size distri-
fly ashes are 'being carried 
report for the off-gas 
η. 

4.2.2.2. Optimization of the FLK60 Plant and its Adapta
tion for Pu-Contaminated Waste (Fig. 4.2.1) 

The waste feed device has been modified and success
fully tested. 



38 

The FLK60 plant has started operation with traces 
of A , / -activity in January 1978 Ó 

4.2.2.3. Design and Construction of the Alpha Contain

ment and the Waste Pre-Treatment Facilities 

A layout of the alpha containment is given in 
Fig. 4.2.2. 
During 1977 parts of the waste pre-treatment 
equipment have been constructed and tested. 
The design for the alpha containment was comple
ted and construction work will start 1978. 

4.2.2.4. Installation of an Active Granules Charac

terization Laboratory 

Parallel to the inactive laboratory an active 
one is being installed to handle medium active 
material. The following test equipment for the 
granules characterization will be included : 
- equipment for manufacture and preparation of 

samples ; 
- instrument for melting point measurements; 
- a furnace to simulate the melting process; 
- a furnace to produce ash samples; 
- a leaching device for Pu-extraction tests. 

4.2.2.5. Design of the Pilot Plant (Fig. 4.2.3.) 

The general design of the pilot plant is comple
ted and a tender has been sent out for the cons
truction of the plant during 1978. A criticali-
ly study is being carried out. 

4.2.3. Experimental Work 

4.2.3.1. Experimental Operation of the FLK60 Plant 

126 inactive but full scale experiments with a 
variety of simulated waste compositions have been 
carried out with the FLK 60 plant. Each experiment 
amounted to approximately 600 kg of treated was
te. The composition of granules for various 
residence times (table 4.2.2) show no hold-backs 
of elements in the incinerator. 
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4.2.3.2. Leaching Tests 

The incremental leaching rate has been determi
ned according to IAEA specifications (Ref. 2) 
of the ash granules from various experiments. 
The average leaching rates for Fe , Cr and 
Co are given in table 4.2.3. 

4.2.3.3. Structural Tests 

The compositions of the original waste and the 
respective incineration ash investigated are 
given in tables 4.2.4 and 4.2.5. The reaction 
melting temperature of the mixture was lying 
between 1400 °C and 1460 °C. The melting point 
of the granules was 1360 °C + 10 °C. The resi
dual carbon content was decreased from 0,42 % 
to 0,05 %. The "air" density of the obtained . 
granules was - 3,4 g/cm , "tap" density ^ 1,7 g/cm' 
Microprobe analysis yielded to the conclusions : 
- that the iron present is alloyed to all the 

other components (especially to Cr) except 
to NiS; 

- that sulphur is found in the BaSO matrix and 
in concentrated form in the Ni-phase. 

Some scanning electron microscopes have been 
made showing in one case a pronounced glassy 
phase. A statistical analysis of granules 
respectively reacted and non-reacted materials 
is given in table 4.2.6. 

4.2.3.4. Laboratory Experiments 

Laboratory tests have been carried out to stu
dy the influence of waste components on the 
melting point of the granules, the volatility 
of some elements during the incineration and 
melting process and the solubility of some com
ponents on the final granules. The volatile 
components of ash granules was measured and 
amounted in some cases up to 4,5 % at 850 °C . 
Samples of simulated waste constituents and 
compositions were investigated. Incineration -
and - melting point measurements with a hot-
stage microscope showed the following relations : 
- The incineration point of the green waste in

creases with the increase of Fe content; 
- The melting point of the melted waste increa-
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ses with the increase of Fe content and de
creases with the increase of SiO and CaO 
contents. 

Cylindrical pellets traces with Ru and C 
have been heated in a pre-heated oven at 14ÕO °C 
for 15 minutes. The rate of volatility has been 
determined by the loss of the two isotopes coun
ting the remaining activity. Hence the volati
lity behaviour has been investigated in relation 
to the concentration of certain constituents, 
of which the following tendencies have been 
observed : 
- decrease of C volatility with an increase 

of SiO + Fe o concentration as well as with 
an increase of acid components; 

- maximum C volatility at /^45 % of alkaline 
content (decreasing above and below 45 % ) ; 

- maximum Ru volatility at <~<40 % of SiO + Feo0 
concentration (decreasing above and below 4 

2- " :n>; 
- minimum Ru volatility at/O35 % of alkaline 

content (increasing above and below 35 % ) . 
137 

Samples doped with C have been leached ac
cording to the specifications mentioned in chap
ter 4.2.2.1, the results of which are plotted 
in Fig. 424. 

4.2.3.5. Study of Waste Compositions and Additives 
with the Aim of Highly Soluble Incineration 
Ashes 

Investigations have been carried out on waste 
compositions and additives. The composition 
defined as the most waste mixture to start the 
pilot plant experiments with, in accordance 
with the experience gained from the FLK 60 
operation, is given in table 4.2.7. A statis
tical composition of the expected ash product 
is given in table 4.2.8. During the first 
tests plutonium will be substituted by cerium. 
According to a literature survey a mixture of 
Na CO -Na SO -NaCL as additives seems to be 2^3 2.4 most promising. 
Up to 99 % of the plutonium can be retained in 
the fluid ash-salt mixture. The melting point 
of the mixtures is kept low {rOBOO °C) by the 
additives which is promoting a better soluble 
product for the Pu-extraction tests. 
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4.2.4. Interim Conclusions 

The experimental operation of 
has demonstrated that, after 
and apart from the failure of 
filters, trouble free inciner 
tures up to 1500 °C can be ca 
leaching results on Cr indi 
good retention of the radioac 
The laboratory techniques for 
characterization of granules 
use under Pu-containing condi 
actions of the programme are 
behind the original schedule. 

the FLK 60 plant 
some modifications 
the panel bed 

ation at tempera-
rried out. The 
cate a generally 
tive isotopes. 
the simulation and 

are promising for 
tions. The main 
about one year 

4.2.5. Planned Activities 

As indicated in the time schedule table 4.2.1, 
1978 will be devoted to : 
- the experimental operation of the FLK 60 

-activity and in plant with traces of β , \/ 
conjunction; " 

- the experimental research of the influence of 
additives on ash quality and off-gas (aim = 
high solubility); 

- the completion of the active "granules charac
terization laboratory"; 

- the repair of the sludge drying system; 
- the construction of the alpha containment and 

the installation of the waste pre-treatment 
facilities and 

- the construction of the pilot pilot plant 
(capacity 10 kg/h). 

4.2.6. Complementary Action 

The research programme has been expanded starting 
July 1977 by the complementary action "densifi-
cation of the ash granules derived by incinera
tion". The objective is to develop a technique 
suitable for the final conditioning of the ash 
residues originating from low plutonium conta
minated waste. The method investigated is to 
compress the„ash granules at high pressure (up 
to 100 kg/mm ) and high temperature (rv800 °C) 
in order to achieve a supplementary volume reduc
tion of approximately 50 % and an immobilized 
end product. An experimental programme to 
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prove the feasibility of the process and to 
optimize the process parameters - pressure, 
temperature, duration of compression and ob
tained densification - is carried out with 
a work-shop press during 1977/78 on inactive 
samples. The test samples will be examined 
with respect to leachability and microstruc
ture during 1978/79. 

4.2.7. References 

(1) First Annual Progress Report, contract 
EUR-017-76-7 WASB, N. Van de Voorde et. al 

(2) Atomic Energy Review, Vol 
Hespe, IAEA Vienna 1971. 
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Table 4.2.1 : Timetable for Incineration Programme 

Programme Item 

1 . FLK60 Plant 
1.1 Operation wi th inac t i ve waste (progress report 23.2.77) 
1.2 Research of in f luence of waste composition on asa q u a l i t y , 

126 experiments and evaluat ion (aim = high i n s o l u b i l i t y ) 
1.3 Adaption and opt imizat ion fo r Pu-contaminated waste 

(waste supply, ash r e t r i e v a l ) 
1.4 Construct ion and i n s t a l l a t i o n of of f -gas p u r i f i c a t i o n 

system 
1.5 Operation wi th traces of o< - a c t i v i t y 
1.6 Research of in f luence of addi t ives on ash qua l i t y and 

o f f -gas (aim = high s o l u b i l i t y ) 
1.7 Operation wi th low Pu-contaminated waste 

2, Other F a c i l i t i e s 

2.1 I n s t a l l a t i o n of act ive "granules character izat ion 

labora tory" 

2.2 Construct ion of sludge drying system (and repa i r ) 

2.3 Design of c< -containment and waste pretreatment 

f a c i l i t i e s 

2.4 Construct ion of o{ -containment and waste pretreatment 

fac i l i t ies 

3. P i l o t Plant 

3.1 Design study 
3.2 Construct ion 
3.3 Operation wi th Pu-waste 
3.4 Pu-recovery tests 

1976 1977 

. 

1978 

■ 

1 

1979 

— ( t 

CO 



Table 4.2.2 The composition of granules at various 

residence times in the reactor. 

Element 

Al 

Ba 

Ca 

Cr 

Fe 

Mg 

Mo 

Na 

Ni 

Si 

Sr 

Ti 

Zn 

Cu 

Mn 

Sample taken atvarioussmelt ing hours (%) 

1st . 

3.6 

2.4 

0.51 

0.29 

3.6 

0.08 

0.04 

3.9 

0.57 

31.4 

0.04 

0.45 

0.28 

6.6 

0.11 

4th 

2.8 

3.2 

0.76 

0.52 

3.6 

0.12 

0.03 

2.9 

0.42 

33.6 

0.01 

0.32 

¿ 0 . 1 

4.5 

0.13 

5th 

4.6 

3.5 

0.54 

0.14 

4.3 

0.08 

0.03 

4.2 

0.61 

27.9 

0.06 

0.44 

0.44 

9 

0.12 

10th 

4.2 

2.1 

0.51 

0.18 

3.5 

0.07 

0.02 

3.9 

0.36 

31.4 

0.04 

0.04 

0.32 

6.4 

0.13 

15th 

4.4 

1.7 

0.54 

0.23 

2.7 

0.04 

0.03 

3.5 

0.40 

33.4 

0.03 

0.03 

0.41 

4 

0.13 

17th 

5.1 

3.3 

1.05 

0.28 

3.4 

0.1 

0.02 

2.8 

0.30 

33.4 

0.02 

0.72 

t races 

4.1 

0.15 

19th 

5 .5 ' 

1.9 

0.7 

0.14 

2.6 

0.05 

0.02 

3.3 

0.25 

32.7 

0.05 

0.43 

0.41 

4.1 

0.13 

■f* 
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Table 4.2.3 Leaching factor after 236 days ■ 

Leaching in demineralised water 

Sample 

76/33/04 

76/33/06 

Isotope 

Cr
51 

Fe
5 9 

Co
60 

Cr
51 

Fe
59 

Co
60 

-l, -1 

g.cm.day 

L χ D 

3,09 χ IO'
10 

4,35 χ IO"
11 

1,62 χ IO"
10 

1,40 χ IO"
10 

4,34 χ IO'
11 

8,52 χ IO'
9 

cm.day" 

L 

9,08.IO'
11 

1,28.IO"
11 

4,78.IO'
11 

4,19.IO"
11 

1,30.IO"
11 

2,55.IO"
9 

L = W L y i >cnKdayi 
4F¿ 

D = density. 
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Table 4.2.4 Composition of artificial waste 
(code : US 2/5). 

Components 

Combustible : 
paper 
plastics (P.E.) 
ion exchangers 

Metals 
Sand 
Glass 
Na2C03 

Water 
Sludge(x) 

Sludge composition : 
BaSO. : 43.29 4 
Fe203 : 35.11 
A1203 : 6.25 
Si02 : 5.00 
BaCO : 4.81 
CuO : 2.88 
MgO : 0.76 
Mn02 : 0.76 
Ca(0H)2 : 0.62 
Ti02 : 0.48 

% 

28.3 
14.3 

+ 9.5 

52.1 
9.5 
6.7 
1.9 
1.9 
17.1 
10.8 
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Table 4.2.5 Chemical composition of, the 
granulate resulting from the 
incineration of waste. 
Type code : US 2/5 

Ζ of the component comprised 

Si02 

Fe2°3 
A12°3 
Na20 

BaO 
MgO 
MnO 
Cr203 

*3°4 
CuO 
Ti02 

NiO 
SrC03 

CaO 
C 

1 hour 

66.9 

8.1 
9.9 
5.0 
2.3 
0.52 

0.40 

0.87 

0.12 

3.10 

1.29 

0.70 

0.09 

0.67 

0.26 

in a granulate taken after : 

2 hours 

63.0 

6.5 
11.5 

7.8 
2.4 
0.57 

0.46 

0.62 

0.15 

3.98 

1.23 

0.66 

0.13 

0.89 

0.43 

4 hours 

67.3 

6.9 
10.2 

5.8 
2.1 
0.38 

0.40 

0.93 

0.15 

2.97 

0.83 

1.41 

0.07 

0.46 

0.06 

6 hours 

87.2 

3.2 
2.0 

2.9 
0.89 

0.22 

0.20 

0.24 

0.03 

2.47 

0.23 

0.14 

0.02 

0.12 

0.05 



Table 4.2.6 Statistical analysis of granulate on 
reacted and non-reacted material. 

Fraction - mm 

> 20 
> 10 
> 5 
> 2 

> 1 
> 0,5 
> 0,25 
> 0,1 
< 0,1 

Granules fraction 

max. 

16,2 

42,1 
33,1 
53,9 
30,1 
13,8 
3,7 
9,1 
8,3 

(w%) 
min. 

0,5 
2,0 
7,9 
16,1 
4,4 
2,8 
0,5 
0,1 
0,3 

mean 

4,28 

17,46 
21,96 
31,13 
15,74 
4,82 
2,12 

1,29 
0,96 

max. 

2,48 

0,54 
0,58 
0,25 
-
-
-
-
-

Non-reacted metal 
(wt) 

min. 

0,0 
0,0 
0,0 
0,0 
-
-
-
-

-

mean 

0,15 

0,20 
0,12 
0,02 
-
-
-
-

-

Non-burnt paper and 
plastics (wl 

max. 

2,47 

0,99 
0,32 
0,22 
0,08 
0,08 
-
-

-

min. 

0,0 
0,0 
0,0 
0,0 
0,0 
0,0 
-
-
-

mean 

0,20 

0,12 
0,04 
0,03 
0,01 
0,01 
-
-
-

oo 
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Table 4.2.7 Composition of alpha-contaminated 
vaste with a hig 
(> 10 g Pu/28 1) 
waste with a high PuO -content 

Component 

plastics 
paper-hardboard 
rubber 
metals 
ceLLuLose 

wood 
moisture in 

components 

Pu content 

Vol % 

34 
30 
20 
10 
5 
1 

> 10 g/28 1 

W % 

24 
20 
25 
12 
2 
6 

10 

' 0,5 
1 
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Table 4.2.8 Estimation of the ash composition 
of the burnable parts of alpha-
contaminated wastes with high 

Component 

BaO 

CdO 

B2°3 

MnO 

Fe203 

MgO 

Si02 

PbO 

A1203 

CuO 

Ti02 

CaO 

Sn02 

Cr203 

ZnO 

SrO 

Mo03 

κ2ο 
Na20 

Zr02 

P2°5 

PuO - c o n t e n t . 

% 
tO 

incinerator ash 
AB 

0,35 

0,02 

0,81 

0,55 

7,94 

2,87 

48,38 

1,44 

6,00 

2,82 

8,41 

10,32 

0,10 

1,93 

1,77 

0,09 

0,11 

1,58 

0,18 

3,59 

0,52 

% 
ash from the i nein, 
of rubber AR 

_ 

-

-

1,3 

13,3 

6,7 

20 

-

26,7 

1,3 

1,3 

6,7. 

-

-

20 

1,3 

-

-

-

-

1,3. 

% 
AB 1 

0,02 

-

0,04 

1,27 

13,04 

6,52 

21,35 

0,07 

25,71 

1,37 

1,64 

6,87 

-

0,09 

19,13 

1,24 

0,01 

0,08 

0,01 

0,17 

1,26 

AB : ashes from burnable parts except rubber; 
AR : ashes from rubber. 
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4 . 3 . I n c i n e r a t i o n i n M o l t e n 
S a l t s ( A g i p N u c l e a r e ) 

4 . 3 . 1 . 2 ! ? 3 6 £ ^ Υ Θ a 5 § s c o p e 

The Molten Salt incineration technique permits 
waste incineration and plutonium separation 
a continuous process by destroying the combus·*-
tible waste in a molten salt bath with controlled 
air as oxidant, the plutonium remaining dissolved 
in the molten salts after addition of sulphuric 
acid (Fig. 4.3.1) . 
A second step would recover the plutonium from 
the salt. 
By filtration all the non consumed and incombus
tible waste would be separated from the plutonium 
(and other heavy metals) dissolved in the fused 
salt. 
The technique studied by Agip Nucleare, unlike 
Atomics International's molten salt process, will 
use alkaline instead of carbonates for the Pu-
separation. The chemical reactions following 
the oxidization of the waste as well as the dis
solving and precipitating of the plutonium have 
to be investigated in detail before proceding 
to the design and construction of a pilot plant. 
The first part of the programme will investigate 
the combustion of the waste (without Pu) and, 
separately, the dissolution of ashes and uranium 
and the recovery of uranium. 
The second part of the programme consists of the 
operation of a bench scale rig which can, on a 
small scale, perform the combustion process with 
Pu contaminated waste. The Pu recovery, presently 
tested in a separate unit, will be incorporated 
into the bench scale rig. 
In addition to this Pu-bearing test facility, 
construction and operation of small pilot plant 
for the treatment of uranium contaminated waste 
is envisaged. 

4.3.2. Results from Combustion Tests 

4.3.2.1. The Waste 
The composition of the simulated waste in wt % 
used in the tests is : 
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Plastic 

Rubber 
Paper 
Rags 
Wool 

PVC 
PE 

40 
20 
24 
6 
5 
5 

The bulk density of the mixture is 190 kg/m , 
its heating value 30.1 χ 10 - 31.4 χ 10 J/kg 
and its ash content 3.34 %. 

4.3.2.2. The Molten Salts 

The initial composition of the molten salt bath 
is (Mol %) : 
Li 2S0 4 78 % 

8,5 % 
13,5 % 

This eutectic mixture melts at 512 

Kr S0 2 

Na 2S0 4 

The combustion rate of the bench scale test rig 
is 15,20 g/h with a 1/3 air-nitrogen flow of 
0.4 m /h. 
The molten salt charge of the experimental inci
nerator is 5 kg. 
After processing about 1 - 2.5 kg of inactive 
waste, the melt is filtered through a 100̂ -1 
sintered SS filter and recycled. 

4.3.2.3. The Incineration Residues 

The reduction factors derived for the total fil
ter residue (ash + salt) range from : 

3.3 - 10.5 for the weight reduction 
and 30 - 114 for the volume reduction factor 

In fact, the weight reduction based on the waste/ 
ash ratio, i.e. after washing the filter residue, 
is twice to four times higher. 

4.3.2.4. Combustion Gases 

After the combustion reaction, at temperatures 
around 550-600 °C, the off-gases (Ν , O , C0 2, 
CO, H , H O = steam, hydrocarbons as well as 
Cl„ and HCL from the PVC) are burned in a post-
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combustion chamber, where the organic matter is 
completely destroyed at temperatures around 
1000 °C. 
The small amounts of HCL and chlorine gas left 
in the off-gas after the post combustion are 
sufficiently washed out but not completely in 
caustic solution. 
The amount of particular matter (rj20 mg/m ) 
remaining in the off-gas after caustic scrub
bing is retained in an absolute filter. 

4.3.2.5. Pu Recovery (Simulation) 

The recovery technique for plutonium has been 
simulated with uranium, added to molten salt 
containing incineration ashes from combustion 
tests. 
The separation and recovery tests are performed 
in a quartz vessel. By adding 50 cm of 100 % 
H SO for each kg of molten salt, the uranium 
oxide and all the ashes with exception of 
silica is dissolved. 
The uranium oxide (purity = 8 0 - 9 0 %) is then 
separated to Ca 90 % from the molten salt bath 
by electrolysis. As the ashes mainly consist 
of metallic impurities (s. tab. 2) some of the 
latter (Fe, Al, Zn) will also be partially de
posited on the electrode, unless removed by pre
treatment . 
An attempt to precipitate the Al, Fe, Zn and 
Cr by thermal decomposition of the respective 
soluble sulphates to insoluble oxides during 
a prolonged (>24 h) heating at 600-650 °C 
succeeded to remove only about half of these 
impurities. This result does not justify the 
inconvenience of the added process steps. 

4.3.2.6. Recycling the Molten Salt 

The components of the ashes remaining in the 
molten salt after the electrolysis can be eli
minated either by thermal decomposition or by 
precipitation with Na CO . 
The results of the thermal pre-treatment, elec
trolysis separation and post-electrolytic clea
ning of the molten salt with Na CO are presen
ted in Table 4. 
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4.3.2.7. Materials 

The bench-
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1000 °C. Nevertheless it is atta-
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ratu 
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re of 500-600 °C. None of the 
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e conditions. 

Quartz and alumina vessels proved quite suitable, 
but the materials are very brittle. 
A refractory crucible with an 0,5 mm alumina 
coating applied by plasma did not overcome the 
problem due to the microporosity of the coating. 

4.3.3. Forward Programme 

During 1978 the bench scale incineration rig and 
the Pu-separation test equipment will be instal
led and operated in an alpha containment at 
Ispra. 
A small pilot plant for incinerating uranium 
bearing waste and recovery of uranium will 
also be designed and constructed. 

4 . 4 . A c i d D t i o n P r o c e 
(KFK, FRG) 

4 . 4 . 1 . O b j e c t i v e s 

KFK is continuing the work, started by Nukem, on 
the acid digestion process (flow sheet given in 
Fig. 4.4.1) in order to develop the process to 
a stage which permits construction and opera
tion of an active pilot plant. 
The items to be investigated are : 
- Isolation and recovery of plutonium from pro

cess residues ; 
- Recovery and recycling of sulfuric and nitric 

acids from off-gases; 
- Transformation of remaining nitric components 

of the off-gas in inert gases; 
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- Optimization of the combustion process. 
The process consists in breaking up the organic 
components of the burnable solid waste by using 
sulfuric acid. The subsequent oxidation is a-
chieved by addition of nitric acid. The reaction 
products are gases and inorganic residues. 
All common burnable solid wastes of the nuclear 
cycle are rapidly consumed at 250 °C. 

4.4.2. Scope of the Programme 

The research programme which started on 1 July 
1977 and will end on 31 December 1979 will inves
tigate the following subjects : 
a) Kinetics and optimization of the sulphuric-

nitric acid system (4.4.2.1) ; 
b) Separation of the acid from the off-gas wash 

solution (4.4.2.2) ; 
c) Conversion of unabsorbable acid gases into 

exhaustible off-gases (4.4.2.3); 
d) Separation of the plutonium components (4.4.2.4) ; 
e) Plutonium recovery from the plutonium compounds 

(4.4.2.5) . 

4.4.2.1. Combustion Process 

To investigate the kinetics in the system 
H„SO -HN0„ for the treatment of simulated 2 4 3 (inactive; solid waste and to optimize the 
combustion process, a laboratory scale test plant 
(ILONA) with a capacity of 1,5 kg/h at conti
nuous feed will be designed and constructed du
ring 1978. The plant will be operated during 
1979 to determine conditions for the minimum 
acid consumption, optimum reaction temperature 
and dimensions of the reactor vessel as well as 
dosing and location of the HNO addition. 
A standard waste composition for the various 
process steps (table 4.4.1), which will be the 
basis for all tests, has been agreed with 
Eurochemic. 

whose mass-flow-sheet is given : Fig. 4.4.2. 
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Table 4.4.1 : Composition of standard waste 

Component 

: Cellulose 
Neoprene 

: Polyethylen 
; PVC 

Parts in standard waste : 
(wt. %) 

1 5 - 4 0 : 
20 - 40 

20 : 
2 0 - 2 5 

4.4.2.2. Recycling of Reaction Acids from the 
Off-Gas System 

In order to reduce the secondary waste from the 
off-gas system rectifying columns for the dis-
tillative separation of sulfuric-nitric and 
hydrochloric acid from the off-gas wash solution 
are being developed. A bench scale rig, desi
gned for inactive trials, with a capacity of 
0,7 1/h will be connected through a bypass to 
the off-gas system of the combustion plant 
(chapter 4.4.2.1) . 
Experiments have been carried out with a test 
mock-up (Fig. 4.4.3) to determine the concen
tration profiles for H SO and HNO of the 
distillation devices at various test conditions. 
The acid recycling system will consist of two 
distillation steps : step 1 separation of 
H SO from HNO and HCL and step 2 - HNO sepa
ration from HCL. The concentration profiles 
anticipated are : for H SO from 15 % to 80-
90 % and for HNO from 20 I to 50-60 %. 

4.4.2.3. Conversion of non Condensable Acid Gases 
to Exhaustible Off-Gases 

In order to remove the remaining acidic off-
gases (NO and NOC,) the reduction by formic χ acid will be investigated during 1978. The 

essentially CO 2' NO SO 2' HC and water vapour 
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thus formed hydrochloric acid will be conver
ted to salt. Another bench scale rig will be 
constructed and connected with the off-gas system 
of the combustion plant (chapter 4.4.2.1). 
Suitable construction materials for the off-gas 
system will be examined and the material data 
of the reaction determined. 

4.4.2.4. Separation of Plutonium Concentrates from 
the Acid Solution 

For the demonstratio 
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4.4.2.5. Isolation of Plutonium from the Plutonium 
Concentrate 

An alpha box-line with the appropriate equipments 
has been installed during 1977 at the site of 
Eurochemic Mol for the Pu-recovery experiments. 
A small combustion unit (Fig. 4.4.4) and a small 
centrifuge (capacity 1 kg/h) have been installed 
in glove boxes for the preparation of combus
tion residue and for the separation of the plu
tonium concentrate. 
An experimental plant for the plutonium isolation, 
treating plutonium in amounts of grams (corres
ponding a waste quantity of 0,5 kg) will be 
constructed during the first half of 1979 and 
installed in a glove box. This test unit will 
be operated with inactive residues from the wet 
combustion plant (chapter 4.4.2.1), subsequent
ly doped with plutonium, and with plutonium 
contaminated waste from Eurochemic (2 to 3 g 
Pu/kg waste). The objective of these experiments 
is to optimize the plutonium isolation process 
and examine the qualification for the conversion 
of the extract into plutonium nitrate. Various 
means of extraction will be tested and the res-
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pective extraction rate, the co-precipitation 
of actinides and the quantities of plutonium 
remaining in the acid and the residue will be 
determined. 

4.4.3. Status of Advance 

As indicated in table 4.4.2 the first six months 
of the research programme have been exclusively 
devoted to the construction of experimental 
equipments. No experimental results have been 
achieved so far. 



Table 4.4.2 : Timetable for the research programme "wet combustion of 

plutonium contaminated waste". 

PiOgranrni 

4.4 .3 .1 Construction of combustion p lant (ILON/sj) 
Inercnion οτ comoüstTon plant 

4 .4 .3 .2 Construction of acid recycl ing device 

Tests wi th acid recycl inq device 

4 .4 .3 .3 Construction of a system to convert un 
absorbable exhaustible off-gases 
Tests to convert unabsorbable acid-gas^s 

in exhaustible off-gases 

4 .4 .3 .4 Construction of a separation equipment 
acidrp lutonium concentrate 

Separation tests acid/p lutonium 

concentrate 

4.4.3.5 I n s t a l l a t i o n of an -box l ine 

Prel iminary tests to plutonium 

i so la t i on 

Construction of a plant for plutonium 
i so la t i on 

Operation of p lant for plutonium 
i so l a t i on 

1977 

III IV 

1978 

II III IV 

1979 

II III IV 

σι 
ID 
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t h e P y r y s 

P l u t o n i u m C o n t a m i n a 
i s 

t e d 
C o m b u s t b 1 W a s t e 
(UKAEA HARWELL) 

4.5.1. Objectives 

The broad objective of this programme is to pro
vide data for an engineering appraisal of the 
pyrolysis process as applied to plutonium con
taminated combustible solid waste and for the 
design of an inactive pilot plant. 

4.5.2. Research Programme 

4.5.2.1. Scope of the Programme 

The proposed programme will examine : 
- The performance parameters of a pyrolysis reactor; 
- The off-gas treatment parameters; 
- The handling and treatment of pyrolysis resi

dues (char) ; 
- General plant design and operation. 
The construction and operation of an inactive pi
lot plant is envisaged following the completion 
of the present programme. 

4.5.2.2. Reactor Performance Parameters 

The effect of the important parameters : 
- Temperature; 
- Heat transfer rate; 
- Feed composition and 
- Size 
upon the pyrolysis rate and upon the quantity of 
solid and gaseous product will be examined to 
identify operating conditions, heat or mass 
transfer limitations. 
The effect of incombustible matter, which occasio
nally or normally will remain in the waste (metal
lic scraps, buttons, glass debris, soil etc.) will 
also be investigated. 
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4.5.2.3. Off-Gas Treatment Parameters 

This work will provide information for the se
lection and design of the off-gas treatment equip
ment. It will include measurement of the rele
vant off-gas properties, in particular the che
mical composition, rates of evolution and the 
extent of particulate entrainment as well as a 
study of condensation and after burning off-
gas . 
Initially condensation and scrubbing will be 
applied to permit the measurement of the off-
gas composition and evolution. 
Condensation in two stages will yield heavy and 
light fractions for analysis, the first stage 
operating at about 100 °C, the second at near-
ambient temperature. 
The condensers will be followed by particulate 
filters and a caustic scrubber before exhaust. 
After-burning will initially be studied in a se
parate rig using single components, synthetic 
mixtures and vaporised condensate samples. An 
engineered after-burner will be later tested in 
the programme. 

4.5.2.4. Char Handling and Treatment 

The following items will be studied : 
- Characteristics of the char ; 
- Extraction of char from the reactor; 
- Handling of low-density porous char in leaching 

equipment; 
- Possible chemical reactions with leach solutions 
Consideration will be given to criticality and 
radiological problems. 

4.5.2.5. General Plant Design and Operation 

During the programme information relevant to 
plant design and operation will be collected 
and analysed to provide guidance in general 
areas, for example in selection of materials 
of construction, control systems and extraction 
of char. 
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This would include consideration of the perfor
mance of components under active routine and non 
routine conditions, their reliability and the 
ease of maintenance. 

4.5.2.6. Equipment 

In order to examine the chemical engineering 
features of the process a small batch pyroly
sis unit will be operated during the first part 
of the programme. This unit has been designed 
and the equipment will be available for the start 
of the programme. After this first stage an im
proved design of pyrolysis reactor (Mark II) will 
be constructed and operated. 
The type and design of the Mark II reactor will 
take account of the problems presented by active 
operation but will not be fully engineered to 
simulate an active unit. 
This experimental unit will be operated during 
the last year of the programme. 

4.5.3. State_of the Programme 

Background studies and basic experiments have 
been carried out at the UKAEA for some time 
and some of the results from these activities 
will be incorporated in this R & D project, 
which has officially started on 13 November 77. 



F i g . 1 : T i m e s c a l e of t h e Programm« 

Programme area 

(a) Reactor Performance Parameters 
Batch Reactor 
Mark II Reactor 

(b) Off-gas Treatment Parameters 
Properties 
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(c) Char Handling and Treatment 

Id) General Plant Design and Operation 
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4 . 6 . C r i t i c a l F a c t o r s i n t h e 
R e c o v e r y o f P l u t o n i u m 
(UKAEA, H a r w e l l ) 

4.6.1. Objective 

The aim of this programme is to provide the in
formation needed to maximise the recovery of 
plutonium from combustible waste. Most effort 
will be devoted to the study of the effects 
of incineration and pyrolysis conditions and 
waste compositions on the leachability of plu
tonium from the ash. 

4.6.2. Research_Programme 

4.6.2.1. Scope of the Programme 

The programme consists of the following main 
actions : 
1 - Construction and commissioning of an expe

rimental furnace for producing "model"ashes; 
2 - Preparation of model ashes from various syn

thetic wastes under different operating 
conditions ; 

3 - Investigations of relationships between 
extractibility of Pu and the variables : 
incineration/pyrolysis conditions, waste 
composition and form of Pu; 

4 - Dissolution and characterization studies 
on pure Pu species - heat treated in absence 
of waste; 

5 - Additional physical and chemical tests and 
treatments depending on the outcome of the 
previous series of experiments. 

In addition to the samples prepared under this 
project, ash and residue samples from other EEC 
countries could also be included in the inves
tigations, where meaningful. 

4.6.2.2. Construction and Commissioning of an Expe
rimental Furnace 

A suitable furnace for producing "model" ashes 
from typical waste materials under fully pluto-
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nium active and carefully controlled conditions 
will be constructed and commissioned. 

4.6.2.3. Preparation of Model Ashes 

Ash samples will be prepared from waste mate
rials such as : PVC, Polyethylene, Neoprene and 
Hypalon rubber, cellulosic materials indivi
dually and as mixtures. 
The wastes will be contaminated by : PuO , PuO / 
UO mixed oxide, Pu-nitrate. 
The furnace will be operated within the follo
wing ranges of conditions : 
- Temperature : 400 - 1000 °C; 
- Gas composition : Air - inert (e.g. N ) ; 
- Residence time : 10 min. - 5 days. 
Detailed test schedules will be established after 
the commissioning of the new furnace. 
Until this new furnace is in operation an exis
ting small furnace will be used to prepare sam
ples for dissolution tests. 

4.6.2.4. Batch Dissolution Tests and Characterization 
Studies 

Each sample of ash will be subjected to a stan
dard batch dissolution test to determine the 
extent to which plutonium can be extracted. 
In cases where the standard dissolution test 
appears to give less recovery than could be 
expected with other reagents or test condi
tions, the possibilities for optimum extrac
tion of Pu will be investigated. In addition 
to these dissolution tests, selected samples of 
ashes will be characterized by other measurements, 
e.g. chemical analysis, ceramography, X-ray 
diffraction, spectrographic .analysis. 
In this way information will be obtained relating 
the extractability of plutonium to the incine-
ration/pyrolysis conditions, the nature of 
the waste and the form of the plutonium conta
mination. 

4.6.2.5. Tests with Pure Plutonium Species 

Dissolution and characterization studies will also 
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be performed on pure plutonium species, which 
have been subjected to conditions related to 
those of the incinerations but in absence of 
waste material. The species (Pu O , Pu O / 
UO , Pu nitrate) and the conditions (tem
perature, gas composition and residence ti
me) will essentially be the same as those 
for the model ashes. 

4.6.2.6. Complementary Studies 

In the light of the results from the above 
work, consideration will, be given to addi
tional physical and chemical treatments that 
may enhance the extraction of the plutonium 
from the ashes. 

4.6.2.7. Tests with non UKAEA Ash Samples 

Where appropriate dissolution and characterization 
tests could be applied to samples produced 
in other plutonium active incinerators. It 
would be desirable to have well defined condi
tions of incineration or pyrolysis and neces
sary to have all relevant information on 
these conditions and the nature of the wastes 
made available for this programme. The cost 
and responsibility for the transport of the 
materials would be incumbent on the orga
nisation producing the ash. 

4.6.3. State of the Programme 

Although considerable preparatory work has been 
carried out at Harwell in 1977, the EC research 
contract will only cover activities from 13 
November 1977 on words. At the end of 1977, 
the contract negotiations had been completed 
and the administrative procedure is due to 
begin early in 1978. 



TIMETABLE 

Start of contract 

Construction and commissioning 
of the new furnace 

Exploratory studies : examination, 
dissolution and characterization of 
ash samples prepared in the small, 
experimental furnace 

Main test series : systematic study 
of ashes from the new furnace 

End of contract 

I 1377 
' * 
l _ ι | - - 1 

1 h-

, 1 

1978 
1 

1 

1 

WS 
ι 

1 
ν 

1980 

CD 



— 68 

4.7. R a d i a t i o n A s s i s t e d I n c i 
n e r a t i o n S t u d y (Gravatom-UK) 

4.7.1. Objective 

The aim of the R & D contract with Gravatom 
is to develop a technique to incinerate plu
tonium contaminated waste at low temperature 
and under the assistance of ionising irra
diation so as to reduce combustion hazards 
under conditions which favour subsequent 
plutonium extraction. 

4.7.2. Technique 

To provide maximum plutonium retrievability, the 
degree of oxidation during a combustion process 
should be kept low. This could be achieved 
in a practicable way by a low temperature 
oxidation (at 200 - 300 °C) assisted by ioni
sing radiation. The latter lowers the ini
tiation temperature for the chemical reaction. 
Once there is a sufficient density of reacting 
molecules an exothermal reaction becomes self 
sustaining due to the ready availability of 
new reactive molecules. 

4.7.3. Scope of the_Programme 

The programme is divided into two stages : 
Stage I : A feasibility study of the process 
backed up with low level irradiation tests. 
The study started in November 1977 and is 
scheduled to be completed at the end of June 
1978. It will then be evaluated by the EC-
Working Party for "Incineration of plutonium 
contaminated waste". 
Stage II : The construction and 6 months of 
operation of a laboratory scale experimental 
plant are scheduled for 1979. The detailed 
working programme of stage II will be defined 
after examination of the feasibility analysis. 
A timetable of the working programme is atta
ched . 

4.7.3.1. Feasibility Study 

The feasibility analysis consists of : 
- The inventory of potential waste arisings and 
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the waste compositions; 
- The study of the process on aspects like : 

ignition temperature and oxygen level, ra
tes of reaction and exposure time, catalysis, 
ionisation heating and radiation level and 
the intended properties of the pyrolysis and 
radiolysis products; 

- The identification of specific aims for re
search and the design of a laboratory scale 
experimental plant with particular emphasis 
on criticality, safety and reliability aspects. 

4.7.3.2. Construction of the Experimental Plant 

The plant will be designed for a capacity of 
approximately 100 g/h. The combustion chamber 
shall be installed in a high flux irradiation 
device. 

4.7.3.3. Experimental Work 

The plant will be operated to investigate the 
following parameters : 
- The initiation point of oxidation for indi

vidual materials and various levels of oxy
gen in nitrogen; 

- The degree of depression of the threshold 
temperature under high ionisation fluxes; 

- The heating effect of high ionisation 
fluxes ; 

- The effectiveness of catalysts if any; 
- The composition of the off-gases. 
The objective of these experiments is to find 
the best combustion conditions with respect to 
the reduction and chemical stability of the 
residues and with respect to plutonium extraction 
The following of the residues will be 
measured : inflammability, volume- (weight-) 
reduction, density, chemical composition and 
plutonium extraction rate (by simulation). 

4.7.3. . Evaluation of the Process 

The experimental results will be evaluated and 
the application of the process will be discus
sed, further R & D work required and relevant 
modifications of the experimental plant to alloy 
handling of plutonium contaminated waste will 
be defined. 
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-

FIG. 4 .2 .1 : View of the FLK 60 p lan t 
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.EÍÇ.._4._2.3: Incinerator for Pu waste (10 kg/h) 
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SOLID WASTE 

air/nitrogen 

molten sulphates £ 
INCINERATION 

600 °C 

air ι 
I 

HnS0, 100% U-Pu-ASH DISSOLUTION 
550 °C 

U-Pu ELECTROLYTIC 
RECOVERY 
550 °C 

ASH 
FILTRATION 

melt recycle 

4 
GASES AFTER

BURNING 
100 ° C 

OFF-GASES 

^ U02 - PuO 

-^ MELT - ASH TO DISPOSAL 

Fig. 4.3.1 - Flow-sheet of the molten salt incineration process 
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F iq . 4 .3 .2 Bench-scale Test Rig 
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Fig. 4.4.3 Rectification column with filling (left) and interim 
steps (right) for determination of the layout of the 
acid separations unit 
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F i g . 4 . 4 . 4 Giovebox w i th equipment f o r the wet-combustion (smal l s c a l e ) , 
combustion chamber ( r i g h t ) , o f f - g a s wash column ( l e f t ) 
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5. TESTING AND EVALUATION OF SOLIDIFICATION SUBSTANCES FOR 

HLW 

(Joint action UKAEAHMICEA) 

5.1. I n t r o d u c t i o n a n d O b j e c t i v e s 

The most active work of reprocessing is the High Level 

liquid waste resulting from the dissolving of spent fuel 

in nitric acid. Transport long term storage and final 

disposal of this work must be preceded by their incorpo

ration into a solid insoluble material. 

Glasses are presently the preferred materials and the 

development of the solidification processes has advan

ced to a stage where one active prototype plant and a 

number of pilot plants are being constructed in Europe. 

The coordinated action of the United Kingdom Atomic En

ergy, the HahnMeitner Institut and the Commissariat à 

l'Energie Atomique intend to establish a joint basis for 

the evaluation of solidification substances. 

The programme concentrates on series of experiments 

jointly testing five (probably six from 1978 onwards) 

different solidification substances from the three par

ticipating countries, performed under strictly identi

cal conditions. 

The primary aims of the programme are : 

 Determination of the leach resistance under various 

conditions 

 Investigation of the effects of devitrification 

 Investigation of the effects of alpha radiation. 

5.2. D e v i t r i f i c a t i o n E f f e c t s o n 
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5 . 2 . 1 . O b j e c t i v e s 

The HahnMeitnerInstitut (HMI) will investigate the ef

fects of heat treatment on the physical and chemical 

properties of HWL solidification substances (glass pro

ducts). In particular crystallization of glass products 

will be investigated in detail. The preparation of the 

four reference glasses and the German glass ceramic as 

well as the heat treatment are performed by UKAEA Harwell 

The five substances have been annealed at 500, 600, 700 

and 800°C for the durations of 2, 24, 240 and 2400 hours. 

Approximately half of the samples have been received at 

HMI up to now. 
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Investigations were started with samples annealed at 
800°C for 2,24 and 240 hours. 

5.2.2. Çompleted_work - Refaits 

5.2.2.1. Leach experiments according to the grain titration 
method DIN 12111 

The water resistance of the products under investigation 
has been measured using the grain titration method. 

Preliminary results ar 
column of the table gi 
(stress released) glas 
French glass 58.30.20, 
kali release were obse 
pared samples. For th 
increases by half the 
24 hours, and by a fac 
800°C and 240 hours, 
generally a direct rel 
release. 

e given in table 5.2.1. The second 
ves values for the "as prepared" 
ses. , With the exception of the 
no significant changes in the al-

rved in comparison with the as pre-
e French glass the alkali release 
value for annealings at 800°C and 
tor of 5 for annealings at 
It should be noted that there is 
ation between alkali content and 

Table 5.2.1. Results of the determination of water resis
tance according to DIN 12 111 

Gloss 

G i o s i 
F 58.30.20 

Glass ceramic 
6 1 - 3 

Gloss 
V G 98 /3 

G l a s s 

UK 209 

G l a s s 
UK 189 

Hydro ly t 

A l k a l i 

1 In 500°C 

20.4 
20.6 

1.5 
1.3 

37.0 
36.6 

2.3 
2.3 

8.7 
8.7 

i c resistance e f t e r heat treatment 

release [,u e q / g ] 

2 h 800°C j 24 h 800°C 240 h 800°C 

25.4 37.9 j 127.5 
26.9 37.2 | 129.4 

I I 

3.1 
3.4 

38.3 
35.5 

1.9 
1.9 

6.9 
6.9 

2.9 
3.1 

41.5 
41.6 

1.9 
1.8 

6.5 
6.5 

2.7 
2.5 

37.8 
37.8 

1.9 
1.7 

6.0 
5.9 
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5.2.2.2. Differential thermoanalysis (DTA) and X-ray dif
fraction experiments 

DTA traces were performed with the four glasses and the 
parent glass of the German glass ceramic. The influence 
of the heating rate on peak position and size was measu
red by using linear velocities of 1,10 and 100°C/min up 
to 1000°C. The results are presented in Fig. 5.2.1. 
The glass 58.30.20 shows some more or less weak exother
mal peaks near 740°C. A subsequent X-ray analysis of 
the DTA sample showed significant traces, i.e. the glass 
was partially crystallized upon heating. The parent 
glass Bl-3 shows, as expected, the strongest DTA peaks 
of all samples as well as strong X-ray traces. The glas
ses VG 98/3, UK 209 and UK 189, show a less pronounced 
tendency to crystallize. Only VG 98/3 shows some weak 
X-ray traces in the case of the specimen heated with 
l°C/min. However, crystal phases were formed in all 
cases. 

5.2.2.3 The energy dispersive microprobe system (DEX) 

Fig 5.2.2 shows SEM-pictures of polished and with gold 
vapourized surfaces of the glass ceramic Bl-3. The 
various crystal phases are well recognizable. Fig 5.2.3 
shows the spectra of the as prepared and Fig. 5.2.4. of 
the remaining glass phase of the ceramic Bl-3. The com-
parision of the peak intensities of both spectra shows 
a pronounced decrease of elements Cs, Ba, Ti and the 
rare earths, which are reappearing in a concentrated 
form in the newly formed crystal phases. This implies, 
that the composition of the remaining glass phase after 
crystallization is distinctly different from the initial 
product which together with the herein finally dispersed 
crystals entails a deviation of properties of the entire 
product. 

5.2.2.4 Wavelength dispersive microprobe system (WDX) 

A higher resolution of X-ray energies as compared to the 
EDW can be obtained with the wavelength dispersive sys
tem Fig. 5.2.5. The device is equippedwith two spectro
meters and a phase integrator. Fig. 5.2.6. gives an 
image of the resolution of the WDX-system for the exam
ple shown in Fig. 5.2.3. in the energy region of 4 to 5 
keV. 

5.2.2.5. Scanning electron microscopy (SEtf} and electron probe 
analysis (EPA) 

SEP-pictures and first element distribution pictures 
have been produced for all but the 2400 hrs products 
annealed at 800°C. As an example SEM-EPA-pictures are 
shown for the French glass 58.30.20. The SEM-picture 
of the 240 h/800°C specimen in Fig. 5.2.7. shows dis-
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tinctive crystallization features. The white circular 

phase in the picture aboveleft and the large bright 

phase at the right hand edge of the picture are the nobel 

metal phases of Pd i.e. Ru, which were already present 

in an unsolved form in the initial glass. Apart from 

that, there are at least two further phases present. 

According to the present state of evaluation it only can 

be said that molybdenum is concentrated in the fine 

scattered white phase (see Fig. 5.2.7.b), whereas silica 

is concentrated in the dark phase (see Fig. 5.2.7.c). 

The dark contrast of this phase implies that it is a 

phase with a low ordinal number. This leads to the pre

sumption that it is an easily soluble alkali silicate, 

which would explain as well the increase of the alkali 

release as indicated in table 5.2.1. 

5.2.2. Interim_conclusions 

It can be concluded, .from the preliminary evaluation, 

that all glass products showed microscopic inhomogene

ities in their as prepared state and that none of the 

products dissolved the noble metals entirely. On all 

four glasses annealed at 800°C multiphasecrystalliza

tion was observed. The formation of crystal phases 

seems to depend on the annealing temperature and time. 

The distribution of individual elements in the crystal 

phases depends on the glass composition. 

5.2.3 Pl5nned_activities 

All but the 800°C series of annealed samples are to be 

prepared, leached and crystallographically investigated. 

The evaluation of results is performed in parallel. 

5.2.4. References 

EUR 5749  Annual progress report 1976 of the radio

active waste management programme (indirect action). 

5.3. A n a l y s i s o f t h e E f f e c t s o f L e a c h i n g 

a n d R a d i a t i o n ( U K A E AΗ A R W E L L  G B ) 
1
 W W I . ■ — — — ■ — 1 m ~ » - IMJ_W »ι — — ι ι ■ na ι ■ — ■ — ■ ■ I » I ■ ■ ■ ■ ■ — — . — . — — — ■ ■ — ι . — — 

5.3.1. Objectives 

The UKAEA contribution to the joint programme is aimed 

at the comparative testing, under the same conditions, 

of the five reference substances (for solidification of 

HLW) with respect to temperature and irradiation depen

dent damaging effects. The programme comprises : 

a) The manufacture of nonactive samples of the five 

substances. 

b) The annealing of parts of these samples, at various 

temperatures and for various times to investigate any 

tendency towards crystallization. 
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c) The leach testing of the samples ; annealed samples 

at 100°C only and the ascast state as well at vari

ous lower temperatures. 

d) The testing of the irradiation stability of the glas

ses by incorporating 238Pu O2 so that a dose eauiva

lent to several hundred years storage is accumulated 

in 2 years. 

5.3.2. Çompleted_work 

5.3.2.1. Production of inactive samples 

3 kg of each of the five reference substances were manu

factured according to the formulae supplied by the col

laborating laboratories. The compositions used are sum

marized in table 5.3.1. The formation temperatures of 

the five substances are as follows : 

UK glass 209 

UK glass 189 

French glass SON.58.30.20.42 

German glass VG 98/3 

German glass ceramic Β 1/3 

1000°C 

950°C 

1150°C 

1200°C 

1200°C 

Some segregation of "yellow phase", an alkali molybdate

chromate, was observed after melting the glass ceramic. 

The HahnMeitnerInstitut (HMI) pointed out that the 

constituants of glassformer and waste, instead of mixing 

them directly together, the glassformers should have 

been premelted to form a frit and the waste added sub

sequently. A second batch, made in this way was homo

geneous . 

5.3.2.2. Heat treatment of samóles 

To investigate the tendency of the glass products to de

vitrify, samples are to be annealed at 500, 600, 700 and 

800°C for periods of 2, 24, 240 and 2400 hours. Most of 

the heat treatment has been completed and some of each 

batch has been sent to HMI for crystallographic exami

nation . 

5.3.2.3. Preparation of radiation stability tests 

It is generally agreed that the most significant radia

tion damages on waste glasses are caused by alpha

radiation. It was thought most appropriate to investi

gate the radiation stability of glasses by doping them 

with an excess of an cáemitting isotope (238pu) s o that 

the samples would receive in two years as many CÄdecays 

per gram (— 8,8 χ 10l7) as the real vitrified waste will 

in several centuries. 
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Accordingly four samples of each of the five substances 

have been spiked with 2,5 wt. %
 2 3 8

Pu, replacing the 

rare earth elements in the fission product spectrum to 

minimise chemical effects in the glass. Autoradiagraphs 

have been made of the samples and the initial leach rate 

and density has been measured. After two years storage, 

repeat measurements will show probable changes. The 

stored energy (Wigner energy) and the amount of helium 

release from the samples will then also be measured 

5.3.2.4. Results on leach testing 

All leach tests are carried out by the Soxhlet method. 

The leach rate is determined by weight loss. The sur

face layer, which is deficient in alkalis, boron, etc., 

was separated off before the final weight was measured. 

Five leach tests 'at 100°C were carried out on seperate 

specimens of each of the inactive and ascast substance. 

The average results were : 

1 
! Glass Product 

! 

UK 209 

UK 189 

SON 58.30.20.42 

VG 98/3 

Β 1/3 

j 

¿g 

2,6 + 

1/3 + 

3,1 + 

1,9 + 

.6 ,6 + 

f 

Leach Rate ^ 

cm day J jj 

0,9 χ 10~
4
 \ 

0,2 χ 1 0
 3 

0,3 χ 1 0 "
3 

0,3 χ 1 0 "
3 

0,6 χ 10~
4 

Leach tests at temperatures below 100°C(50, 60, 70, 80, 

90°C) are in progress. 

The first annealed samples, series 800°C for 2,24 and 

240 hours, have been leachtested at 100°C, (the results 

of which are given in Fig. 5.3.1.). 

5.3.2.5. Interim conclusions 

(The increase in leach rate of the French glass after 10 

days at 800°C (Fig. 5.3.1.) is not of great significance 

for its behaviour during preparation or in storage, sin

ce it is unlikely that it would be held for so long at 

such a high temperature). 

5.3.3. Planned activities 

The manufacture of all samples has been completed. Heat 

treatments at 500°C for 24 h and at 600 and 700°C 

for 2 400 h well as leach tests for 
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5.4. L e a c h T e s t s w i t h F i s s i o n P r o d u c t 
b e a r i n g G l a s s B l o c k s (CEA M a r c o u l e - F ) 

5.4.1. Objective 

CEA will measure the leach rate of five reference samples 
with volumes of approximately 0,8 litre each, containing 
up to 20 % of LWR fission product oxydes (activity 100 
to 1000 Ci/3^ )· The following leach rates will be 
measured by radioanalysis daily and at room temperatu
re during about 40 days : 

- Total leach rate of beta- and gamma- emitters, 

- Specific leach rate of beta- and gamma- emitters of 
the isotopes : 

137„ , 90^, , 144„ and 106„ , Cs' Sr Ce Ru 

- Total leach rate of alpha-emitters, if measurable. 

The leaching agent is tap water (volume : 700 ml) with 
a resistivity of 2500-A./cm at 20°C and a pH-value of 
7,5. 

5.4.2. Planned activities 

The programme starts at the beginning of 1978. Viscosi
ty tests are being carried out during January on the 
five reference glasses. The manufacture of the block 
samples is anticipated to start in February. 

5.5. C o m p l e m e n t a r y A c t i o n s 

The following complementary actions have been introduced 
during 1977 into the programme : 

5.5.1. Effects of different leaching media and of the ionisa-
tion_of _the leachant_(UKAEA,_Harwell:GB)_ 

5.5.1.1. Different leaching media 

It has been found that the leach rates in water contai
ning various naturally occurring impurities can vary 
markedly from the values found in distilled water. The 
effect is usually to reduce the leach rate but some 
glasses leach more rapidly in acidic (low pH) water. 
According to this the glasses are being leach tested in 
the following media at temperatures of 60 and 90°C : 

a) Sea water/salt water, 

b) Water in equilibrium with clay and granite, 

c) Waters with pH values of 3, 5, 7 and 9. 
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For the leach tests in clay water, clay samples from the 
potential disposal site of Belgium (Mol) have been sup
plied . 

5.5.1.2. Ionisation of the leachant 

Another factor which may affect the leach rate is the 
ionisation of the leachant due to the radioactivity of 
the glass. This can be investigated either by using a 
gamma-irradiation facility or by irradiating the leachant 
and leach specimen with X-rays. The latter method was 
preferred since it is then easier to control the pH-level 
and the temperature of the leachant. These tests will 
be carried out at 90°C, comparing results under the same 
conditions but without X-rays and probably also with 
different X-ray fluxes. 

5.5.2. Leach tests with fission product bearing glass blocks 
at_various_temperatures_ (ÇEA_Marcoule-F)_ 

The leach tests which CEA is performing with the five 
active block samples at room temperature will be repea
ted at 50 and 85°C in order to derive a more comprehen
sive set of data for the comparison with the inactive 
leach tests performed in parallel at UKAEA Harwell (see 
chapter 5.3.2.4.). 
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m = medium 

s = strong 
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F i g . 5 .2.2a 

Magn. 500 χ 
Spot in Phase 1 

gjg. 5.2.2b 

Magn. 390 x 
Spot in Phase 2 

Fig. 5 . 2 . 2 C 

Magn. 500 χ 
Spot in Phase 3 

F i f . S.?T? S1S1-J-photographs of a po l i shed surfa.ce 
of the frlass cerando "Ί1- } 
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Fig· 5.2.5 Scanning electron microscope JSM U3 

wi th wavelength dispersive double X-ray spectrometer, 

image analyser and video tape recorder. 
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F i g . 5.2.7a 

SEMpicture of the heat

t rea ted q lass F 5830.20 

Annealing temp. 800 C 

Annealing t ime ¿^ü "h 

Magri. 1003 χ 

F i g . 5.2.7b 

EPAElement d i s t r i b u t i o n 

of Mo in F i g . 5.2.8a 

F i g . 5.2.7c 

EPAElement d i s t r i b u t i o r 

of Si i n F i g . 5.2.8a 
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Fin.5.3.1 :LEACH RATES AFTER ANNEALING AT 800° C 
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6. ENGINEERED STORAGE FOR SOLIDIFIED HLW 

6.1. S c o p e a n d S t a t e o f t h e p r o g 
r a m m e 

The programme has been limited to two basic concepts : 
the water cooled and the air cooled concept, with the 
option of a mixed system, providing a water cooled 
pond for the first period of decay heat removal and air 
cooling for the remainder storage time. In ordner to 
obtain comparable data on cost and safety of the diffe
rent storage systems, the study will be based on a set 
of common reference data, like construction codes, pro
visional design and safety criteria and common costing 
systems, which will be agreed upon in progress meetings 
of the participating firms : Nukem and Belgonucléaire. 
The programme is subdivided in four stages and the dis
tribution of tasks within the four stages are given in 
table 6.2.1., whereas table 6.2.2. shows the time sche
dule . 

Nukem has prepared a set of reference data, defined the 
properties of the solidified waste and presented the pre
liminary design for a storage container. 

6.2. C o m m o n R e f e r e n c e D a t a a n d 
O p t i o n s 

6.2.1. General terms of reference 

- Annual amount of spent fuel reprocessed : 1400 metric 
tons of heavy metals (tHM). 

- Interim storage time of vitriefied HLW : 50 years. 

- Mode of final disposal : geologic formations. 

- Hypothetic site conditions : not yet defined. 

6.2.2. Spent_fuel_reference_data 

- Type of fuel : enriched UO„ 

- Origin : pressurized water reactor (PWR) 

- Initial enrichment : 3,2 % U--^ 

- Cladding material : Zircaloy 4 

- Average burn-up : 36.000 MWd/tHM 

- Precooling time : 365 days. 



— 99 — 

6.2.3. High_level_liquidj^a_3_t_e_reference data 

- Reprocessing technique : PUREX-process connected with 
a chop-leach head end. 

- Acidity : 5 molar nitric acid. 

- Total salt contents : 425 g/1. 

- Fission products (FP) : 74,4 g/1. 

- Actinides : 13,2 g/1. 

- Radioactivity : 6.100 Ci/1. 

- Heat generation : 30 W/l. 

The heat generation versus time of the liquid waste is 
plotted in Fig 6.2.1. 

6.2.4. Tank storage management and reference data 

- Available volume per tank : 1000 m 

- Maximum admissible total heat production per tank : 
13,6 MW 

- Number of tanks : 3 in action and 1 spare 

- Filling sequence : subsequently 591 m each in in
tervals of 347 days (see Fig. 6.2.2.). 

With this scheme the total heat production is lower than 
13,6 MW (estimated to 12,6 MW) which is the admissible 
value for a container of 25 cm diameter stored in a 
water cooled pond (see Fig. 6.2.3.). After filling the 
second tank the heat production in the first tank has 
decreased to 5,4 KW/tHM, which is below the admissible 
value for a free convection air cooled storage (see 
Fig. 6.2.3.). The solidification of the HLLW can be 
started approximately two years (694 days) after initial 
filling. 

6.2.4.1. Risk of tank storage 

According to the fault-tree-analysis of a hypothetical 
reference-system (1), the most hazardous event (failure 
of nearly all barriers leading to a release of radio
active material to the atmosphere via cooling tower) 
provides a release of about lO^Ci with a frequency of 
10~4 per year leading to an expectation value of 0.012 
mrem per year of inhalation dose. The total expected 
inhalation dose taking into account all fault-tree-
results amounts to a value of 0.02 mrem per year. 
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6.2.4.2. Costs of tank storage 

The total costs for a tank storage, consisting of 4 
tanks of an available volume of 1000 m3 each, have been 
estimated to amount to 130 Millions DM. 

6.2.5. Solidification product data 

By solidification the liquid waste volume is reduced from 
426 1 HLLW to 73 1 solidification product per metric ton 
of heavy metals. The characteristics of the solidifica
tion product depending on the preceding strategy are 
given in the table below : 

Character is t ics 

Fission products 
Act inides 
Radioact iv i ty 
Heat generation 

Immediate s o l i d i f i c a t i o n 
without tank storage 
(appropriate for water 
cooled storage) 

434,2 g / l 

77 g / l 
35,7x103 C i l 

180 W/L 

Af ter 694 days tank storage 
(appropriate fo r a i r cooled 
storage) 

434,2 g / l 
77 g / l 

15,7x103 C i / l 
72,3 W/l 

The physical properties of the vitrification product, 
consisting of '̂ «-'80 % borosilicate glass and <V 20 % 
waste oxyde are : 

- Density 

- Thermal conductivity 

- Leach rate 

- Maximum stable temperature 

- Viscosity at 900°C 

2,9 - 3,1 g/cm3 

1,1 - 1,3 W/m°K 

5 χ 10~5 g/cm d 

900°C 

4 c 10 Poise 

6.2.6. Preliminary design data for the storage container 

The shape of the solidified waste blocks has been con
fined to a simple cylindrical form though admitting an 
internal finning. As the softening point of borosilica
te glasses lies between 800°C and 850°C, the maximum 
admissible central temperature of the blocks has been 
fixed at 700°C. The maximum admissible surface tem
perature for the container is fixed at approximately 
60°C for the water and 450°C for the air cooled concept. 
The geometry of the container (see Fig. 6.2.4.) has been 
defined as follows : 
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- Outside diameter 267 mm 

- Length 1750 mm 

- Free volume ca. 73 1 

6.3. P r o g r a m m e o f w o r k f o r 1 9 7 8 

Stage I of the programme "the definition of the two 
basic storage schemes" is, as indicated in table 6.2.2., 
in progress since October 1977 and will be terminated in 
April 1978. 

The target of Stage I is to establish the design data 
for heat removal systems, storage volume, layout of 
storage and handling systems, draft schemes for electri
cal and other supply systems,, general flow sheets, pre
liminary common safety criteria for the conceptual design 
study and requirements for the risk analysis and similar 
basic design information. 

The remainder of 1978 will be devoted to state II which 
deals with the assessment of common safety criteria and 
design rules applicable within the frame of the design 
and evaluation study of this programme. 

6.4. R e f e r e n c e 

(1) SRA-5, H. J. Wingender, Systemstudie : Radioaktive 
Abfälle in der Bundesrepublik Deutschland (KWA 1214) 
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Stage I 

Stage II 

1. Preparation of reference data 

2. Definition of properties of solidified 

waste 

3. Definition of preliminary container I 

4. Basic scheme of air cooled system 

5. Assessment of common safety criteria 

6. Design of definite container II 

7. Conceptual design of air cooled system 

8. Design of handling and monitoring 

systems 

9. (Conceptual design of air cooled part 

of mixed storage if adequate) 

Stage III 

10. Cost estimate for air cooled storage 

(and possibly mixed) 

11. Risk analysis 

BELGONUCLEAIRE 

1. Basic scheme of water cooled system 

2. Conceptual design of water cooled system 

3. Design of handling and monitoring systems 

4. (Conceptual design of water cooled part of 

mixed storage if adequate) 

5. Common costing data 

6. Cost estimate for water cooled storage 

(and possibly mixed) 

7. Economic analysis 
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ONE PERIOD TAKES 34 7 DAYS 

Mg. 6 .2 .2 : Graphical d e s c r i p t i o n of the proposed tank -s to rage concept f o r 
s o l i d i f i c a t i o n in the shor tes t poss ib l e t ime ( q u a l i t a t i v e ) 
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CONDITIONS: 

0 CANISTER 25 cm 

CENTRAL TEMPERATURE MAX.700°C 

Π 1 1 1 1 1 I I ! 1 — I 1 1 — I l I i l — 

2 3 4 5 6 7 8 910 2 3 4 5 6 7 8 910 

AIR COOLING 

FREE 
CONVECTION 

F ig . 6 .2 .3 : Heat removal in block storage ( i n kW/tuy) 

τ—l—rr
3 4 5 6 78 910 α 

WATER

COOLING 
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F ig . 6 .2 .4 : 1st Design of the HLW-canister 
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7. DISPOSAL OF RADIOACTIVE WASTE IN GEOLOGICAL FORMATIONS 

7.1. I n t r o d u c t i o n 

The objective of this action is to investigate the possi
bilities of isolating toxic radioactive wastes into ap
propriate geological formations in such a way that the 
public health and safety will not be endangered during 
the period of time required for their natural radioactive 
decay to innocuous level. 

Typical types of geologic formations were distributed 
among member States for investigations, each country con
centrating its study on one rock type taking into 
account : 

- a possible past involvement with a specific type of 
rock (like Germany with salt) 

- the underground characterics of the national terri
tory (like Belgium with clay) 

- the necessity to save money in avoiding non necessary 
duplication of high cost experiments like deep drilling 

As a result, clay formations are investigated by Belgium 
and Italy, cristalline rocks (granite) by France and UK, 
and salt domes by the Federal Republic of Germany and the 
Netherlands ; supporting studies are going on in Den
mark and Ireland. This does not imply a national commit
ment to any type of disposal method or rock type at this 
stage, with the exception of Germany. 

The goal of the E.C. programme is actually to make pos
sible such definitive commitments in the future by 
making available all the required information at the 
proper time. Its main topics are : 

- general survey within the E.C. countries of potential 
areas for radio-active waste geologic disposal ; 
such a survey at Community level was initiated in 1976 
on the basis of the existing national information. A 
Catalogue, using criteria agreed in common, will be 
issued at the end of the present programme (1979) . 
It will provide an overall view of the geological for
mations of potential interest for radioactive waste 
disposal in the Member States of the European Commu
nities ; 

- determination of site characteristics such as geologic, 
geophysic and hydrogeologic data related to the repo
sitory integrity ; 

- determination of the ability of the formation and of 
the rock to meet the integrity criteria ; establish
ment of the site integrity criteria ; experimental 
confirmation on lab scale or in situ and corresponding 
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data modelling ; 

repository storage capacity evaluaions and design 
studies ; 

development and/or choice of adequate technical sys
tems and equipment for repository construction ; 

evaluation of waste isolation properties of the site 
barrier by barrier (waste conditioning and container 
repository features ; migration of radio-nuclides to 
biosphere) and overall safety evaluation by means of 
risk analysis and modelling. 

Table 1 gives an overview of the programme contents 
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7.2. D i s p o 
1 t D o m e 

R a d o a c t 
( R F K ) v e W a s t e 

7.2.1. Objectives 

Construction in the next years of an experimental site 
in the Asse mine to assess the possibility for the dis
posal of high level waste in a salt dome. 

In 1977, works essentially consisted of : 

- Simulating the influence of heat generated by radio
active waste in the properties of the surrounding 
salt rock (temperature distribution, galeries and 
boreholes convergence, migration of release of en
closed brine droplet, modification of the salt rock 
rheological properties, determination of absolute 
stresses in the formation ; works have been carried 
out in laboratory and in situ together with the de
velopment of calculation procedures for the investi
gation of these phenomena ; 

- Developing technical systems and equipment for trans
portation, emplacement and retrievability of waste 
containers and for monitoring of the repository ; 

- Investigation of some aspects of waste isolation and 
repository safety (corrosion of borehole casing and 
canister materials, consequences of an inrush of 
water into the underground workings). 

7.2.2. Determination_of_the_ability_of_the_formation_and_of 
the_rock_to_satisfy_the_integrity_criteria 

7.2.2.1. Experiments to determine the temperature distribution 
and the convergence in lined and unlined boreholes 

a) S_imul_at^o_n_exj?erime_nt^ i.n_°.lde_r_ha_l_ite_ wit_h_unlined 
boreholes 

To supplement the temperature experiments carried out 
so far in younger halite, an additional test in older 
halite is necessary, since older halite possess dif
ferent characteristics in respect of heat conductivi
ties, rheological parameters and behaviour of the 
brine inclusions. 

The experiment includes measurement of the tempera
ture fields, the uncased borehole convergence, the 
borehole climate and the corrosion of the materials. 
The relative humidity and temperature of the air in 
the borehole are of interest, because they influence 
the corrosion of the materials. The rock temperature 
and convergence will be recorded to determine the 
behaviour of the Older Halite regarding elevated tem
peratures. The data will be compared with the results 
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of theoretical calculations. It is expected that 
brine droplets which are included in the salt will 
migrate towards the heating source because of the 
high temperature gradient in the near surrounding 
of the borehole. Assuming a temperature of about 
150°C (100°C < t < 2 0 0 ° C ) in the borehole the brine 
will vaporize and induce an increase of pressure. 

For the preliminary 
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and temperature gaug 
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cooling trap to meas 
condensation in a ca 
condensate is vapour 
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borehole is known, i 
relative humidity. 
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11 corner has been used on the 
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main borehole were drilled 
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s periodically blown through a 
ure the amount of vapour after 
librated measuring tube. The 
ized again and pumped back into 
r to avoid a disturbance of the 
uration of the experiment. A 
stalled to measure the gas pres-

As the temperature in the 
t is possible to calculate the 

After the preliminary test has been finished, the 
main experiment will be started using a vertical 
borehole in the Older Halit e(temperature test field 
4, Fig. 2.2.1.). Rock deformation caused by tempe
rature will be recorded by extensometers. All data 
will again be compared with theoretical calculations 
In order to measure the closure of the borehole 
caused by elevated temperatures a system of five in
line measuring probes will be installed. 

Simulation experiment with cased borehole 

This experiment is designed to provide information on 
the compressive load to which a quasi-rigid casing in 
a converging storage borehole is subjected. On the 
other hand, this is of direct interest as regards 
possible retrievability of the emplaced high-level 
glass cylinders ; on the other hand, the pressure 
to which the casing is subjected is an extremely im
portant parameter for checking out the rock-mechanics 
computer programme. 

The experiment will be run in two steps. (1) A 
single borehole will be cased and instrumented to 
measure the casing parameters (strain and tempera
ture) depending on the heating power and time. (2) 
Another similarly cased borehole will be surrounded 
by 6 equidistant boreholes forming a hexagon. These 
7 thermal sources will simulate the influence of a 
temperature field on a cased borehole. The concept 
of the electrical heaters is rather flexible and can 
be used for various heater forms. 
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A testing facility was constructed consisting of a 
heater of this kind placed in a sleeve termally in
sulated. The temperatures on the heater were measu
red. The temperature gradient was small enough to 
produce a homogeneous temperature distribution on the 
sleeve. Variations being less than 1 % were observed. 

For the measurement of the pressure load on the bore
hole casing coming from the termally induced borehole 
closure, special pressure pillows welded on the sur
face of the casing and filled with mercury will be 
used. The load will be recorded by high temperature 
pressure gauges, provided that the wall of the bore
hole is smooth enough. In order to prove this smooth
ness a borehole measuring probe has been developed, 
which allows to measure the surface relief and two 
orthogonal diameters of the borehole. Up to now, two 
boreholes have been measured in such a manner. 
The test measurements showed that the deviation from 
the circular cross section is within + 2 mm and no 
significant variation of the surface roughness of the 
walls of the boreholes were observed, due to heating 
and closure. 

c) Development of_a_standard E_XPPË. EPE s_ŷ _te_ma_tiLc_in_ve_ŝ  
tigations on thermally induced borehole closure 

The standard prob 
heater and an int 
sûrement of boreh 
a series of ident 
Asse mine, to pro 
pendence of the h 
the rock stress c 
of the materials 
these results, it 
tent to which the 
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terial character! 
standard probe wi 
the simulation te 

e, which consists basically of a 
egrated device for the in-line mea-
ole convergence, is intended, in 
ical tests at various sites in the 
vide information concerning the de-
eat-induced borehole convergence on 
onditions and the characteristics 
in the surrounding massifs. With 
would be possible to check the ex-
appropriate computer programmes 

ount various rock stresses and ma
stics. The. experiments with the 
11 thus be an important adjunct to 
sts. (see para. 7.2.2.1. a) and b)) 

The constructions of the standard-probe for the heat
ing of boreholes and the measurement of closure rates 
has been continued. The design of the probe itself, 
consisting of the central heater body and two shor
ter non-heated parts is almost finished. The probe 
is instrumented with 5 ring shaped electrodes for the 
in line measurement of the borehole closure, (see 
Fig. 7.2.2.) . 

For testing the outer ring electrodes which have to 
function-even during the closure, a special appara
tus has been constructed. First tests showed satis
factory behavour of the ring electrodes for the 
standard probe. 
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The data logging and control electronics and the 
heater powersupply unit were ordered. The micro
processor controlled electronics unit includes the 
usual function units of a modern data acquisition 
system. The use of the microprocessor will provide 
an easy way to connect the standard probe to the 
computer system which will be installed in the Asse 
mine . 

d) Measurement o_f_conver_ge_nces_ p£_9&l^e]£.i±.s_&nã_bcyre_-_ 
holes in_connection wit̂ h_te_mp_er_atu£e_exj?e_rime_nt_s 
already Ç_ar_ri.eÉ. 2PÈ\ °_r_tcl be_ca_rr_ied_out. 
These measurements supplement the measurements of 
borehole convergence (or of the convergence pressure 
on the casing) performed in the simulation tests. 
To ascertain that part of the early history in which 
no influence was exercised by heat, such measurement 
must be carried out well before the heat experiments 
begin. 

First measurements of deformation have been carried 
out in younger halite (temperature test-field 3). 
The main results are following below : 

A thermal source (5 m long, 0,2m diameter, 9 kW 
heating power) did not cause deformations in a 
neighbouring borehole (7,5 m horizontal distance, 
320 mm diameter) during a heating period of 90 days 

- In the heated borehole an accelerated borehole-
convergence was noticed only in a distance of up 
to 4,5 m above the heating elements 

- The maximum borehole-convergence correlated with 
the central level of the heating source. The con
vergence measured 99 mm after a heating period of 
90 days. (Fig. 7.2.3.). 

- Under the specified testing conditions the heating 
element was partly surrounded by the salt-formation 
after a period of about 90 days. The heating ele
ment was installed in an unprotected borehole 
without any casings. 

- A second thermal source with the same dimensions 
could be installed above the first one in the 
same borehole without any problems even 90 days 
after the installation of the first one. 

- The emission of heat from the temperature-test-
field No. 3 did not cause any additional deforma
tions in the workings or the pillars of the higher 
level of the testing-site. 

Preliminarly investigations were done concerning 
planning and instrumentation for the measurement of 
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rock-deformation in the older halite by heating 
tests. Correlating measurements with wire extenso-
meters and rod-extensometers showed, that the wire-
extensometers, favoured financially and technically, 
should be restricted in their use to a depth of 20 m 
in the formation. In extended depths rod-extensome
ters should only be used to assure reproducible results 

c) Determination of_a_b3olute_ stresses 

The knowledge of the absolute stresses of the rock for
mation is necessary for the judgment of the stability 
of underground cavities, and the formulation of rea
listic boundary conditions for rock mechanical model 
calculations. I„t is also necessary to know the rock 
parameters and the special in situ conditions. 

The compensation method, has been checked ; it is 
more advantageous than other methods measuring the 
redeformation when the Young's modulus and Poisson's 
ratio are known and the deformation is completely re
versible after overboring the borehole because a know
ledge of the Young's modulus and the Poisson's ratio 
is not necessary. It is based on an artificial rede-
formation of the rock samples to produce the original 
stress values in the rock formation. 

It can be expected that the distributions of stress 
in salt rocks will only be determined qualitatively 
by techniques based on the deformation measurements. 
However, it will probably be possible to measure ab
solute stresses of salt rock using a salt gauge based 
on the compensation method. This technique will the
refore be applied at first. 

7.2.2.2. Determination of rheological properties of Asse rock 
salt at elevated temperature 

The underground disposal of highly radioactive and 
heat producing waste results in additional creep phe
nomena in the rock formation which are caused by the 
superposition of the temperature field and temperature 
induced stress. These phenomena depend strongly on the 
mechanical properties, especially on the long term creep 
characteristics of the salt rock in the vicinity of the 
site. By means of uni- and multi-axial stress and de
formation tests on Na-2 and Na-3 at temperatures up to 
about 400°C, the aim of the study is to establish the 
basis for formulating creep laws. 

A laboratory test programme has been started by GSF and 
the Bundesanstalt für Geowissenschaften und Rohstoffe 
(BGR) Hannover to describe these phenomena in laboratory. 
Three series of rock salt cores have been taken from dif
ferent underground places of the Asse anticline : 



— 116 — 

The first cores come from an area where a temperature 
test field will be installed. The second series comes 
from a region which is deep in the center of the anti
cline. Series 3 comes from that area, where the old 
galleries are situated within the section of Younger 
Halite. It has been selected to yield representative 
results in comparison with the first two series. 

a) The elastic dynamic parameters of the same rock have 
been determined by the ultrasonic pulse method. The 
samples have been tested in two directions (parallel 
and perpendicular to the cylinder axis) ; the maxi
mum error can be estimated to be between 1 and 2 %, 
depending on the type of waveform and direction of 
pulse transmission. 
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face of old and spalled underground rooms, ope-
or cavities the in situ rock salt has a looser 

ture, because of the micro-cracks of the rock 
tion. The velocities of ultrasonic waves are 
fore much less than they are in rocks not spalled 

b) The uniaxial creep experiments have been carried out 
using cylindric specimens of a diameter of 100 mm and 
a length of 250 mm. At first, the uniaxial compres
sive strengths of the samples 0"c have been determined, 
The constant loading rate used was Cf = 1,0 MN/m2. min, 
The results are as following : 

Series No 

Series No 

Series No 

1 

2 

3 

(Na 2 0) 

(Na 2 ) 

(Na 3 ) 

cr„ = 
<r„ -

29,5 
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(MN/m ) 

(MN/m ) 

(MN/m ) 
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c) First triaxial creep tests of 17 cubes have been per
formed with the triaxial test apparatus of the BGR at 
multiaxial stress levels (cTj Φ (J*̂  Φ ^3 ) using cubes 
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7.2.2 

having sides of a length of 110 or 120 mm respecti
vely. The results of these tests are analysed to 
gain experiences for further investigations. 

3. Improvement of existing computer programmes for the 
calculation of temperatures in the glass and in the 
salt 

This improvement has been made for individual disposal 
hole arrangements as well as in the salt formation out
side the disposal area and the overlying formations. 
A set of various codes for both unit cell calculations 
and investigations of the global temperature distribu
tions throughout the disposal field and geology forma
tion area available now. 

a) A special code for the evaluation of temperature field 
experiments has been written and was used to compare 
the experimental results from two field experiments 
performed in the Asse salt mine with theoretical pre
dictions (see section 7.2.2.1. d)). The results of 
the calculations, which were carried out for the tem
perature experiment 3, are essentially too high. The 
temperature curves for the two points a and in the 
center of the heater were compared. Point a is situ
ated at the borehole edge and point b in a distance 
of 1 m from the borehole. The examinations show that 
the discrepancies can be interpreted as following : 

- In a less degree they are based on differences in 
describing the geometry (width of the air gap and 
the length of the heater) and the heat generation 
(slightly decreasing heater power during the ex
periment, power interruptions, heat dissipation 
from the Chrome-Nickel-lead- in wires). 

- In a high degree the differences must be due to the 
convective vertical heat exchange in the borehole. 

This was the result of an additionally calculation 
with a modified version of the code ASTEFE. Here 
the convective heat exchange was simulated by a 
fictitious heater (length 1.5 m and a heat power of 
29 % of the total heat power) which is placed above 
the heater. 

- For point b the results of the calculation then al
most agree with the test readings, only a small 
further increase of the convective heat exchange 
portion might bring a full agreement. So it can 
be concluded, that at least 20 % of the heat has 
escaped from the heater region due to convection. 

b) As a further result of this programme a tested three-
dimensional computer code in Cartesian coordinates is 
developed, which allows the calculation of the transient 
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temperature rises in a multiform salt formation and 
its surrounding .rock formations after disposal of 
high-level radioactive waste. With this code CUB3DG 
calculations were made for some typical geometries 
of the salt formation. The considered cases are 
characterized as follows : 

- Below a rocky surface layer of 280 m there may 
exist a salt formation with an approximately qua
dratic cross section 

- The disposal area may be positioned at the vertical 
center line of the salt formation in a depth of 800 
m ; its also quadratic cross section may have an 
area of 0.5 km2 and a height of 50 m. A disposal 
area of this size can contain the solidified waste 
of a 20 year production of a 1400 t/y reprocessing 
plant 

- The throughout the disposal area smeared heat dis
sipation of the waste will result in a specific 
power level of 1.14 W/m^, under the assumption that 
the age of the waste prior to burial will be 10 
years. 

- The horizontal distance between the disposal area 
and the rock formation will be assumed as approxi
mately 300 m (case A ) , 200 m (case B) and 100 m 
(case C ) . 

The results of the thermal analysis indicate, that 
there is no influence on the maximum temperature in 
the disposal area (215°C after appr. 50 y) if the 
horizontal distance between mine area and rock for
mation changes from 300 m to 100 m. By decreasing 
the distance the horizontal heat resistance will in
crease and this will cause an accumulation of heat 
between disposal area and rock formation. 

If the computed temperatures for flank distances of 
100 m and 300 m are compared, the results show, that 
there is nowhere in the salt formation an additional 
temperature rise of more than 6 K. Only for cases 
with extremely small distances between disposal area 
and the rock formation or in the case the rock for
mations have a very low heat conductivity, greater 
temperature effects in the salt formation would be 
possible. 

The highest rock temperatures arise at the boundary 
of the rock formation at the level of the disposal 
area. The temperature at the boundary of the rock 
formation rises to 62°C (after 150 y) if the distance 
between disposal area and the rocks is 100 m and to 
41°C (after 550 y) in the case of 300 m. In these 
two cases the horizontal mean temperature gradient 
in the first 100 m of the rock formation will be at 
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its maximum 0.23 K/m and 0.04 K/m respectively ; the 
smaller value is consequently less than the vertical 
geothermal gradient of 0.054 K/m, which was used in 
these calculations. 

7.2.2.4. Development of computer codes for calculation of the 
stability of single pillars and the whole disposal field 
at elevated temperature 

The basis of reliable geomechanical calculations must be 
the knowledge of the materials behaviour of rock salts 
depending on stress, temperature and time. Therefore, 
it is very necessary to have a complete catalogue of data 
containing all materials parameters of the site of the 
repository. These parameters of a comprehensive consti
tutive law must be determined during short-term and long-
term measurements of a lot of salt rock samples in situ 
and in laboratory. The development of numerical methods 
for rock mechanical stability calculations has been 
started in a twofold way : it was investigated whether 
and which appropriate computer codes are already exis
ting and a programme system considering the special 
thermomechanical and long-term behaviour of salt rocks 
was developed. 

7.2.2.5. Migration and release of enclosed brine droplet in 
older halite 

The considerable temperature gradients in the immediate 
vicinity of the borehole can cause alkaline droplet in
clusions to move in the direction of the borehole, thus 
resulting in an increase in the occurrence of borehole 
humidity. This would produce undesirable side-effects, 
e.g., decrepitation of salt crystals and increased cor
rosion . 

a) Determination 2.^_^ίΐθ water_cùmponents 2.̂ _°i.<̂ e_r_aíl<̂  
younger lLai.-'-Í.ej. 
Rock salt formations may contain up to 1 % of volume 
of water. This water can be either water of crystal
lization or thin water film on the boundary surface 
of the crystals or enclosed brine droplets. In order 
to determine the different water components in the 
Older and Younger Halite four different methods are 
used : 

- Vacuum drying at a temperature between 105 and 
180°C. 

The Younger Halite had an average loss of weight 
of 0,01 % whereas there was no loss in weight of 
the Older Halite. 
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- Infrared drying 

The generated temperature in the salt was about 
120°C. After about 72 hours of drying the avera
ge loss in weight of the Younger Halite was about 
0,015 % whereas the loss of weight of the Older 
Halite was less than 0,01 %. 

- Thermogravimetry 

Up to now, Older and Younger Halite of the Asse 
Salt Mine from depths of 775 and 975 m were analy
sed. With a heating velocity of 10°C/min the 
Younger Halite showed a sudden loss of weight at a 
temperature between 270 and 280°C, being caused by 
the release of the water content. When rising the 
heating velocity to 20°C/min the signal appeared at 
about 290°C, when reducing the velocity to 0,2°C/ 
min the signal appeared at 260°C. The average water 
content released at temperature between 270 and 
280°C was between 0,06 and 0,1 %. In order to de
termine the inhomogeneity of the water distribution 
within the rock salt, samples of about 3 grams were 
taken from different parts of a larger block of rock 
salt. The highest water content was 0,16 % and the 
lowest was 0,03 %. 

The thermoanalytic investigation of the Older Hali
te was the same like that of the Younger Halite. 
But the results were different. The Older Halite 
of the 775 m-level had a water release of 0,04 % 
at a temperature of 290°C with a heating velocity 
of 10°C/min. The samples of the cavity showed a 
water release of 0,02 % at a temperature of 450°C. 

These results demonstrate that there are different 
water components and different physical and chemi
cal conditions. Besides their characteristic sud
den loss of weight at temperatures of about 280 or 
450°C, respectively, all samples of Younger and 
Older Halite showed a further loss in weight begin
ning at a temperature of about 600°C. Whether this 
last loss of weight is caused by another water re
lease or by a chemical conversion of some minor 
halite impurities could not be proved yet. 
Above the temperature of 620°C the halite begins 
to sublime. 

- Karl-Fischertitration 

Up to now the Karl-Fischer-titration indicates that 
at least one part of the predictable water content 
of the salt depends on the fineness of grinding. 
This demonstrates that there must exist different 
water components and different physical and chemi
cal conditions. Further investigations must be 
performed to distinguish these components. 



121 

b) p_et_erininat_ion_ of_the_di_ff U£Ìon_and_releas_e_of EP-Ë. 
water at_constant temperatures 

- In order to determine diffusion and release of the 
water at constant temperatures, cylindric rock salt 
samples of 15 cm length and 5 or 7 cm diameter were 
put into a drying oven at a temperatyre of 200°C. 
After drying samples were cut into thin disks of a 
thickness of 5 mm and the water content of the salt 
was determined by termogravimetry. A concentration 
gradient of water was found to exist in their longi
tudinal direction. Samples of Older and Younger 
Halite will be put into the drying oven at tempe
ratures between 50 and 400°C in order to determine 
the speed of release and the diffusion at different 
constant temperatures. 

- In order to investigate the thermodiffusion of the 
water content caused by the temperature gradient, 
cylindric samples were placed between two heating 
plates with temperatures of 150 and 200°C respec
tively which caused a thermal gradient of 3,3°C/cm. 
Brass tubes were shrinked around the samples, the 
samples cut into thin disks and the water content 
analysed. 

c) Preparation °.f_aH in_s;Lt]i Ç_on_fi_rmation_te_st_. 

On the 775-m level of the Asse Salt Mine a tempera
ture-test field was prepared which consists of a 
horizontal borehole of 28 cm diameter. In order to 
measure the temperature in the salt 25 thermocouples 
were put into the salt around the borehole. Before 
starting the heating. The water content of this Ol
der Halite was determined to be about 0,04 %. After 
about half a year of heating with 4000 watts the test 
will be finished and series of salt samples of diffe
rent parts around the borehole will be taken and ana
lysed . 

7.2.3. Technical systems and equipment 

This set of projects covers the development, procurement 
and installation of all technical facilities and instru
ments necessary for the transport, emplacement and re-
trievability of the high-level waste cylinders, together 
with the procurement of the measuring instruments to be 
used for monitoring in the planned experimental disposal, 

7.2.3.1. Development of a shielding container for HLW glass 
blocks 

It has been begun to develop the shielding container, to 
meet the requirements of the Asse mine with respect to 
weight (9,8 t) and diameter (1,2 m) and the conditions 
demanded by the supervisory licensing authorities. 
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a) Shielding 

The calculations carried out with the computer code 
SABINE showed that the optimum cylindrical shielding 
is a combination of 22 cm of lead and 12 cm of poly
ethylene with 2 % or 10 % of B4C. But a more accura
te transport calculation is still necessary to consi
der the neutron shielding aspect. In order to avoid 
the difficulties of the one-dimensional SABINE code, 
a threedimensional Monte Carlo programme (SAM-CE) has 
been used for neutron calculation. 

- Neutron shielding calculations : For analytical calcu
lations being sufficient to compute the gamma radia
tion shielding , two computer programmes are available. 
The calculations have been carried out for various 
shielding situations because, besides the normal 
transport situation (22 cm Pb, 12 cm PE with 2 % B4C), 
also accident situations with reduced shielding 
thicknesses must be taken into account. The results 
show that especially polyethylene produces an atte
nuation effect in the area of the lateral shielding 
shell of the same order as the layers of steel in the 
top and bottom lids. The highest dose rate must be 
expected to occur at the bottom of the container. 

- Gamma radiation calculations : For calculating the 
gamma shielding a plane shielding layer has been as
sumed because in the analytical programmes only plane 
layers are allowed. The flux density of the unscat-
tered radiation behind a plane layer is always higher 
than behind a curved layer. The gamma dose rates for 
the areas of the top and bottom lids of the transport 
container can practically be neglected compared with 
the neutron dose rates. 

- A shielding container model on a 1:4 scale will be 
used for experiments with gamma and neutron sources 
in order to test the accuracy of the methods of com
putation and to optimize and select alternatives for 
the transport container, the canister grab and the 
borehole slide systems. 

b) Canister grab systems 

For a preliminary storage concept is has been first 
planned, to install the canister grab in the trans
port container. The release mechanism actuated by 
a lifting magnet is firmly attached to a wire coupled 
to the grab for unloading the container and for re
covery (Fig. 7.2.5.). In anycase, the recovery of 
the canister including the rupture of the lift wire 
will be guaranteed. 
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7.2.3.2. Development and purchasing of technical facilities 
and systems for transport, storage and recovery of 
HLW glass cylinders 

In addition to the existing design concept of the tech
nical facilities for storage and recovery of high level 
glass cylinders, alternatives have been designed. The 
final decision about the high level waste storage con
cept will be taken, after the experiments with the scale 
model container, the simulation experiments in the labo
ratory and in situ will be evaluated, in accordance with 
other criteria (handling safety,adaptability to other 
storage systems, height needed for installation, and 
feasibility). 

The canister grab, the canisters and the borehole casing 
(Fig. 7.2.6.) meanwhile developed are now being tested 
in laboratory and in situ. 

7.2.3.3. Development, purchasing and assembly of monitoring 
measuring instruments 

For the experiments to be realised in the Asse mine, 
especially for the planned simulation experiments (sec
tion 7.2.2.1 a) and b ) , the numerous different signals 
and data have to be recorded and processed. For these 
purposes a mini-computer will be used. A computer pro
cessing and control system will also be able to control 
the experiments. Because of the high dust concentration 
mechanically operated devices like magnetic discs or 
tape units cannot be installed in the mine. To overcome 
this problem , a data transfer line will connect a cen
tral unit installed in the mine with another minicomputer 
installed outside (Fig. 7.2.7.). The components of this 
system were ordered. 

7.2.4. Waste isolation and repository safety 

7.2.4.1. Investigations on the corrosion of borehole casing 
and waste canister materials in salt at elevated 
temperature 

High-active glasses should be stored temporarily in the 
Asse salt mine. In connection with this experiment the 
retrievability of the già ss blocks must be guaranteed. 
For this reason, the boreholes in the Asse salt mine 
should be equipped with a stainless steel casing. 

a) Using data from the literature, a selection of mate
rials has been undertaken on the basis of the mecha
nical requirements, weldability and corrosion resis
tance in the media to be expected. This preliminary 
selection was confirmed by answers given by well-
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known steel producers to queries. 

Only for the container material, which is mainly attacked 
by demineralized water during pool storage, a high-allo
yed austenitic stainless steel would be sufficient. For 
corrosion tests the following materials are provided 
(according to DIN 17007) : 

1.1 X10 CrNiTi 189 (= 321) 1.4541 
1.2 X3 CrNiMoN 17135 (= 3172) 1.4439 
1.3 X2 NiCrMo 25205 1.4539 
1.4 X3 CrNiTi 3220 (Incoloy 800 H) 1.4558 
1.5 X8 CrNiMoNb 1616 1.4981 
1.6 NiCr2lMo (Incoloy 825) 2.4858 
1.7 LC-NiCr 15 Fe (Inconel 600) 2.4815 
1.8 Hastelloy CA (68 Ni, 16 Cr, 16 Mo) 2.4610 

Concerning the casing material for the test storage in 
the salt formation, probably nickel alloys must be pre
ferred, as in this case a corrosion attack by wet rock 
salt and even salt solution can be expected at increased 
temperatures. The corrosion tests refer to the following 
materials : 

2.1 X2 CrNiMoN 225 1.4462 
2.2 NiCr2lMo (Incoloy 825) 2.4858 
2.3 NiCr22Mo9Nb (Inconel 625) 
2.4 Hastelloy C4 (68Ni, 16Cr, 16Mo) 2.4610 

However, an exact statement can only be given after eva
luation of the tests. 

b) Programme for corrosion tests 

As generally no adequate values can be drawn from lit
terature (material leaflets, tables of steel producers) 
for the corrosion mediums mentioned, it is necessary 
to make tests with real mediums and conditions. The 
test programme is shown on Fig. 7.2.8. 

7.2.4.2 Development of calculation procedures for the investi
gation of process which could be expected after an in
rush of water or brine into the underground workings 

This development is made in connection with heat genera
tion of the HWL wastes (conversion, material exchange). 

In order to have available quantitative description of 
the physical and chemical events in the case of a hypo
thetical inrush of water into a salt repository, first 
assumptions were developed concerning the Asse Salt Mine 
as a model. The physical and chemical conditions of the 
originating solutions were determined. Some diffusion 
coefficients of radioactive nuclides were measured within 
highly saturated brines. The self diffusion coefficients 
were determined by the open-end-capillary method. The 
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diffusion coefficients of Cs-134 within saturated NaCl-
solution are determined to be 7,54. 10~° cm2/sec, within 
brine sample from the Asse Salt Mine to be 9,7. 10 -^ cm2/ 
sec. 

Field experiments within flooded salt mines were continued, 
It could be shown that within the shafts after some time 
several water-layers are formed in which temperature, 
specific density and salt contents increase from the 
surface downwards. Within such water layers, which may 
have a thickness of some to some hundred meters, the ver
tical thermogradients have an order of magnitude of 

1.10~3°c/m. In most cases the density, the temperature and 
the chemical composition are rather homogeneous inside 
such layers. From one layer to the next one the physical 
and chemical properties of the solutions change very ra
pidly. The transition zones have normally a thickness 
between 0,2 to 3 m with a thermal gradient between 0,5 
to 50°C/m. 

The aim of these field investigations is to have a better 
understanding for the development of these boundary layers 
and of the role which they could play if radionuclides 
would disseminate within the water. It can be assumed 
that inside these layers very slow convection streams are 
existing which collide at the boundaries. This effect 
may cause the very sharp boundary layers. It can be 
easily shown by experiments with small laboratory models 
that, in case of a direct contact of high-level waste 
brine, the leached out radioactivity would be dissemina
ted very quickly horizontally and vertically. The rea
son for this transport mechanism is to be seen in the 
temperature increase and in the density change of the 
brine. Up to now no convection streams could be measu
red directly in the field. (Velocity of flow of the 
present probe : 1 cm/s). 

At present the result of the measurements cannot be in
terpreted in a satisfying manner. By this reason it is 
not possible to make predictions about the origin and 
the behaviour of convection streams in flooded under
ground workings of a salt mine. Therefore it was decided 
to postpone the development of numerial methods until 
more and better understood experimental data are availa
ble. Furthermore, a group of the Bundesanstalt für Geo-
wissenschaften und Rohstoffe (BGR) is developing a com
puter model which should describe the events after an in
rush of water into a repository for high-level wastes. 

7.3. 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 
i n s a l t D o m e s ( E C N ) 

7.3.1. Objectives 

To investigate the possibilities of disposal of radio
active waste of all categories in geological rock salt 
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formations, present in the north-east of the Netherlands. 
The project will include in the next ten years fieldwork 
for geologic and geohydrologic examinations, exploratory 
deep drillings and associated studies, design studies 
and hazard assessment. 

The following work has been done in 1977 : 

. calculations concerning heat transfer from the waste 
to the rock, convergence of deep boreholes, radiation 
damage effects on salt and thermal migration of small 
brine inclusions ; 

. design studies ; 

. studies concerning radionuclide migration and the 
safety analysis. 

7.3.2. Determination_of_the_ability_of_the_ f££5?ation_and of 
the rock to satisfy the integrity criteria 

7.3.2.1. Heat transfer study 

Consideration of the possible presence of minerals in the 
formation other than NaCl together with thermal expansion 
effects and in the operational field, the working area 
(mine gallery) temperatures, has led to rather stringent 
temperature restrictions, with maximum allowable bulk 
salt temperatures not far above 100°C. Using literature 
data of thermal properties of NaCl 3-dimensional tempe
rature distributions have been calculated for a range of 
stacking arrangements and borehole patterns (7). In 
this way single layer and multi-layer geometries have 
been considered as well as waste container stacking 
heights of 6 - 50 m. 

The time dependence of the temperature distributions 
was also considered for periods from 5 up to 250 years 
after burial. Initial heat production per waste can-
nister of 20 cm diameter and 2 m length was taken as 
600 W. A small part of the calculations was directed 
to the temperature distributions arising from disposal 
in deep boreholes of 600 m length. 

7.3.2.2. Convergence of deep boreholes 

Preliminary calculations on convergence of deep bore
holes have been made. 

7.3.2.3. Radiation damage effects on salt 

Some work was done to evaluate radiation damage effects 
on salt and HLW containing glass as well as some other 
phenomena related to geologic disposal. 
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7.3.2.4. Thermal migration of small brine inclusions 

Interesting results could be deduced from a li terature 
study on thermal-migration of small brine inclusions, 
where it was shown on the basis of interface kinetics 
and the influence of grain boundaries and dislocations, 
that in natural salt a limiting temperature gradient 
exists of an estimated 3-5°C/cm, below which no thermal 
migration of brine droplets can occur. 

7.3.3. Design studies 
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60°C in the containment shield of about 200 m rock salt 
to be maintained undisturbed around the buried 
wastes, 

100°C for the HLW-disposal area globally, 

150°C locally directly around the disposal boreholes, 
and 

60°C at the mine gallery levels during the required 
period of accessibility, not taking into account 
the cooling capacity of the mine ventilation. 

Additional temperature calculations indicate the possibi
lity to simplify the conceptual design by restricting 
the HLW-disposal to one mining level only, if drilling 
techniques could be developed for realising dry vertical 
disposal boreholes from 600 m depth down to about 900 
depth. 

7.3.4. Waste_isolation_and_repository_safetv 

7.3.4.1. Radionuclides migration 

a) Transport model of radionuclides to the biosphere. 

Since from the safety analysis it became clear that no 
quantitative indication could be given on long term ha
zards in terms of possible dose commitments to future 
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man under various accident conditions of the repository, 
a subcontract was given to ITAL to study this aspect. 
For this a model had to be developed describing the re
turn of radionuclides to the biosphere and to man. The 
RID was asked to provide a dissolution model for outside 
water attack, but it soon became apparent that the most 
pessimistic dissolution times arrived at with the geo-
hydrologic model would be in the range of 2 - 4 χ 10^ 
years and these time periods, together with the nuclide 
retention in soils would hardly leave any radionuclide 
to cause a dose. Therefore it was proposed to consider 
an additional model wherein flooding of the mine was 
postulated, a situation that might lead to a faster re
turn of radionuclides. For the biosphere pathway it was 
easier to make model descriptions and so called "agri
cultural" and "fishery" models have been developed by 
ITAL. 

b) Measurement of the distribution coefficients of nucli
des between water and rock samples surrounding the 
salt dome (clay) 

Also at the start of the programme the effect of soil-
retention on return of radionuclides to man was consi
dered to be important. Various measurements of distri
bution coefficients (Kp) had been published already but 
the influence of rather strong salt solutions was not 
known sufficiently. Therefore KD for soil samples of 
Dutch origin and mainly samples of clay taken at various 
depths during drillings in and near salt formations have 
been measured for Cs, Sr/Y, Pu, Am in 90 % saturated 
salt solutions. Under these conditions KQ for Pu and Am 
for clays are still in the range of 5. 10* - 9. 104. 

7.3.4.2. Safety analysis 

All imaginable and mostly very unrealistic accident si
tuations have been considered in the safety studies, 
including meteorite impact, influence of glaciation pe
riods and the like, but the possible routes of water 
intrusion and its effects were studied most extensively, 
because these types of accidents were considered to be 
the most probable routes for breach of containment in 
the far future. Much effort was devoted to finding a 
realistic time scale for dissolution of a salt formation 
in case of contact with water at the flanks and the top. 
This work led to a theory on self-healing of a formation 
that was subjected to local attack, by the action of 
salt-creep that would cause supply of salt to the area 
under dissolution at a comparative rate, thus assuring 
a stable geometry. 
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7 . 4 . D χ s ρ o s a R a d i o a c t i v e Vi a s t e 

ι η C l a y F o r m a t i o n ( C E N  B e l g i u m ) 

7.4.1. 2^1ËE£ÎY?5 

Setting up of an experimental storage facility for all 

categories of radioactive wastes in a clay formation si

tuated under the site of the Centre d'Etude de l'Energie 

Nucléaire (CEN) in Mol, at an approximate depth of 220 m 

(Boom clay). Arrangements have been made for an extensi

ve range of in situ confirmation experiments the sinking 

of an access well and the establishment and subsequent 

experimental operation of the disposal facility. 

The work done in 1977 covered : 

 the characterization of site (local geological pros

pecting and the corresponding rock samples analyses, 

geotechnical and hydrologicai prospection ; 

 the development of a mathematical model for heat 

transfer in a clay mass ; 

 design studies ; 

 studies concerning the waste isolation and the reposi

tory safety ; 

 the preparation of a file for the authorization appli

cation . 

7.4.2. Çharacterization_of_site 

7.4.2.1. Analysis of boom clay samples obtained from the ex

ploratory geological drilling 

a) Chemical and mineralogicai analysis 

The chemical and mineralogical analysis of cores sampled 

during the exploratory geological drilling carried out 

in 1975 to a depth of 580 metres were completed in 1977. 

It is now possible to assess the composition and general 

properties of the rock across the entire thickness of the 

formation under consideration between levels of 160 m and 

300 m underground. 

b) Mechanical and physical properties 

The work concerning these properties has also been com

pleted : 

 density : average value 1.998 t/m^, density increasing 

with depth ; 

 grainsize distribution : with one or two exceptions, 
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all the samples showed grain size less than 200 /A 
(99 %) ; 55 % of the material was less than 2 /A in 
diameter ; 

- thermal conductivity : the values are in the ranges 
of 0.30-0.32 W/m°C, at 100°C and 0.58-0.81 W/m°C at 
5 00°C ; 

- specific heat : at ambient temperature, the values 
fluctuate between 0.75 and 0.97 W/g°C and increase to 
1.49 at around 300°C ; 

- shrinkage during drying : total shrinkage calculated 
as a percentage of the material in the moist condition 
varies from 4.7 to 6.5 % ; 

- Atterberg limits : on average, 63.86 (limit of liqui
dity) , 23.94 (limit of plasticity) and 39,92 (index of 
plasticity). 

The values for the index for plasticity and the limit of 
liquidity correspond, according to the Casagrande classi
fication, to a clay of high compressibility with a low 
content of organic compounds. 

c) Other determinations 

- Natural radiactovity 

The natural radioactivity was measured and the quantity 
of radionuclides present determined in order to establish 
the levels of radioactivity and the nature of the radio
nuclides detected in aggregate during the geophysical 
measurements. The following radionucldes were determi
ned : 

224„ , 212T,1_, 208^, (daughter product of 228ml) ; Ra Pb Tl ^ ^ Th 
214π, , 214_, (daughter products of 226_, ) ; 

P D Bl Rcl 
4 V 
Generally speaking, the content of these various radio
active elements decreases with depth, the clay formations 
show a greater degree of enrichment than the sandy for
mations . 

- Formation of gaseous products by heating the clay. 

The gas analyses were effected either directly in the 
samples treated specifically for this purpose or during 
the thermal gravimetry and differential thermal analy
sis. Interest was focused on the fluorinated and 
chlorinated compounds and the dioxides of carbon and 
sulphur. Below 300°C, very small or no releases of 
fluorinated compounds or carbon dioxide compounds oc-
cured ; on the other hand, chlorinated compounds and 
sulphur dioxide compounds were relased in small amounts. 
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- Determination of radiolysis products following irra
diation of the clay by an intense Ç field. 

In a first series of experiments, only qualitative deter
minations of gases formed in the absence of air were car
ried out. For a Q irradiation dose of 1.10° rads, the 
only element and compound found were hydrogen and carbon 
dioxide. As these tests were conducted in the absence 
of air, the phenomena arising corresponded roughly to 
the following reactions : 

H O (not fixed or in compound) ^ H, + 1/2 0 (1) 

CH organic + 0 tf. H + CO (2) 

As the oxygen released following reaction (1) does not 
recur in the gas analysis, the assumption is that it is 
consumed by reaction (2). In more elaborate tests, 
quantitative analyses were carried out on the gases re
leased. While the results varied considerably, depen
ding on the techniques used in the treatment of the 
samples, it was nevertheless clear that, in the case of 
unheated clay, the gases released consisted mainly of 
C0 2 and H 2 CH. and N -Ar were also detected but in 4 2 
small quantities (close to zero). When the clay was 
heated, the CO2 content in the gases released was small 
or non-existent, of the same order of magnitude as the 
CH4 and Nj-Ar, the bulk of the gas consisting of hydrogen. 

7.4.2.2. Exploratory geotechnical drilling, hydrological pros
pecting and corresponding characterization 

The object of the study was to gain information on the 
geomechanical properties of undisturbed Boom clay and 
the properties of the water-bearing layers present in the 
Mol area. 

a) Exploratory drillings and tests on undisturbed samples. 

The exploratory drilling was commenced in April 1976 and 
was completed in October of the same year. Undisturbed 
samples were taken in the clay at depths between 173 m 
and 261 m. The length of the samples varied from 20 to 
44 cm at a constant diameter of 10 cm. The following 
tests and determinations were carried out on 50 samples 

- volumetric weight 
- dry weitht (t/m3) 
- water content (%) 
- volume of pores (%) : " " 
- degree of saturation (%) " " 
- coefficient of permeability(cm/s) 

results between 1.914 and 2.105 (t/m3) 
1.484 and 1.728 
17.6 and 2 8.9 
44 and 34.6 
100 and 88.4 
1.2.10"7 and 7.1.10-10 

The triaxial cellular tests carried out on all the undis
turbed samples gave the following results : 
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Consolidated undrained test : 

 apparent cohesion c' = 1.19 kg/cm
2 

 apparent angle of friction ψ' = 19' 

Nonconsolidated undrained test : 

 coh°°'—
 r m

 = ~
 1

 "> t"/«"·
2 

hesion C max = 13 kg/cm
2
 and C;i , min = 3.25 kg/cm

2 

 angle of friction \p = 0 . 

The Ätterberg limits were repeated for a few samples 

obtained from this drilling. The result of the plas

ticity index were in the order of 25 % above those 

given in 1.2. 

b) Hydrologicai prospection 

Detailed knowledge 

fers present in the 

facility for the st 

dispensable to the 

of 1976, several in 

experimental site c 

talled at the folio 

(Maastrichtian tufa 

(Ledian sands), 280 

sands  existing we 

phreatic watertable 

of the characteristics of the äqui

potential zone for an underground 

orage of radioactive wastes is in

risk evaluation study. At the start 

jection wells were drilled on the 

hosen and open piezometers were ins

wing levels underground : 570 m 

) , 450 m (Landenian sands), 325 m 

m (Rupelia sands), 180 (Antwerp 
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In 1977, tests were carried out with the cooperation of 

other interested bodies on the lowering of the aquifers 

cojacent with the Boom clay either in situ (at a level 

between 270 and 300 m underground, Rupelian sands) or in 

the immediate vicinity (at a level between 75 and 160 m), 

The following aquifers were revealed : 

 phreatic watertable between 0 and 28 m 

 semiartesian aquifer between 28 and 165 m (absolute 

piezometric level in the order of 22.5 m ) . 

A pumping test on this aquifer made it possible to cal

culate the following average hydrological characteris

tics : 

permeability 

transmissivity 

9.8 m/day or 1.1.10"
4
 m/s 

85.4 . 10"
4
 m

2
/s 

confined aquifer between 260 m and 300 m (absolute 

piezometric level in the order of 21,5 m) with the 

following hydrological characteristics : 

permeability 4.2 10
7
m/s 

transmissivity 0.105 10
_4
m
2
/s 

and coefficient of storage : 4.3 10
 4 

confined aquifer in the Bruxellian between 310 and 

345 m 
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- artesian aquifer in the Landenian between 445 and 
530 m 

- confined aquifer in the Maastrichtian below 570 m. 

c) Chemical and radiochemical analysis of underground 
waters. 

Water samples are taken each year at about the same time 
from the water-bearing layers between levels at 0 and 
600 m depth. The object of the analysis is to ch^ck any 
variations in chemical and radionuclide composition as a 
function of time. These indications will serve as a re-
refence of origin in the event of a burial facility being 
constructed on the site under study. 

The following determinations were carried out : 

- Ca, Mg, total Fe, K, Cl~, SO ~, CO ~, PO ~, F~, S~, 
+ NH , Sr, Zn, Μη, B, Ba ; 

- pH, electrical conductivity, redox potential, dissol
ved oxygen ; 

- total U, total Pu, 137_ , 90„ , 40 . 226_ , "2-2Ί . 
C s Sr K Ra Rn 

7.4.3. Determination_of the_ability_of_the_formation_and_of 
the_rock_to_satisfy_the_integrity_criteria 

Location of faults. 

In order to confirm the integrity of the site within a 
zone of 25 km2, measurements in the field had been en
visaged for the purpose of locating faults-, bearing in 
mind the extent of the work planned and after an exami
nation of the practical possibilities of such a measure
ment programme. 

A detailed preliminary study by infra-red visible light 
photographs of the site taken from aircraft and by sa
tellite was commenced in 1977. 

7.4.4. Design_studies 

All of the experimental information collected at the site 
selected made it possible to undertake on a realistic 
basis a study on the setting-up of facilities for the 
long-term containment of various types of immobilized 
wastes. The main objectives of the project (known as 
Hades project), for which a firm of engineering consul
tants has been commissioned, are as follows : 

- evaluation of technical possibilities for the creation 
of galleries or cavities in the Boom clay at a depth 
of about 200 m ; 

- feasibility study for the long-term containment in the 
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geological formation under consideration of various 
types of immobilized radioactive wastes ; 

- preliminary conceptual study of the whole project 
making possible a preliminary assessment of first 
costs and operating costs. 

The expected duration of the study is 6-9 months. It 
will thus be completed during the summer of 1978. 

In parallel, a simple three dimensional model was deve
loped for heat transfer in a clay mass on the basis of 
one or more isolated heat sources. In terms of some 
parameters - such as the thermal density of the source, 
configuration in space, time and thermal conductivity -
this model, adjusted as and when experimental results 
become available should make it possible to define the 
optimum geometric configuration of a site for the con
tainment of highly active wastes in relation to the to
tal heat load permissible for safety reasons. 

7.4.5. Waste_isolation ^nd_repository_safety 

7.4.5.1. Corrosion study 

On the basis of the results obtained from the various 
chemical analysis of Boom clay samples obtained from the 
exploratory geological drilling (see para. 7.4.2.1.) 
corrosion tests were undertaken in the laboratory on 
various metals, alloys and oxides. The object of these 
tests was to study the corrosive effect of the geologi
cal medium (natural clay in this case) on materials li
kely to be used underground. 

An example of one of the reconstituted corrosive media 
is as follows : per litre of water : 0.0049 ml HCl ; 
0.015 ml H 2S0 4 ; 0.0004 ml HF ; 8 mg NaCl ; 22 mg 
Na 2S0 4 ; 0.2 7 mg CaF2 ; 0.44 mg KF ; 0.1 mg MgCl2 ; 
pH 3.5. Some 20 samples were brought into contact with 
air saturated with this solution at temperatures in the 
order of 50°C and in excess of 100°C. At regular inter
vals, these specimens were weighed and examined metal-
lographically. First results are already available. 

7.4.5.2. Determination of ion exchange properties of clay 
samples 

With regard to the determination of ion-exchange properties, radionuclides 85„ , 134„ , 239-240„ and 152-154^ 
* Sr Cs Pu Eu 
were selected for a systematic determination of distribu
tion coefficients in terms of : 

- the pH of the solutions ; 
- the concentration of ions present in solution , 
- the depth at which the soil samples were taken ; 
- the temperature to which the samples were preheated 
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(max. 500°C) ; 
- the y radiation dose to which the samples were exposed 

(max. 3. 10 1 0 rads) . 

The tests were conducted on a batch basis. While the 
results for Cs and Sr were in very good agreement, the 
same could not be said for Pu and Eu (see Fig. 7.4.1.), 
where various phenomena, such as plymerization and com-
plexing, interfered in the interpretation of the results. 
It was therefore necessary to undertake research of a 
more basic nature. The general tendencies may be sum
marized as follows : 

- the total absorption capacity of the clay investigated 
is in the order of 20 meq. 100 g-* ; 

- heat treatment of the clay has a negative effect on 
its ion exchange capacity ; the distribution coeffi
cients are in some case lowered by a factor of 10 ; 

- V irradiation has an effect similar to that of heat 
treatment (probably because of the elimination of na
tural water by radiolys ; 

- the effects of a heat treatment and V irradiation are 
not cumulated. 

During the latter half of 1977, column experiments were 
commenced ; the first results obtained indicate absorp
tion capacities similar to those obtained in the batch 
tests. 

7.4.5.3. Development of a mathematical model for ion migra
tion in a clay formation 

A first simple three-dimensional model to evaluate the 
extent of the phenomenon of ion migration in a homoge
neous formation was developed and applied to the parti
cular site of Mol, taking into account experimental data 
available, such as hydraulic gradient, permeability of 
the formation and distribution coefficients of various 
radionuclides. The first results show that the Mol site 
has acceptable characteristics from the migration-barrier 
point of view as far as the main radionuclides, such as 
plutonium, are concerned. 

7.4.5.4. Risk analysis 

This problem is being examined in conjunction with the 
JRC in Ispra. In a first approach, the intention is to 
apply the "fault tree" technique to the specific case 
of the Boom clay formation in the Mol area. To this 
end, data relating to the general geology, hydrogeology, 
seismicity, tectonics, climatoloty, etc., of North
west Europe have been compiled. A first mathematical 
assessement is expected before summer 1978. 
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7.4.6. Preparation of a file for the authorization application 

The object of the file is to obtain agreement in princi
ple from the Belgian authorities for the sinking of an 
access well and an experimental chamber in the Boom clay 
formation at depths in the order of 220 m at Mol. The 
file, which will consist of three main parts : 

- a summary of the compilation work and the experimental 
work carried out and the general conclusions to be 
drawn from them ; 

- the results of the feasibility study (Hades project 
described in Section 7) ; 

- a preliminary risk evaluation is in preparation. It 
should be presented to the competent authorities late 
1978. 

7.5. 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 
i n C l a y F o r m a t i o n (CNEN - Italy ) 

7.5.1. 2^ÍÊE£iYef 

To evaluate the possibility of constructing a pilot 
disposal facility on the clay formation below the CNEN 
Trisaia site (South Italy). 

The work for 1977 included : 

- the characterisation of the Trisaia site by determi
ning the geological and geophysical characteristics 
of the site and analysing clay samples from the Tri
saia rock base ; 

- the in situ evaluation of the heating of the clay by 
heat released from the radioactive wastes ; 

- preliminary studies on the various ways and means of 
disposing of radioactive wastes in the formation ; 

- a first evaluation of the risks associated with waste 
disposal in the formation. 

7.5.2. Characterisation of site 

7.5.2.1. Geological survey of the terrain surrounding the 
Trisaia centre 

A geological survey has been carried out covering a 15 
km-diameter around the Trisaia Centre. On the basis of 
available hydrographie and geomorphological data, the 
stratigraphy of the region has been established and 
characterized in similar palaeographic zones and in 
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clearly defined orogenic phases, according to the fol
lowing units, from the most ancient to the most recent : 
Lagonegro unit Cilento unit, Sicilide unit, expostoroge-
nic complex and postorogenic complex. 

The various units are linked by orogenic transfer pheno
mena (sheet tectonic structure) and fold and fault struc
tures connected with orogenic uplifts of subsidences of 
considerable magnitude. Stress should be laid on the 
importance of the Metaponto layer, the last in time which 
is directly relevant to the formations located under the 
Trisaia Centre. 

The structure of the first 2.000 meters from the surface 
should consist of marine or complex postorogenic terra
ces followed by slight marly blue clay of the exposto-
rogenic complex, then variogates clays, and finally Tusa 
tuffites of the Sicilide unit (Metaponte sheet) which 
are embedded in the blue clay of the piopleistocène 
Certain faults affect this sheet with considerable amounts 
of throws, relevant to the marine terraces of the ple
istocene . 

With regard to the movements of the shoreline, it has 
been established that vertical displacements of around 
100 meters have taken place during the past 10.000 years. 

7.5.2.2. Geophysical studies 

The results from the seismographic station (three short-
period 513 Geotech orthogonal seismometers) installed 
on the Trisaia site showed that, because of excessive 
depth noise on the site, it was necessary to move the 
station about 5 km to the Centre itself. 

The data obtained during the seismic reflection-refrac
tion programme are being interpreted. 

7.5.2.3. Exploratory drilling at great depth 

The technical procedures for the geological exploratory 
drilling to 750 m by continuous coring have been deter
mined. The diameter of the drill hole (86 mm) should 
make it possible to obtain undisturbed clay samples. 

7.5.2.4. Preliminary analysis of clay samples from the 
Trisaia rock base 

Clay samples obtained from various exploratory drillings 
in the interior of the Centre have been analysed at 
depths from 10 m, i.e., immediately below the sand-
conglomerate complex, to 90 m. The following determi
nations have been carried out : 

a) chemical analysis : the average composition of the 
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clay components is stable and is roughly as follows : 
50 % (Si02), 14 % (A1203), 1 % (Ti02), 7 % (CaO), 2 % 
(MgO), 1,5 % (Na20), 2,5 % (K20), 5 % (Fe total, 18-
19 % (hygroscopic water) ; 

b) mineralogicai analysis : carried out on the total 
weight, on the fraction below 2 microns, this analy
sis revealed the presence of quartz (10 - 15 % ) , 
feldspar (5 - 10 % ) , calcite (10 - 20 %) and amorphous 
substances. Some samples contain traces of pyrites 
and dolomite. 

The argillaceous minerals (50 - 70 %) consist of il-
lite, smectite, kaolinite, dolomite and mixed-layer 
minerals ; 

c) thermal analysis : heating to 950-1,000°C revealed 
extensive loss of water at low temperature for all 
samples subjected to analysis on total weight (Ci-
Ci/al thermocouple), the endothermal peaks for the 
illite and kaolinite being in the region of 580-600°C 
and the exothermal peaks for kaolinite in the region 
of 900°C. 

7.5.3. Determination of the ability of the formation and of 
the rock to satisfy the integrity criteria 

7.5.3.1. Experimental studies of the effects of heating on 
the clays 

a) In situ tests 

As part of the experiment, a 1.2 kW two-metre cylindrical 
heater will be placed in a 20 cm diameter drillhole, 
sunk to a depth of 25 m and located close to the future 
750 m drillhole ; its function will be to simulate an 
equivalent volume of high-activity radioactive wastes 
after ten years cooling. This experiment, which will 
commence at the beginning of 1978, will use Heating Code 
5 for the processing of the temperatures recorded in 
seven channels (four thermocouples per channel) located 
on a cycloid around the central drillhole. 
The purpose of the experiment is to determine temperatu
res and thermal gradients created by a particular degree 
of heating in the formation, to study the chemical, phy
sical and structural changes in the clay and to confirm 
the theoretical results of the calculation code used. 

At the end of 1977, drillholes for the experiment had 
been completed and the heater was being tested in the 
laboratory. 

b) Laboratory tests 

A cylindrical electric heater with power settings of 20, 
60 and 100 watts was inserted into a cubic block of 
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Trisaia clay of 50 cm side, sealed and heat-insulated. 
The temperatures measured experimentally with the aid 
of eight thermocouples are of the same order of magnitude 
(0.5 - 15 % difference) as those calculated with the 
Heating Code. 

7.5.3.2. Mathematical modelling of the effect of heating in 
clay formations 

The· first studies to evaluate the dissipation of heat 
in the formation over time and to determine the·, criti
cal phenomena triggered by the temperature gradients 
have been started. The extension of these studies to 
rectilinear, two-dimensional and three-dimensional 
sources is also in preparation. 

7.5.4. Design studies 

A first evaluation of the quantities of high-activity 
waste to be disposed of was initially undertaken on the 
basis of the present Italian nuclear strategy. Assuming 
that a permanent disposal facility will be brought into 
service in the year 2005, and allowing for the fact that 
each container (220 1 volume, 30 cm diameter and 300 cm 
height) will contain 180 1 vitrified high-activity 
wastes from 2.25 t of reprocessed fuel, the following 
preliminary values are obtained : 

- number of containers to be disposed of in 2005 : 1.250 

- total number of containers to be disposed of before 
2032 (ten years after the closing-down of the last 
reactors) : 5.150 

- thermal output from the high-activity wastes stored in 
the formation : 1-10 

7.5.5. Waste isolation and repository safety 

A mathematical model on the analysis of risks arising 
from the migration of radionuclides from a disposal 
facility has been selected. This model, which is based 
on spherical diffusion in clays of very low permeabilife 
ty, has made it possible to prepare a method of calcu
lation for the high-speed diffusion of aqueous flux 
(unidirectional model) ; the solutions obtained have 
been graphically represented by computer. 

First adjustment tests on the fault-tree model devised 
at the European Community Joint Research Centre, Ispra 
have also been performed. 
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7 . 6 . D i s p o s a l 

i n C r i s t 1 1 
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(CEAFrance ) 

7 . 6 . 1 . 2^i? cËiYËE 

Evaluation of the possibilities offered in the Western 

part of France by cristalline rocks for the disposal of 

radioactive waste. 

The research programme covered by this contract in 1977 

is the following : 

 characterization of sites including the setting up of 

a catalogue of suitable granite massifs in France and 

the prospecting of three massifs called A, B and C, in 

view of their utilization for active waste repository ; 

 study of a model for radionuclides migration in the 

geological environment with absorbable and not absor

bable tracers. Research on artificial and natural 

barriers in crystalline environments in static and 

dynamic systems, in both cases laboratory experi

ments will be supplemented by several measurements 

in situ. 

7.6.2. Characterization_of sites 

7.6.2.1. Catalogue of granite massifs in France 

Eleven granite massifs were catalogued in the Western 

part of France and three massifs (A, B and C) selected 

to permit a comparative study of the suitability of 

granites with different properties for disposal purpo

ses . 

7.6.2.2. Prospecting in massif A 

The massif occupies an area of 300 km
2
 in the Western 

portion of a huge, complex batholith (750 km
2
) where 

the granite has a markedly intrusive appearance and the 

break faults are much less obvious than in the other 

parts of the batholith. 

a) Surface geology 
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b) Geophysical survay 

- Geophysical survey has been carried out using refrac
tion shooting to identify the mechanical properties 
of the rock by showing up the weathered zones, crac
king and abnormalities and to explore the subsurface 
topography of the granite in the region adjacent to 
the country rock. Four formations were identified in 
the interior of the massif : 

surface formations characterized by little or no con
solidation, arenaceous granite with enveloped blocks, 
fissured granite and, finally, formations giving a 
wave velocity exceeding 4500-5000 m/s, corresponding 
to sound granite. Generally speaking this seismic 
horizon is reached before a depth of 50 m. 

- Electrical and electromagnetic prospecting : 

In the centre of the massif, the results confirm the 
homogeneity of the massif through the first few hun
dred metres, once the superficial weathered layer has 
been crossed. In the northern part, the granites be
come submerged beneath the country rock without any 
notable faulting or discontinuity being evidenced. 

- Gravimetric studies : 

On the basis of the gravimetric study, the results 
show that the massif A was subdivided into three areas 

. heavy area, corresponding to the South and West coun
try rock 

. an extremely light and gravimetrically hetereogeneous 
area 

. a very moderate light and gravimetrically more homo
geneous than the previous one area. In this area, 
one part seems to be the most homogeneous, without 
heavy anomalies. 

After collating the results of the geological and geophy
sical studies it was concluded that the massif has the 
shape of an asymmetrical mushroom, the southern and wes
tern parts spilling on to the country rock and the nor
theastern part constituting the rooting area. As regards 
fracturing, on the southern and eastern edges of the mas
sif there was a good correlation for fractures N 150°E 
and N 40° E between the gravimetric discontinuities, the 
fractures deduced from aerial photographs and the faults 
observed in the field, but this was not true in the case of 
the mesofractures running in the N 90° direction, ap
pearing on gravimetric map in the south-central part of 
the massif, which were not evident by cartographic or 
photogeological surveys. Nonetheless, the least frac
tured areas identified on the one hand by surface geolo
gical data and on the other by geophysical investigations 
overlap to a certain extent and reveal a favourable area 
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where a more extensive study could be carried out. 

7.6.2.3. Prospecting in massif Β 

The northwestern area of the massif, occupying an area 

of 400 km
2
, was selected for detailed studies, these will 

be completed during the first half 1978. 

a) Surface geology 

A little more than half the Massif has been mapped 

petrographically and structurally on a scale of 1/25 000. 

From the pétrographie point of view, the Massif consists 

of two granodiorites, one comprising biotite only, the 

other biotite and cordierite in broad bands generally 

lying in an eastwest direction. The country rock con

sists of Briovenian sandstone and greywacke. The super

ficial formations consist of granitic grit several 

metres in depth and a discontinuous cover of loessial 

silt of varying thickness (015 m) . 

Preliminary observations of structural studies indicate 

that the essential structural features lie in the east

west direction. 

b) Geophysical studies 

The 1977 programme of geophysical studies in Massif Β 

consisted in assembling all the data that had been ob

tained hitherto and establishing 1000 new gravimetric 

stations. As regards magnetism, the only map available 

for this region is the General Survey of France, drawn 

on a scale of 1/200 000, from.a flight altitude of 3000 

m : no anomalies could be identified from a map of this 

scale. No useful data were obtained from seismic or 

electrical surveys. Gravimetric data obtained from the 

1955 survey using 1.100 measuring stations, were sup

plemented by data from 1.000 new stations which provided 

a good density of measuring points. Maps of the residu

al field and vertical gradient revealed the contours of 

the massif and enabled the prospected region to be di

vided into five main areas ; however, a number of ano

malies were detected within the massif, the interpreta

tion of which will depend on a subsequent petrophysical 

study of the various facies of the granite and its 

country rock. 

c) Hydrogeological studies 

The programme of hydrogeological studies was begun in 

September 1977 and comprised the cataloguing of existing 

water points, the selection and hydrological and hydro

geological study of an experimental catchment basin, and 

the preparation of a mathematical model of ground water 

runoff in that basin. 
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The work undertaken in 1977 is represented in Fig. 7.6.1. 
Approximately 150 wells were catalogued ; they were general
ly fairly shallow (8-9 m) showing that the weathered 
part of the granite is not very thick. Within the Massif 
a basin clearly delimited by rivers (Fig. 2 ) , with an 
area of approximately 25 km2, was selected. A permanent 
station at the basin exit measures the flow continuous
ly ; during the low water period, the distribution of 
flow throughout the basin was evaluated by two measuring 
campaigns. A programme of exploratory drilling to a 
depth of 75 m is now under way : the results will per
mit a comparative study of the piezometric levels of the 
water table in the weathered part and those of the table 
in the fissured sound granite. Finally, a hydrogeolo
gical study has been carried out from the test station 
in order to study transfer mechanisms in Massif Β (Fig. 
7.6.2.) 

7.6.2.4. Study of Massif C 

The geographical location of Massif C2 merits special 
attention. The granite forms part of a complex region 
made up of a pre-Cambrian crystallophyllitic basement 
and a shaly sandstone cover of Cambro-Ordovician age. 
The rocks in the basement are heterogeneous and much 
disrupted by tectonic activity ; contact between the 
basement and the sedimentary overlay is generally com
plicated by thrust faults and tear faults. The field 
survey amplified and confirmed the available data, and 
provided a basis for the planning of the study. 

7.6.3. Waste isolation and repository safety 

7.6.3.1. Study of transfer mechanisms of radioactive products 
in the environment 

Model of migration of radioelements in the ground. 
The work of modelling consisted mainly in developing 
the three-dimensional migration model based on isopara
metric finite elements. The model consists of one 
module for calculating velocities and hydraulic pres
sures in the medium, and one module for calculating mi
gration, taking into account convection, dispersion, 
linear and reversible absorption and radioactive decay. 
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velocities within each element, by a function of poly
nomial approximation of the third order (analoguous to 
the function of pressure approximation fitted to the 
nodal velocity values). This velocity field, which is 
now continuous in each element and from one element to 
the next, is then introduced into the module of convec
tive displacement. The results of the calculations of 
migration thus obtained are considerably better. 

The representation of absorption in cracked media was 
introduced by using a coefficient of distribution through 
fracture, expressed as a quantity absorbed per unit of 
gross fracture area (ml/m2) instead of the usual unit of 
mass of porous medium (ml/g). This coefficient was mea
sured in a core sample taken from the selected experi
mental area, by the BRGM., The density of fracture of 
the medium must also be obtained. 

A start has been made on interpreting the results of the 
first set of field tests ; this work is still in hand 
and will continue, to include simultaneous interpreta
tion of the second (November 1977) set when the results 
are available. 

Finally, the one-dimension migration model has been mo
dified to take account of the simultaneous displacement 
of harmful elements generated as a result of daughter-
product formation during radioactive decay of the mi
grating elements (e.g. radium or uranium derived from 
plutonium, curium and americium). 

- Experimental testing on Massif A 

a) Experimental conditions. 

The test station fitted out in 1976 consists of a group 
of boreholes, drilled to an approximate depth of 40 m, 
laid out as in Fig. 7.6.3. The central borehole contains 
a submerged pump capable of inducing convergent radial 
flow of the groundwater. In the four cardinal directions, 
satellite boreholes are drilled at approximately 12 m 
from the central point. None of the boreholes is cased. 
One has been cored so that the state of fissuring can 
be assessed : after a weathered layer of some 10 m, a 
layer of horizontal fissures extends to a depth of 20 m. 
However, it appears that vertical fissures may extend 
throughout the explored depth. 

b) Experiments and results 

The tests (two two-week periods) consisted in constant-
rate pumping in the central borehole and short-duration 
injections into each of the satellite wells. In the 
first series of tests, the transfer of substances regar
ded as good water tracers (iodide, chloride, nitrate, 
thodamine, aramine) were studied ; in the second series, 
the behaviour of soluble substances close to the products 
to be stored (caesium and strontium salts) was studied. 
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On the basis of these tests, the characteristics of the 
medium were identified. 

- Hydrodynamic properties. 
The tests show that the hydrodynamic parameters are 
characterized by very marked anisotropy apparently 
resulting from vertical East-West fissuring. 

- Transfer patterns. 

By means of a radial transfer model, kinematic porosity 
was evaluated and the equivalent coefficient of disper
sion for the various substances studied especially stron
tium and calcium which may be present in the products 
for storage. 

On the basis of the results, the following main conclu
sions may be drawn : 

. The behaviour of the experimental fissured Massif may 
be represented as in Fig. 4 : the superficial part, 
where fissuring is extensive and relatively isotropic 
(the Southern area being extremely clayey) and the 
solid deep-seated part with a vertical East-West fis
suration providing a direct link between P4 and Pi. 
Thus, the hydrodynamic reactions in the superficial 
part, for piezometers P2bis, P3 and SR, are slight 
and fairly independent of the flow, although the 
transfer or products does take place (except for P3). 
Between P4 and PI, very direct hydrodynamic links and 
rapid migration of the substances. This schematic re
presentation will be used for mathematical modelling. 

. Substance transfer characteristics. 
As regards the transfer properties of the substances, 
the plotted curves representing the migration of the 
products have not all been fully interpreted ; but 
it is possible to draw the main conclusions as regards 
the influence of the route and the influence of the 
nature of the product. 

oljlnfluence of the route : in this complex system migra
tion obviously depends on the point of injection. The 
interpretation of the radial flow signals gives the 
following values : 

Route 

P3 - P1 
SR - P1 
P2bis - P1 
P4 - P1 

Tracer 

Rhodami ne WT 
Γ 
NO" 
Cl3 

U (m/h) 

0 
0.062 
0.10 
9.0 

*C (m) 

Χ 
0.8 
3.5 
1.5 
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where U is the apparent mean velocity of the vector 
fluid between the points of injection and recovery, and 

is the coefficient of dispersivity (assuming longitu-
tinal dispersion coefficient D = c< u) . These observed 
values confirm the very heterogeneous character of the 
massif as a whole. 

Influence of the nature of the product : generally 
speaking, effects of exchange with the weathered mate
rials coating even the deep-seated fissures were obser
ved . 

The effects are less marked on anions than on cations. 
They cause a disappearance of the injected product at 
the end of route P4-P1 (12 metres) only 31 % of the 
strontium and 29 % of the caesium were found, compared 
with 72 % of the iodide and 75 % of the chloride. 

t) Tests on rock samples 

Migration tests in several fissured granite samples, 
obtained from a depth of 29 m in the cored borehole, 
were conducted in the laboratory. The experimental 
conditions were controlled to reproduce the order of 
magnitude of the velocities and concentrations taken 
into account for the same substances in the tests in 
situ i.e. ; nitrate chloride, iodide, uranine (fluo-
resceine) and rhodamine NT as tracers and strontium 
(chloride) and caesium (sulphate) as telltate storage 
subsances. The tests confirm and throw light on the 
observations made in the field : 

- the mediocre properties of the classic tracers used 
in hydrology, such as xanthenic dyes, are confirmed. 
These tracers should not be used in future experi
ments ' 

- the products are differentiated mainly on the basis 
of their ionic charge : the cations, contrary to 
the anions, are subject to delay and ablation. This 
occurs characteristically by absorption on the clays 
coating the fissures. 

X-ray analyses of the whethered materials show the pre
sence of montmorillonite, plagioclase, quartz, muscovite 
and goethite. Furthermore, by studying the fracture sur
faces with the aid of a quantitative image dissector, it 
was possible to evaluate the proportion of the surface 
coated with weathered materials, which is of the order 
of 16 % after the leaching involved in the various ope
rations to which the sample was subjected. 

7.6.3.2. Study of artificial and natural geochemical barriers 

For the purposes of underground storage in a crystalline 
medium, it is necessary to study the geochemical 
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phenomena (water-rock interaction) that occur after the 
leaching of granite massifs by slightly mineralized 
water in order to select the most suitable materials for 
constituting an artificial geochemical barrier to under
stand the physico chemical processes of interaction bet
ween long-lived radioactive elements arid artificial or 
natural geochemical barriers and to predict by computer 
simulation the geochemical behaviour of these elements 
as they travel across the various barriers. 

a) Properties of the materials studied. 
Twelve absorbent materials were selected and the following 
properties determined : chemical composition, particle 
size, exchange potential, mineralogical composition. 
The results of the chemical analyses are shown on Fig. 5 
The exchange capacities are as follows (in Ca2 + meg/100 g) 

Samples 

Magadiite 
Attapulgite 
Illite 
Silice 
Kaolinite 
Clinoptilolite 
Bentonite 
Sepiolite 
Vermiculite 

Exchange capacities 
Ca2 + meg/100 g 

68,31 
36,82 
23,63 
3,78 
3, 79 

24,06 
64,26 
N.D. 

= 100 

The mineralogical composition was determined from the 
chemical composition and from differential thermal ana
lyses, thermo gravimetric analysis and X-ray diffraction. 
These analyses were conducted only on natural aluminium 
silicates. 

b) Experiment 
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In the light of these various results it appears that 
further studies of artificial barriers should concentrate 
on the following materials : attapulgite, bentonite, 
clinoptilolite, illite, kaolinite and vermiculite. 

c) Experimental results in dynamic conditions 

Sorption tests in dynamic conditions allow study of the 
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interaction between substrate and solution during flow. 
These experiments are conducted with the aid of columns, 
measuring 20 cm in length and 4 cm in diameter, in which 
flow takes place at a rate of 3Θ ml/h. So far the pairs 
caesium-quartz and caesium-quartz with vermicullite have 
been studied. It is seen that, for the same flow, the 
behaviour of caesium is very different in the presence 
of vermiculite ; in the case caesium shows considerable 
delay in reaching the exit of the column and the concen
tration is attenuated. This shown the importance of in
troducing a 1 % vermiculite barrier into the siliceous 
substrate. 

7.7. 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 
i n c r i s t a l l i n e R o c k s (UKAE -UK) 

7.7.1. Objectives 

To study the possibility of safe and ultimate disposal 
of highly radioactive and/or alpha bearing vitrified 
waste in Great Britain. The study should provide suf
ficient information to allow initial assessment of pos
sible disposal sites and to identify at least one such 
site for detailed further investigation. 

In 1977, the programme has been concentrated on ; 

- geological and associated surveys for selection of 
possible site 

- initiation of associated works, such as petrological, 
rock mechanics, hydrological and thermal studies 

- supporting engineering research to investigate the sig
nificance of non-geological factors in the overall fea
sibility of the proposed disposal procedure 

- waste isolation and possible migration of radionuclides 
through the rocks and to the biosphere. 

7.7.2. Characterisation of sites 

7.7.2.1. Site selection 

The UKAEA has sub-contracted the Institute of Geologi
cal Sciences to advise on areas within the United King
dom which are potentially suitable for research studies 
and to institute field work on selected sites. 13 areas 
were selected for review on the basis of a desk study 
by IGS. These areas were initially selected partly on 
their geological characteristics but also taking account 
of non-geological factors such as land ownership. Thus 
the overall 'suitability' of the areas differs from 
that in the catalogue prepared for the EEC under a se
parate contract, where non-geological factors were 
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excluded from consideration. Commencing in mid-1976, 
detailed desk studies of the selected areas accompanied 
by field reconnaissance visits were initiated to collect 
available geological and physical information relevant 
to site evaluation, in preparation for field work in 1977 
and as a means of selecting the most promising areas for 
full scale site evaluations. Each area has been reviewed 
as to petrographical features, structural settings and 
proximities to mineral deposits, quarries and hydro-elec
tric or water supply schemes. The areas selected fall 
into three categoreies, based on a combination of tech
nical and political factors : 

- areas which appear to have the most promising charac
teristics and which invite early site investigations ; 

- areas which require follow-up investigations in the 
field to confirm their suitability ; 

- areas which have known adverse geological charac
teristics which makes them unlikely to be suitable 
although they should not be finally rejected without 
a detailed area reconnaissance. 

It is desirable that geological studies should proceed 
simultaneously on at least 3 sites of differing geology 
as follows : 

- a Caledonian granite, as the Loch Doon Granite (7.7.1) 

- an area of Liwisian basement rocks, and 

- an area of migmatized Moine rocks. 

Planning consent is currently being sought for borehole 
drilling to start on at least two sites in early 1978 
since much of the necessary study at a desk level has 
now been completed, including geological interpretation 
of aerial photography. 

7.7.2.2. Petrologicai and geochemical properties 

A detailed field investigation programme has been drawn 
up to define the best approach to a detailed petrologi-
cal and geochemical study of any proposed research site. 
This programme includes development of sub-surface and 
three-dimensional mapping techniques from surface and 
borehole date, geochemical characterisation by a detai
led analytical programme, laboratory investigations and 
interaction with research. 

As part of a preliminary investigation of the Loch Doon 
compie , a detailed literature and rock specimens search 
has been made to locate all available data on the area. 
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7.7.3. Determination_of the_ability_of_the_formation and of 
the rock to satisfy the integrity criteria 

7.7.3.1. Petrologicai and rock mechanics studies 

The petrologicai study has largely comprised theoretical 
appraisals of the effects of a proposed repository on 
various crystalline rocks and an experimental programme 
has been proposed to examine the effects of warm fluids 
on the host rock under the pressure/temperature condi
tions of a disposal site. This study will take into 
account fluid/grout interactions and be run in conjunc
tion with a rock mechanics experimental programme to 
study changing rock properties with fluid reaction (Fig. 
7.7.2.). 

7.7.3.2. Hydrogeological studies 

a) Hydraulic properties of poorly permeable fractured 
media. 
If the migration of radionuclides as a result of rock 
melting is discounted, groundwater is the most important 
agent capable of transporting waste material away from 
a burial site in significant quantities. The emergence 
of contaminated groundwater into man's environment will 
be a function of the magnitude and density of disconti
nuities within the crystalline rocks. Flow within these 
discontinuities is likely to be considerably modified by 
the construction of a disposal facility but information 
on the natural conditions will enable predictions to be 
made of likely fluid movement. This it is important 
that the rocks are characterized in terms of their ca
pacity to transmit and store water. The techniques 
available for the determination of the hydraulic pro
perties of poorly permeable fractured media have been 
reviewed and suitable equiment investigated (Fig. 7.7.3.) 

b) Water dating methods. 
Water dating methods are being investigated, utilising 
measurement of uranium and uranium-thorium isotope ratios 
since they can indicate the residence time of formation 
water. Long residence times are usually associated with 
zones of low groundwater velocity. 

The sensivity of the dating method has been estimated 
and it has been established that the lower limit of the 
dating method depends on the uranium content as well as 
on the lambda value of the particular isotope. A lower 
limit of 540 years has been obtained for the 230Th/234 U 
method for a 100 ĵg uranium sample. 

7.7.3.3. Thermal studies 

To reduce leaching from vitrified waste, corrosion of 
canning materials and the migration of radioactivity 
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through the rock, it is necessary to limit the tempera
ture rise due to fission product heating in waste. At 
present, geological and chemical evidence suggest that 
bulk rock structures should not be allowed significan
tly to exceed 100°C and modelling studies have been 
conducted to establish the sizes and shapes of block 
distributions which will allow such limits to be met. 
Preliminary calculations indicate that the waste which 
will have accumulated by 2000 AD from the existing nu
clear power stations will need to be dispersed through 
about 1 cubic kilometre of rock. To ensure that the 
volume required for a repository is kept to a minimum 
there is a need to develop more reliable data on heat 
transfer throughout and around reposotories and this 
work is now in hand. 

a) Field experiment. 

An experiment has been established in Cornwall where 
the techniques and instrumentation necessary to measure 
thermal diffusivity, thermal conductivity and rock me
chanical properties can be developed. Since rock 
structures concerned would be unsuitable for the cons
truction of a repository, it is intended that instru
mentation developed at this site will be later trans
ferred to one of the geological research sites to be 
identified by the Institute of Geological Sciences. 
An 18 kw electrical heater capable of simulating vitri
fied waste blocks has been constructed and is being ins
talled in an existing borehole on the research site. 
It is surrounded by a series of thermocouple holes to 
enable monitoring of rock temperature changes. 

Initial results have be 
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b) Assessment of the thermal effects in the rocks. 
There are several such effects including : 

- thermal stressing and cracking which may increase the 
rock permeability and waterflow 

- natural conversion of water in the pores and fissures 
of the rock 

- changes with temperature in adsorption of radioactivi
ty and migration through the rock. 

Initial calculations have been completed on the rock me
chanical properties of a hard rock repository. The 
analysis indicates that resultant tensile stresses in 
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the rock overlying a repository may be sufficient to 
cause fracture of the rock possibly leading to leakage 
of radioactivity. In addition, compressive stress 
through the repository may cause collapse of tunnels 
in the rock more readily than would normally be the case 
in mines without heating. Such effects will be sensiti
ve to the actual temperature rise within the repository 
which will probably reach a maximum value about one 
hundred years after deposition. It can be reduced by 
burying the waste at a greater depth and by reducing the 
bulk average temperature in the rock. 

The work is being carried out in close collaboration with 
related experiments in Sweden, France, Belgium and Ger
many. 

7.7.4. Design_studies 

A conceptual design study for an underground repository 
is being prepared, assuming that retrieval of disposal 
material will not be required and that the repository 
will be at least 300 metres below the surface. 

7.7.4.1. Evaluation of the waste to dispose 

Consideration is being given to the dimensions of the 
individual waste blocks requiring disposal and to their 
thermal and radioactive properties. The present dimen
sions proposed for the canisters (0.5 metres diameter 
by 3 metres long) combined with the high heat release 
from fission product decay (the heat output per canis
ter at vitrification is limited - to 11 kW), leads to 
major problems in designing a repository. Handling such 
large containers underground, particularly when in asso
ciation with shielding, will lead to a highly capital 
intensive facility. In addition long periods of storage 
will be necessary to enable sufficient fission product 
decay to take place to enable the temperature constraints 
on repository structures to be met. The present indica
tion is that vitrified wastes will require approximately 
50 years storage, prior to disposal. The total heat out
put from an individual block will need to be reduced to 
about 1 kW before disposal will be practicable, when the 
blocks could be emplaced in a granite formation in a 
cubic array with a 20 metres spacing between adjacent 
blocks. In this study it is assumed that the waste 
arising from the UK nuclear power programme by the end 
of the century will be equivalent to between 2000 and 
3000 glass blocks in form of harwest type canisters. 

7.7.4.2. Design Studies 

- Emplacement holes. 

A preliminary study of excavation methods suggests that 
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emplacement in the cubic array could be achieved at mi
nimum cost by driving 5 m diameter horizontal tunnels at 
depth with vertical holes from the floor about 150 m 
deep, each hole containing a number of glass blocks. 
This will minimise the length of horizontal tunnels which 
are likely to represent the major excavation costs. 
Vertical emplacement holes should be drilled rather than 
blasted to prevent undue stressing of the surrounding 
rock structures. A survey of available rigs has indica
ted that equipment is available for drilling 0.5 m holes 
in hard rock at a cost of approximately £50 per metre. 
The equipment would need extensive modification for use 
underground in galleries with limited headroom. 

Consideration may need to be given to the possibility of 
surrounding individual canisters with a heat transfer or 
barrier medium to control migration of heat or nuclides 
into surrounding structures. Construction of suitable 
holes of 1-2 metres diameter could best be achieved by 
the raise boring technique which requires two horizontal 
galleries at the top and bottom of the disposal shaft. 
This technique is now well estalbished but is several 
times more expensive than direct drilling and leads to 
a large increase in the spoil production. 

Access shafts 

Access shafts for men, materials and blocks could be 
constructed using existing techniques down to a depth 
of 2 kilometres. Current costs for such shafts is 
likely to be between L3000 and &6000 per metre. 
There may well be advantages in creating inclined or 
horizontal access shafts if the local topography proves 
to be suitable for their use (Fig. 7.7.5. and 7.7.6.). 
Present plans are to place as many of the service faci
lities as possible underground to minimise environmental 
impact on the surface. It is anticipated that the de
tailed design may restrict visual intrusion to the ac
cess shaft and 2 or 3 ventilation shafts. 

Disposal of spoil. 

To minimise the need to dispose of spoil on the surface 
and to provide continuity of employment it is attracti
ve to consider if repository construction can continue 
whilst deposition is taking place in parts constructed 
in earlier phases. Backfilling can then be used to 
close off shafts in parts of the repository where the 
waste has already been isolated. Galleries and other 
workings may well prove to be suitable for disposal of 
medium and low level wastes with the spoil. 

7.7.5. Waste isolation and repository safety 

7.7.5.1. Material corrosion 

Analytical methods suitable for measuring chloride in 
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granites have been established : the samples measured 
contained chloride in the range 130 to 225 yug/g. 

Experiments are in progress to investigate the corrosion 
of various materials (Fe, Ni, Ci austenitic alloys) which 
may be used to sheath the vitrified waste in an underground 
repository. For this purpose it has been necessary to 
produce a liquor resembling the groundwater which would 
be present within the pores and interstices of granite 
structures. This has been achieved by extracting soluble 
salts from powdered granite with distilled water at 
temperatures up to 120° C. Analysis of the resulting 
liquor indicates the presence of up to 50 ppm chloride 
and significant quantities of Na, Sr and So. Rock samples 
heated to high temperatures (300 to 900°C) only lose 
chloride in the presence of steam. The granites exami
ned have shown no evidence of unexpected phase changes 
or other related thermal effects up to 1000° C. It is 
recognised that natural groundwater may contain much 
higher concentrations, derived from this and other sources. 

Field experiments are also planned in association with 
the heating experiments in Cornwall, primarily to develop 
equipment and techniques, in which corrosion specimens 
will be exposed both below the heater and in a separate 
borehole. Materials to be tested include the recommended 
Harvest cladding, steel, lead, copper, gold and titanium. 
The experimentation will permit temperature monitoring 
and atmosphere sampling above and around the specimens. 
It is recognised that the results may not be relevant 
to an actual disposal site. 

7.5.2. Dissolution_and_movement_of_radionuclide_through_the_rock 

A programme of research into the chemical effects which 
occur within a repository is in progress. Factors affecting 
the dissolution and movement of radionuclides through the 
rock are being investigated using leachate from simulated 
Harvest glass containing plutonium and americium as well 
as specially prepared actinide containing solutions. 
Retention of the nuclides by powdered granite has been investigated. 
In experiments in which 5 grams of granite was contacted 
with 25 millilitres of solutions containing 1.75 micro
grams of plutonium as plutonium nitrate, or containing 
2.5 micrograms of plutonium in the form of leachate from 
plutonium-containing glass, almost all of the plutonium 
was removed from solution in 15 days. Experiments using 
solutions containing 0.004 micrograms of americium gave 
similar results. Studies are continuing using these solu
tions to other concentrations, at elevated temperatures 
and in the presence of substances which may be contained 
in underground water sources, including silica, chloride 
and fluoride. Experiments are also being conducted using 
columns of powdered granite which are indicating similar 
retention factors. Subsequent release of retained 
nuclides will be investigated in parallel with the reten
tion studies. 
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7.7.5.3. Assessment of release of activity and pathway 
back to man 

The UKAEA has sub-contracted the National Radiological 
Protection Board to produce a release model and a 
transport model to assist in assessing the aafety of 
underground disposal. Preliminary results for a range 
of nuclides which will be present in the waste, making 
conservative estimates of rates of water movement and 
delay by sorption phenomena, indicate maximum doses to 
man which are a small proportion of those currently 
accepted by the ICRP. 
The calculations show that four radionuclides, 
99. 129. 226 , and 237 , give rise to the highest Ra Np Tc I 
individual and collective doses by the major exposure 
pathway without consideration of fresh water, terres-
tral or marine pathways, of direct ingestion of drin
king water. The peak individual doses from these radio
nuclides range from 2 % to 8 % of the dose limit for 
the relevant critical organ (figure 7_. 7·. 7 . ) ; 
peak annual collective doses are estimated to be of 
the order of 10 man rem to the critical organ and 
40 - 500 man rem to the total body. Radionuclides of 
secondary importance in terms of dose include the long-
lived fission products, 79 , 93„ , 

Se Zr 
126„ and 135„ Sn Cs 

and lower members of the actinide chains such as 
210. 210, 225. 229 and 233 . Peak individual Th Pa Pb Po Ra 
doses from these nuclides are in the range, 0.001-0.1%, 
of the appropriate dose limit; maximum annual collective 
doses are 1 - 200 man rem to the critical organ and 
3 - 4 man rem to the total body. 
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Figure 7.6.5 : Chemical composition of the materials 
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Figure 7.7.2 Experimental programme to investigate the interaction between 
hydrothermal fluids and rock materials at elevated temperature 
and pressure 
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STORAGE OF GASEOUS WASTE 

8 . 1 . G e n e I n t r o d u c t i o n 

Wi th t h e i n c r e a s e i n n u c l e a r power i t w i l l become 
n e c e s s a r y t o r e t a i n c e r t a i n r a d i o a c t i v e n u c l i d e s 
r e l e a s e d d u r i n g f u e l r e p r o c e s s i n g ( t a b l e 8 . 1 ) . 

T a b l e 8 . 1 : G a s e o u s and v o l a t i l e r a d i o n u c l i d e s i n 
s p e n t LWR f u e l e l e m e n t s i r r a d i a t e d t o 
33 GWD/MT and c o o l e d f o r 1 y e a r . 

E l e m e n t 
; R a d i o i s o t o p e 

H a l f - l i f e 
i n y e a r s 

A m o u n t s p e r m e t r i c 
t o n o f f u e l 

Volume 
o r W e i g h t 

Ac t i v i t y 
( H e a t d e c a y ) 

A r i s i n g s f rom 1400 m e t r i c 
t o n s o f r e p r o c e s s e d f u e l 

Volume 
o r W e i g h t A c t i v i t y 

K r y p t o n 
( K r - 8 5 : 7 %) 1 0 . 8 100 1 s t p 

1 0 . 6 k C i 
( 0 . 1 8 w / 1 

s t p ) 140 m s t p 15 MC i 

I o d i n e 
( 1 - 1 2 9 : 8 5 % ) 

1 . 6 * 1 0 7 280 g 40 mCi 3 9 0 kg 55 C i 

H y d r o g e n 
( H - 3 : ~ 1 0 0 % ) 

1 2 . 4 "JO. 6 1 s t p 7 0 0 C i 0 . 8 m s t p <~Ί MCi 

A p r o g r a m m e t o i m p r o v e o r d e v e l o p a l t e r n a t i v e m e t h o d s 
of c o n d i t i o n i n g and s t o r i n g t h e s e r a d i o n u c l i d e s was 
i n t r o d u c e d i n t h e l a s t a n n u a l r e p o r t (EUR 5749 e , f -
C h a p t e r 7 . 1 ) 

8 . 2 . K r y p t o n n c r ρ o r a t ο η 
t a l l i o M a t r i x (UKAEA, H a r w e l l ) 

The objective of this study is to design, construct 
and operate a half scale pilot plant to provide da
ta for an industrial plant and to assess the process 
and product. 

The process essentially consists of the implantation 
of the gas as ion into a metal by means of a glow 
discharge (Fig. 8.2.1 A) and then sealing it by coa
ting it with metal sputtered from the other electrode 
(Fig. 8.2.1 -B). By repeating the process a thick 
layer of deposit is built up containing about 170 
litres of Krypton per liter of metal. 

A schematic representation of a plant unit during 
operation and in long term storage is given in fi
gure 8.2.2. 
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8.2.1. Research Brogramme 

The reference gas to be stored is the Krypton which 
is removed - typically by cryogenic distillation -
from the dissolver off-gas of a reprocessing plant. 

Inactive krypton will be used except where specified 
otherwise. 

8.2.1.1. Environmental, Safety and Conceptual Process Design 
Studies 

A study will be made of the environmental characte
ristics and safety of the matrix storage method com
pared with alternative methods of storing radioacti
ve krypton from industrial fuel reprocessing plants. 
In addition a conceptual process design study of the 
full scale industrial plant for incorporating the 
krypton in the matrix will be provided. This will 
include estimates of the optimum design parameters; 
the power consumption and other cost information; 
plant control and operational characteristics; 
waste generation; and the extent to which the im
purities have to be removed from the krypton. 

These studies will provide a basis for the choice 
of the matrix material and of the design parameters 
for the pilot plant. The studies will be revised, 
where necessary, to take into account the results 
from operation of the pilot plant. 

8.2.1.2. Preliminary Studies 

These studies should provide detailed information 
required for the design of the pilot plant. The 
work will include : 
- The design, construction and testing of a proto

type rapid switch system for reversing the current 
since this rapid switching.involves some novel 
problems ; 

- Tests on candidate metals to select the optimum 
one for the metal matrix. Inert krypton filled 
layers of selected -materials will be deposited. 
The gas concentration and stability, and pumping 
efficiency (litres/kWV) will be measured. The 
deposits will be examined using appropriate 
metallurgical techniques; 

- Investigation of detailed design features for the 
process vessel; 

- Investigation of process parameters (e.g. voltage, 
switch frequency and current density) beyond the 
range so far covered; 
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Tests to determine the effect^of small amounts 
of other gases in the krypton, for example, xenon, 
air, hydrogen, water, etc. 

The equipment which will be used for these studies 
is existing and available at Harwell. 

8.2.1.3. Design, Construction and Commissioning of a Pilot 
Plant 

A pilot plant of nominally 1/2 full size (vessel size 
typically 20 cm diameter, 30 cm long) will be desi
gned, constructed and commissioned. The major com
ponents of this plant will be : 
- Power supply (i.e. transformer and associated con

trol system) capable of providing 50 kVA at varia
ble voltages up to 10 kV; 

- Rapid switch system for reversing the current; 
- Process vessels. It will be possible to connect 

various process vessels for different experi
ments; 

- Associated vacuum, cooling water, control and mea
surement systems. 

8.2.1.4. Operation of the Pilot Plant 

Design and operational information will be obtained 
using the pilot plant with the following objectives : 
- The general principles of the process will be 

demonstrated; 
- The optimum operating conditions of the plant will 

be determined; 
- The efficiency of the plant will be determined (in 

terms of litres of gas stored per kWh and useful 
volume utilisation); 

- The operating characteristics and control features 
of the plant will be investigated; 

- Reliable operator free operation under automatic 
control for long periods will be demonstrated; 

- Possible causes of breakdown will be identified; 
- The design limitations of the plant will be deter

mined (e.g. limiting thickness of matrix, electrode 
spacing, current density); 

- A special test will be carried out with fully active 
krypton to identify any effect on operational perfor
mance . 
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8.2.1.5. Testing of "Krypton Filled Matrix Material 

Thick specimens of Krypton filled matrix will be 
produced using the pilot plant. This material will 
be characterised and tested to establish its per
formance over the required long periods of storage. 
Trace active krypton will be used where required 
for the measurements. The following works will 
in particular be carried out : 
- The matrix will be examined using appropriate 

metallurgical techniques such as optical, scanning 
and transmission microscopy; 

- The thermal stability and krypton release versus 
temperature characteristics of matrix will be 
measured by an established technique of heating 
the specimens in a vacuum and measuring the quan
tity of krypton released; 

- The long term stability of the matrix will be 
investigated by encapsulating samples in eva
cuated containers and determining the quantity 
of any krypton released after storage at diffe
rent temperatures; 

- The radiation stability of the matrix will be 
investigated by bombardment with electrons of 
the appropriate energy; 

- The leach rate of the matrix will be measured 
using suitable techniques including the Soxhlet 
apparatus ; 

- The effect of rubidium generated by the decay of 
krypton 85 in the matrix will be investigated by 
injecting samples of the matrix with rubidium ions 
from an ion accelerator and observing the results 
at various temperatures using suitable techniques. 
For this the Harwell heavy ion accelerator linked 
to a 200 kV electron microscope in which the ef
fects of bombardment can be simultaneously viewed, 
or other high energy implantation facilities will 
be used; 

The equipment which is required for these studies is 
existing and available at Harwell. 
A schematic representation of a plant unit during 
operation and in long term storage is given in figure 
8.2.2. 
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Table 8.2 : Timetable of research programme (from 

July 1977 to December 1979) 

Point of programme 

: Environmental, safety and 

: process design study 

Preliminary study 

\ Construction of a pilot 

plant 

' Operation of a pilot plant 

: Testing of the conditioned 

: material 

: 197É 

in; iv ; ι ; II III IV I 

1979 : 

ii ;III \ iv : 

 : : 

8.3. K r y p t o n S t o r a g e ι n s u r e d 
l i n d e r (KFA, J ü l i c h ) 

The object of this research is to develop the concept 

of a long term storage of krypton in pressurized cylin

ders in an engineered structure and to evaluate its sa

fety and economic aspects. 

8.3.1. Research Programme 

The reference gas to be stored is the krypton remo

ved by cryogenic distillation from the dissolver off 

gas of a reprocessing plant with a capacity of 1400 t/a 

8.3.1.1. Literature Review and Basic Data 

Existing literature on storage of radioactive krypton 

in pressurized containers will be reviewed in order 

to constitute the startingpoint of the action. Main 

design data of the storage system will be determined. 

The following subassemblies will be considered.: 

 Storage cylinder; 

 Filling station; 

 Transport equipment; 

 Storage building including the required cooling 

system, ventilation, shielding, etc. 

Arisings and properties of the krypton as well as the 

principal characteristics and conceptual criteria for 

the different parts of the system will also be evalua

ted, taking into account the licensing guidelines. 
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8.3.1.2. Laboratory Study 

In case -of insufficient literature data the fol
lowing data will be experimentally determined : 
a) Heat transfer in the_SYstem Krypton-storage 

cylinder-coolant 

Storage cylinder models with simulated heat sour
ces will be used for experimentation. 

b) Corrosion of_storage_cylinder 

The interaction of rubidium, the krypton decay pro
duct, with the container material, taking into ac
count the influence of radiation and gas impuri
ties, will be studied and results extrapolated to 
the required storage term. 

c) Krypton immobilization_in an_absorber 

If suitable, the krypton immobilization in an 
absorber (Charcoal, M.S.) will be studied by 
using small amounts of radioactive krypton. 

8.3.1.3. Design Study of the Storage Facility 

On the basis of obtained results a concept of the 
storage facility will be elaborated. 

8.3.1.4. Safety and Economic Analysis 

A typical accident for each part of the system will 
be considered and the consequences will be evaluated 
(including the casual container failure). 
Capital and operating costs will be evaluated (DM/kg 
uranium) and compared to alternative storage concepts, 

8.3.2. Schedule_of_the_Research_Programme 

Table 8.3 : Timetable of the research programme 
(from July 1977 to December 1979) 

Point of the programme 

Literature review 
Laboratory study 
Storage study 
Safety analysis 
Economic study 

-1977 1978 
III; IV ' I : II : H I : IV 

1979 
II ·' III IV 
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8.4. S t o r a g e o f C h a r c o a l A b s o r b e d 
K r y p t o n i n P r e s s u r i z e d C y l i n d e r ~s 
(CËN/SCK, Mol) 
The incorporation in activated charcoal of the radio
active krypton to be stored in pressurized cylinders, 
may bring some advantages such as internal pressure 
reduction and attenuation of gas release in case of 
container failure. 

8.4.1. Research_Programme 

8.4.1.1. Characterization of the Activated Charcoals 

The following measurements will be taken on different 
types of charcoal : 
- Porosity distribution (micro and macro-pores) by 

nitrogen absorption and by mercury porosimetry; 
- Density (in mercury). 
Charcoals (3-4 types) will be selected to determine 
the krypton absorption rates at temperatures and 
pressures from -10°C to +50°C and from O to 900 mm 
of Hg respectively. 

8.4.1.2. Densification of Activated Charcoal Beds 

Optimizing of preparation techniques by vibration of 
single or mixed phases such as : 
- Granulated charcoal/powdered charcoal; 
- Granulated charcoal/metal powder; 
- Granulated charcoal/powdered graphite. 
The chosen charcoal bed will be used for the thermal 
conductivity measurements. 

8.4.1.3. Heat Transfer 
Measurements will be carried out on the different 
dried charcoal beds using nitrogen or krypton atmos
phere. An appropriate equipment will be assembled, 
consisting of a column (diameter : 95 mm) with a 
central heating element and thermo-couples. 
A mathematical model will be established to calcu
late the temperatures, pressures and krypton loads in 
cylinders having diameters of 5 and 20 cm. These 
calculations will be performed on the most favourable 
combination of thermal conductivity and adsorption 
capacity of charcoal beds. 

8.4.1.4. Influence of Rubidium 

Rubidium, which is the decay product of krypton-85, may 
cause a corrosion problem of the container. An experiment 
aimed at assessing this problem in presence of char
coal, will be conceived by comparing the actual vapour 
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pr es sur e of the charcoal absorbed rubidium to that 
of the free metal. An attempt will be also made 
to show the rubidium migration from the container 
wall towards the charcoal. 

Table 8.4 : Timetable of the research programme 
(from January 1977 to June 1978) 

Point of the programme 

Charcoal characterization 
Densification of charcoal beds 
Heat transfer 
Influence of rubidium 

I 
1977 
II III IV 

1978 
I n ; 

F e a i b t Y K r y p t o n S e a 
D i s a 1 (KFA, Jülich and ECN, Petten) 

A theoretical study has to be carried out on the 
whole concept of the sea dumping of krypton in pres
surized containers as a method of disposal. 
KFA-Jülich and ECN-Petten proposals have harmonized 
their programmes to avoid, as far as possible, dupli
cation of work. KFA will concentrate its efforts on 
the krypton handling and treatment before dumping, 
using conventional cylinders with re-usable shielding 
ECN will study radiological, legal and logistic as
pects of the sea disposal itself and different types 
of containers with integrated shielding. 

8.5.1. KFA-Jülich_Research_Programme 

The object of this research action is an analysis 
on the problems related to sea disposal of krypton. 

8.5.1.1. Characterization of the Gas to be Disposed of 

On the basis of the reference data it will be eva
luated : 
«· Krypton and rubidium contents in the container as 

a function of time; 
- Radiation; 
- Heat generation; 
- Rubidium problems (corrosion, chemical reactions). 
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8.5.1.2. Container Characteristics 

A stainless steel cylinder with a volume of not 

more than 50 liters is assumed to contain the 

krypton. The cylinder, which has to be hermeti

cally sealed, may be provided, with a special 

valve. The relevant parameters are : 

 Radioactivity content; 

 Temperature and pressure limits; 

·» Material problems (internal and external corro

sion, time of storage). 

8.5.1.3. îîeans of Transportation 

Specifications will be identified for the transport 

of gas cylinders from a planned reprocessing plant 

in Germany to dumping area. 

The transport of a gastighttype Β container will 

be examined and particular attention will be paid 

to the internal temperature reached in case of 

a fire accident. 

The following important aspects will be investigated 

 Single and collective containers; 

 Accident conditions; 

 Heat transfer in normal and accident conditions; 

 Shielding. 

8.5.1.4. Feasibility and Concept 

The whole concept.of krypton sea dumping and its 

feasibility will be defined. The important as

pects are : 

 Filling of the pressurized cylinders at the 

cryogenic distillation plant; 

 Sealing and leak testing of filled cylinders; 

 Interim storage of containers; 

 Transport to the harbour; 

 Transport by ship and dumping operation. 

8.5.1.5. Components and Management Steps 

Main emphasis of the study will be on components 

design and on safety analysis. 

Fabrication and materials problems will be identi

fied and the operation of the components behaviour 

during operation in normal and accident conditions 

will be evaluated. 
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The following aspects will be investigated in 
the safety analysis : 
- The"pressurized cylinders will be designed to 

relevant German standards making special al
lowance for the high radioactive gas; 

- Filling, scaling and leak detection will be 
provided in the gas treatment plant; 

- The heat evacuation and a continuous leak moni" 
toring of the containers will be assured during 
the interim storage and the optimum storage 
period will be evaluated; 

- According to the "Railway regulations" and the 
"European convention for transport by land of 
dangerous goods", a reusable transport contai
ner (type B) will be required; 

- A ship specially equipped with decay heat 
removal system and a rig for the dumping will 
be needed. 

8.5.1.6. Behaviour of Krypton after Sea Dumping 

In consideration of the ECN-Petten programme on 
the subject (see Chap. 8.5.2) this study will be 
limited to the krypton hydrate formation and in 
particular : 
- Hydrate formation as function of pressure and 

sea-water temperature; 
- Influence of the decay heat on stability of the 

hydrates; 
- Diffusion of the hydrates. 

8.5.1.7. Cost Evaluation 

A cost estimate of the developed concept will be 
prepared. 

8.5.1.8. Accidents 

The consequences of accident in the system for 
krypton sea disposal will be analysed and evalua
ted as individual dose under conservative assump
tions. Accident related to all relevant opera
tions will be analysed. 

8.5.1.9. Legal Problems 

As this aspect will be mainly treated by ECN-Petten, 
only specific problems arising in Germany will be 
examined : for instance considerations in view of 
the extension of "Regulations on pressurized gas" 
and of "Technical principles" to handling self-
heating radioactive gases. 
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T a b l e 8 . 5 : S c h e d u l e f o r t h e p rog ramme e x e c u t i o n 
( f rom J a n u a r y 1978 t o December 1979) 

Point of the programme 
1978 

II : I I I IV 

1979 

I I : I I I IV 

C o n t a i n e r a n d t r a n s p o r t 

F e a s i b i l i t y a n d c o n c e p t 

C o m p o n e n t s a n d m a n a g e m e n t 
s t e p s 

K r y p t o n b e h a v i o u r a f t e r 

d u m p i n g 
Safety and legal aspects 

I ■ I 

8.5.2. ECNPetten Research_Programme 

8.5.2.1. Design Study of the Container 

The krypton container will be designed according to 

the rules and requirements of the IAEA Regulations 

for the Safe Transport of Radioactive Materials, 

1973 Revised Edition. One of the consequences is 

the application of the doublecontainment concept. 

The container will be designed in such a way that 

in the unlikely event of the inner vessel failure 

the outer vessel can withstand the pressure of 

the krypton during and after the test period. 

The shielding will form an integral part of the 

outer vessel and will consequently be dumped 

together with the other parts of the container. 

Such a container can easily be stored, transpor

ted and dumped at sea at any suitable moment 

without special provisions. 

8.5.2.2. Feasibility Study 

This study will be limited 

rical containers with 10 a 

and varying filling mass o 

aspects will be considered 

to cylindrical and sphe

nd 100 litres capacity 

f krypton. The following 

 Temperature distribution : Apart from the tempera

stationary situation, spe· 

liven to the transient si

test ; 

ture distribution in.the 

cial attention will be g: 

tuation during the fire 

 Strength : The following 

internal gas pressure, e 

test, hydrostatic pressu 

ter sea dumping, tempera 

pact in case of the drop 

loads will be considered : 

specially during the fire 

re on the outer vessel af

ture induced stresses, im

tests; 
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- Filling procedure and leak-tight closure of the 
container 

- Leak detection 

8.5.2.3. Design of Selected Concepts 

Not more than four concepts will be selected for the 
design study. The following aspects will receive 
particular attention : 
- Choice of material; 
*« Strength under normal and accident, (drop and fire 

tests) conditions, possible contribution of shiel
ding to strength; 

f Heat dissipation outwards; 
~ Heat inflow during fire; 
" Filling and sealing procedure; 
- Fabrication technique and assembly procedure inclu

ding the required shielding; 
The amounts of radioactive krypton to be disposed of 
till the year 2000 will be estimated, on the basis of 
the forecast reprocessing capacity in the European 
Community. 

8.5.2.4. Sea Disposal of Radioactive Krypton 

All stages of the sea disposal operation will be 
studied, both when using a container with Integra" 
ted shielding, or when applying a conventional 
pressurized cylinder with re-usable shielding. 

8.5.2.5. Interim Storage and Overland Transport 

Since sea disposal operations are of discontinuous 
character, interim storage is required. This aspect 
will be briefly treated considering the different 
types of containers. 
Rail and road transport will be compared for the trans· 
port to the harbour from the reprocessing plant and 
the radiological consequences of a container failure 
during transport will be briefly considered. 

8.5.2.6. Ship Transport and Dumping 

Special requirements and their influence^on the choi
ce of a ship for sea disposal will be investigated. 
The problem of heat dissipation and the possible ther
mal shock at dumping will be examinated. Special at
tention will be given to a convenient technique for 
dumping cylinders from their transport containers 
under radiologically safe conditions. 
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8.5.2.7. Radiological and Legal Aspects 

The dispersion of radioactive krypton released from 
containers after they have reached the ocean floor 
will be discussed, taking as a basis the radiolo
gical safety assessments for sea disposal of high-
level waste as recently published by the British 
National Radiological Protection Board. The up
take capacity of the.Nord Atlantic for radioactive 
krypton will be established and radiological 
consequences, in terms of dose commitments to 
man, will be derived to an indicative scale (a full 
radiological assessment i s not in the scope Of this 
study). 

The aim and directives of the London Convention will 
be treated in short. It will then be examined, on the 
basis of the assessment described in the previous section, 
whether sea disposal of large amounts of krypton-85, now 
prohibited, could be tolerated on the basis of radiologi
cal consequences and perhaps advocated in comparison with 
other disposal techniques. 

Table 8.6 : Schedule of the research programme 
(from Mav 1978 to December 1979) 

; Point of the programme 

t 
: Container design study 
Feasibility and selected 
concepts 

: Radiological aspects 
Legal aspects 

II 
li 

III 

} 

)78 197! 
iv ; i ; II 

ι ^ : 

} : ί j 

i 
III IV : 

! 

. 

8.6. K r y p t o n I m m o b i l i z a t i o n b y 
^ E n c a p s u l a t i o n i n Z e o l i t e s 
(Nukem, Hanau) 
Nukem has submitted a proposal for the following 
research : 
a) Molecular_sieve_selection on the basis of the 

highest absorption capacity (micro and macro<-pores) ; 
b) Absorgtion conditions j temperature, pressure and 

loading times optimization and investigation on 
influence of molecular sieve pre-treatment; 

c) Measurement of _absorption rate : pre-treatment 
influence in storage conditions and at sealing 
temperature (max. value); 

d) Sealing : choice of material (resins, glass) and 
sealing technique; 
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e) Overall_concept study_considering_safety; 

f) Cost_estimate : ecently Nukem has proposed to 
cãrry~õut this- research project at KfK. 

8.7. S c r e e n i n g S t u d y o n T r i t i u m 
I m m o b i l i z a t i o n (UKAEA, Harwell) 
The objective of this study is to sur-vey and assess 
candidate materials for tritium immobilization. The 
work will take tritium management 
strategies that may be adopted in the Community and 
the results should identify the most promising immo
bilization methods for further development. 

8.7.1. Basic Considerations for_the_Research Programme 

As reprocessing plants produce huge volumes of tri-
tiated water - the high activity waste alone is of 
the order of 5 m per metric ton uranium - new tech-> 
niques, resulting in smaller volumes, will have to 
be applied in order to render incorporation of the 
tritium in a solid material economically acceptable. 
The following techniques are in particular envisaged 
- Recycling of the aqueous streams : it has been es

timated that the volume of waste water could be 
reduced by a factor of 10 or more; 

- Recycling as above, followed by isotopìe separation 
the optimum concentration should be evaluated (com
plete separation would lead to about 0,2 cm of 
T O per metric ton uranium; 

- Voltoxidization : it has been estimated that by 
this modified head-end process the tritium could 
be confined to the order of 10 litres water per 
metric ton uranium. 

As the tritium concentration, depending on the fore
going options, will influence the relative merits of 
the candidate materials for immobilization, these op
tions should be separately considered in this study 
and their cost should be taken into account in the 
economic comparison of the materials. 

8 . 7 . 2 . Identification_of_Candidate_Materials 

8.7.2.1. Theoretical Review 

A literature study will cover published papers both 
on specifying methods proposed for tritium storage 
(including concrete, calcium/ sulfate , organic poly
mers, molecular sieves, metal hydrides, etc.) and on 
methods for hydrogen storage. 
Parallel thermodynamic studies and solid state criteria 
will be worked out to identify the most promising classes 
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of material for hydrogen immobilization, such as 
hydrides and organic materials; this review may al
low the identification of highly stable natural mi
nerals (e.g. hydroxy apatite) for further conside
ration . 

8.7.2.2. Criteria for a Tritium Immobilization Technique 

The criteria to be met by a tritium immobilization 
technique will be reviewed and an estimate made of 
the volume and tritium concentration of arisings 
for tritium waste management schemes with and without 
recycle and isotopie enrichment. 

8.7.2.3. Preliminary Appraisal 

The information derived from the previous sections will 
be combined and assessed as follows : 
- A preliminary list of candidate materials will be 

assembled, together with significant criteria which 
will influence selection; 

- Limited flowsheet studies as block diagrams will be 
made to identify unknown areas needing further stu
dy; 

- If feasible, an initial screening will be made to 
reduce the number of candidate materials, so that 
the remainder can be examined in greater depth. 

8& 7 . 3.. .lnvestigation_of_Possible Immobilization_Schemes 

8.7.3.1. Properties of the Product Solid 

The solid containing the tritium must be safe and sta
ble under the possible environmental conditions of trans
port/storage/disposal. The assessment should cover : 
- The general stability of the material - such factors 

as chemical stability, flammability, thermal stabili
ty, vapour pressure and friability; 

- The properties of the materials within the proposed 
storage/disposal environment - for example resistance 
to leaching; 

- A review of possible canning methods; 
- Any possible interaction between the immobilizing 

solid and the container material, within possible 
storage/disposal environments. 

8.7.3.2. Effects of Tritium on the Solid 

The presence of tritium may pose special stability 
problems, even for materials which are apparently sa
tisfactory for hydrogen storage. Following studies 
will be carried out : 
- A review of literature data on isotopie exchange 
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rates for tritium. This should cover possible ex
change rates between tritium in the material used 
for immobilization and water or water vapour,· 

- An assessment of the effects of radiolysis 
This should cover both the possible effects of 
radiation on the stability of the host material 
and the possible formation and release of "hydro
gen" gas; 

- Any possible pressure effects caused by hydrogen 
release as a result of radiolysis and any conser-
quent effects on the stability of the host material; 

- Any potential hazard which might arise in the event 
Of storage failure (e.g. the release of dust contai
ning tritium). 

8.7.3.3. Comparison of immobilization Processes 

The following aspects wil-l be considered in particu-
lar in the selection of the processes and -materials 
for tritium incorporation : 
- Complexity of the process - is a reasonable produc

tion process feasible; 
- Recycle requirements-- is tritium totally retained 

during the immobilization process, or is recycle of 
the off-gases needed (e.g. during setting of cement); 

- Secondary wastes -.are there any arisings that might 
cause disposal problems (e.g. toxic materials); 

- Problem areas - a limited appraisal of the safety 
of the process is needed (e.g. are there any explo
sive off-gases). 

8.7.4. Overall agpraisal_and_Recommendations 

The information obtained will be assessed, using 
flowsheet studies where appropriate, in order to 
analyse the most promising systems and to allow a 
preliminary economic analysis. The outcome will 
be : 
- A list of promising candidate materials for tri

tium immobilization; 
- A list of the classes of material rejected, with 

reasons; 
- An identification of key areas where the data are 

uncertain and experimental studies are needed; 
- A note of any options for "synenergy" in disposal 

(e.g. the conversion of Zircaloy hulls for zirco
nium hydride storage); 

Recommendations will be provided on experimental work 
that is needed to complete the assessment study. They 
will cover : 
- Immobilization materials for which experimental stu-
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dies on production and tritium storage should be 
made. If feasible, recommendations will cover ma
terials to suit the various possible tritium waste 
management strategies; 

- Experiments needed to resolve uncertainties in cri
tical data. 

Table 8.7.: Timetable of the research programme 
(from October 1977 to September 1978) 

Point of the programme 

: Candidate materials 
Investigation of immobili
sation schemes 

: Conclusions and recommen-
: dations 

1977 

IV I 

1978 

II ] III' IV 

8 .8 I o d i n e n c o r r a t i o n L o w 
M e 1 t i 
Rennes) " g G 1 (Le Verre Fluoré - S.a.r.l 

Stable fluoride glasses have been obtained in the 
Zrf -ThF -Baf systems. They have a sufficient yis-
cosity at the melting temperature of about 600"C to 
retain iodides and therefore they could be used to 
condition radioactive iodine for final disposal. 
The objective of this study is the development of 
new glass compositions for this purpose and the 
characterization of the obtained products. The 
iodine to be conditioned is assumed to be separated 
by various methods at the reprocessing plant and 
converted to iodide. 

8.8.1. Research_Programme 

8.8.1.1. Solubility Determination of Alkaline and Alkaline-
Earth Iodides in the Existing Glasses 

The iodide (Nal, KI,Bal ) quantities which could be 
dissolved in the glasses of following systems will be 
determined : 
a) ZrF-BaF„-ThF, 

4 2 4 
b) ZrF -BaF -LaF 
c) ZrF.-ThF.-LaF. 

4 4 3 
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The relations between iodine concentration and va
rious parameters of product qualit'y ' will be determined. 

8.8.1.2. Research of New Low Melting Glasses 

The new glass systems in which.barium fluoride will 
be partially replaced by an alkaline fluoride are : 
a) ZrF4-ThF4-BaF2-NaF 
b) ZrF -ThF -BaF -KF 
c) ZrF -LaF -BaF -NaF 
d) ZrF -A1F -BaF -NaF 
The thermal characteristics and the solubility limit 
of the various iodides in these new glasses will be 
determined. 

8.8.1.3. Research of Glasses Having an Iodide as Constituent 

In order to achieve the highest iodine concentra
tion in the glass, vitreous phases will be examined 
in ternary or quaternary diagrams of the following 
systems in which a component is an alkaline or alka
line-earth iodide : 
a) ZrF -ThF -Bal 

4 4 2 
b) ZrF -ThF -Nal 
c) ZrF -ALF -Nal 
d) ZrF -ThF -BaF -Bal„ 

4 4 2 2 
e) ZrF.-ThF -BaF -Nal 

4 4 2 
The results obtained with thorium fluoride will be ex
trapolated to lanthanum fluoride where ever of interest. 

8.8.1.4. Adaptation of the Fabrication Process 
To avoid that some iodine escapes during conditioning, 
the existing process will be modified in such way that 
the oxy-reduction potential of the glass bed would sta
bilize iodine as I anion. 

8.8.1.5. Characterization of Iodine Charged Glasses 

Following measurements will be carried out : 
a) Physical grogerties 

- vitreous transition temperature at melting; 
- relative stability of the glasses (vitrification 

rate); 
- resistance of selected glasses against thermal 

shock (expansion coefficient). 

b) Radiation stability 

Radiation stability Will be evaluated on samples con· 
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taining stable iodine exposes to beta, gamma and 
neutron fluxes. 

c) Resistance against corrosion 

Iodine charged samples will be tested at different 
temperatures for their resistance in following me
dia : 
- normal humid air and steam; 
- neutral aqueous solution; 
- acid solution; 
- basic solution; 
- organic solvents (trichlorethylene and oils). 

Table 8.7 : Timetable of the research programme 
(from January 1978 to June 1979) 

Point of the programme 

: Solubility determination : 
Research on low-melting glass 

: Research on iodine-glass ; 
Fabrication process study 

: Characterisation of iodide- ; 
: g 1 a s s : 

I 
1978 
II 1 III * IV 

: -

. . ». 

1979 
I \ II 

8.9. I o d i n e I n c o r p o r a t i o n l· n 
Ε ρ ο χ y-R e s i η s (CEN, Mol) 
A research on this method of radioactive iodine con
ditioning to be carried out by CEN is under consi
deration. 
The main points of the programme are : 
- Transformation of the retained iodine into an 

insoluble compound (Agi, Pbl , PbXO , Cui); 
- Laboratory tests of the pre-treatment techniques; 
- Epoxy-resin coating technique; 
- Stability and leach tests of the conditioned product 

in various media (clay, salt, etc.) using 1-129; 
The detailed research programme has yet to be elabo
rated . 
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® Implant phase 

- 2 kV 

® Build-up phase 

I 

FT i- ! 11 11 ¡Ί 
Ι ί 1 ι ι ι ι ι i ι 1 
1 1 1 1 1 1 1 1 1 1 1 
TIT TIT f i f f i f f i f 

i l -2kV 

Fig. 8.2.1 : A - Implantation phase of Kr ions into the metal 
Β - Coating phase by sputtering metal ions (reversed polarity) 

During operation 

Water cooling 

During storage 

Cap 
welded on 
for storage 

F ig . 8 .2 .2 : Plant u n i t 
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9. SEPARATION AND TRANSMUTATION OF ACTINIDES (UKAEA, HARWELL AND ECN PETTEN) 

UKAEA and ECN have accomplished an assessment of the various techniques 
and strategies of actinides separation and nuclear incineration. 
The results of this study have been published (EUR 5801 e). 

As the research work in progress at the Joint Research Centre covers 
most parts of this field, it was decided to transfer these activities 
to the direct action programme. 
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10. Review of problems raised hy radioactive waste management which could not 

he solved within the framework of the existing legal, administrative and 

financial provisions 

A study has been conducted oy various national experts working under a 

contract with Environmental Resources Ltd, to determine the status of law 

applicable to radioactive waste management in the ¡fernher States of the 

Community. The final document consists of the various national reports and 

a consolidated report . 

The composition and main conclusions of the consolidated report are as 

f o lloví s : 

Introduction :  origin of radioactive wastes, classification, quantities; 

 practices followed in waste management and in legislation 

in the various Jfember States; 

 competent national authorities. 

It emerges that there is no legal definition of the term "radioactive waste", 

except in Germany and the United Kingdom. 

The German definition explains the concepts "waste" and "radioactive", but 

does not establish a threshold below which an item of waste is no longer to 

be considered radioactive. The British definition only explains the term 

"radioactive" with figures to indicate the thresholds. The report considers 

that the German definition is, from the legal point of view, a good model for 

subsequent developments at international level. 

The report then adopts a form of presentation comprising : 

 temporary storage (recoverable wastes) 

 transport 

 disposal (nonrecoverable wastes) 

 discharge to the atmosphere and/or into water 

 burial or immersion 

κ Now being published; author : Professor Ξ. de Pontavice (Prance) 
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This presentation would appear to form a basis for subsequent legal 
developments. It may be noted that it differs from the approach adopted 
by those responsible at the technical level for waste mananagement, which 
makes a distinction at the outset between the concepts of "dilution + 
dispersion" and "concentration + containment". 

On the subject of legislative practice, the available data are very general 
and do not specifically concern radioactive waste. 

Part I : Prevention of damage caused by radioactive waste 

Intermediate storage seems to be adequately covered, as far as the radiation 
protection aspects are concerned, by existing national legislation based on 
the ICRP recommendations. Projects undertaken also seem to be adequately 
covered by existing legal procedures authorizing the construction of storage 
plants and/or the storage of wastes. 

Transport of radioactive wastes appears to be adequately covered by the IAEA 
regulations on the transport of radioactive products and the corresponding 
legislation at national level. 

The disposal of radioactive wastes (for the purposes of the report) is 
covered : 

- with regard to the discharge of gaseous wastes to the atmosphere, by 
national legislation based on the ICRP recommendations; 

- with regard to the discharge of liquid wastes into national waters, by 
the same legislation; discharge into international waters appears to be 
covered by various international conventions relating to carcinogenic 
substances in general; 

- with regard to the underwater disposal of immobilized solid wastes, by the 
London Convention and the control procedure drawn up by the OECD Nuclear 
Energy Agency. 

Disposal by burial underground is contemplated at present only by German 
legislation. 
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Part II : Civil liability for damage caused by radioactive wastes 

The liability referred to seems to be covered, as far as temporary storage 
and transport are concerned, by national legislation based on the Paris and 
Brussels Conventions relating to nuclear operations in general. These 
Conventions have been signed by all the Member States of the Community, but 
the Netherlands and Ireland have not yet ratified them. 

The report notes however the diversity of specific arrangements adopted by 
each country (amounts, time limits). 

Civil liability with regard to final disposal of radioactive wastes is also 
governed, according to the authors of the national reports, by the above-
mentioned rules applicable to temporary storage. 

The report consideres that this is indeed the case with the discharge of 
waste into water or to the atmosphere but expresses doubts regarding long-
term storage and the disposal of wastes underwater. 

It notes that, while the Paris Convention covers disposal sites, its appli
cation would involve liability on the part of the operat or for an unlimited 
period, for the extinction period (10 years) takes effect from the time of 
the accident and not from the time of disposal (Article 8(b) of the 
Convention). It also points out that, in the event of an accident caused by 
the disposal underwater of wastes of different origin, the victims would 
probably have no recourse, for the Convention would require the operators 
responsible to be identified, which would probably be technically impossible, 
The report concludes that compensation for damage arising from the disposal 
of radioactive wastes is not fully guaranteed by the Paris Convention. 
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Third part : General provisions 

All the national legislative arrangements include such provisions (fines, 
imprisonment). The report considers,however, that these provisions are much 
too weak in relation to the risks involved. 

The report also considers that international law as it now stands provides 
no scope for the organization of an international system of control. 

Conclusion : The routine management of radioactive wastes is covered in 
the Community as a whole by a licensing system which makes it possible to 
provide in what the report states is a fairly satisfactory manner for the 
protection of workers and the public, especially in view of the fact that 
these authorizations are based on international standards, which, ensures a 
certain degree of uniformity in legislation. 
The report also makes recommandations regarding the role to be played 'oj the 
Community on this question. 
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11. LIST OF CONTRACTS 

( i n d i r e c t a c t i o n ) 



INDIRECT ACTION 

Programme sheet Nr. 1 : Immobilisation of medium active solide waste with plastic resins 

Con

trac

tor 

STEAG 

(D) 

SENA 

(F/B) 

Project and major programme items 

Immobilisation of medium active solid waste 

with plastic resins 

Construction of a pilot plant for immobilisation 

of medium active solid waste with plastic 

resins 

Total 

Est.tot. 

expendi

ture 

(MUA) 

0.48 

1.6? 

2.15 

EEC Contri

bution 

(MUA) 

0.12 

0.36 

0.48 

Time scale 

1976 1977 1978 1979 

I . I . I 

I I 

Ι ι 

Contract 

N° 

027767 

WASD 

039776 

WASFB 

o 
■fa. 



INDIRECT ACTION 

P £ o a r j > S i ï e _ 1 ^ ^ High activity solid waste : decontaminatior, and conditioning of irradiated fuel element claddings 

Con

trac

tor 

CEN 

(8) 

CEA 

CF) 

K f K 

(¡» 

UKAEA 

Project and major programme ite/ss Est.tot. 

ture 

(MUA) 

Press compaction and embedding in low melting, alloy 

Development of the process 

Conceptual study of reference process 

Decontamination fay, glass (ZrY eutectic) and cor>di-
tionin£ : 

 Laboratory experiment 

 Experiments at semiindustri al scale 

Egli f la t tening and embeddjnq^in concrete : 

 Development of the process 

 Conceptual study of reference process 

 Comparative study of a l l methods 

Cj iaraaer izat ion oj r a d i o a c t i v i t i e s in c.UdcKQa 

wastes : 
Actinides .· to ta l content, surface and depth 

d i s t r ibu t ion 
Fissian & Activation products : to ta l content , 

depth d i s t r i b u t i o n 

Total 

0.45 

0.39 

0.40 

0.16 

1.40 

EEC Cor r í 

CKUM 

0.20 

0.17 

0.18 

0.07 

0.62 

Time scale 

1976 1977 1975 

| \ '■ t Α.. ) ...J.... > « j 1 

j inact ive simulated* waste«? 

L 

CZZIZl 

r~ 

c 

fsimuTeted "wâsTëlf" 

tons t .+ Oserete p ì l o t ( i n a c t ) j 

CU 

At least 8 batchs from Ï PWR, BWR, 

FBR, SGHWR, AõR (leached and P.I.E. 

03 7To

ll 

WASUK 

o 
en 



INDIRECT ACTION 

_ _ _ ^ — 1 ■ — — 

Programme sheet Nr. 4 : Treatment of combustible alpha 

Con

trac

tor 

CEN/ 

SCK 

TB) 

UKAEA 

(GB) 

UKAEA 

(GB) 

AGIP 

NUCLE

ARE 

(I) 

KFK 

(D) 

GRAVA

TOM 

(GB) 

Project and major programme items 

High temperature incineration 

 Experiments with simulated alphawastes 

Critical factors of Purecovery from ashes 

 Exploratory phase 

 Systematic experimental study 

Engineering study of pyrolysis process 

 Pyrolysis reactor (inactive) 

 Engineered offgas, char handling systems 

Molten salt Incinerator 

 Inactive lab. tests 

 Hot bench scale experiment 

 Inactive pilot plant 

Acid digestion process 

 Digestion test facility (inactive) 

 Acid recycling 8 offgas systems 

 Pu recovery test rig (alphaactive) 

Radiation assisted pyrolysis study 

 Preliminary feasibility study(continuât ion pen
ding on results of this study) 

 Construction and Operation of exoerimental plant 

Total 

./astes 

Est.tot. 

expendi

ture 

(MUA) 

1.17 

0.55 

0.60 

0.97 

0.86 

0.27 

4.42 

EEC Contri' 

but ion 

(MUA) 

0.50 

0.25 

0.24 

0.38 

0.34 

0.11 

1.82 

Time scale 

1976 1977 1978 1979 80 

, I t I . I . I 

ν X 
inactive operation lactive | 

I. 

L ex active 1 

:onstruc. | operate 
— 

I 

t 
t 

itudy || Const. | operate 

const J 

1 

operate 

| construct. operate 

Construct operate 

ι 
site prep S construction ooe 

Feasib.stud^ 

1 

1 
1 
r. 

rnnstr. Cner. 1 

Contract 

N° 

017.76.7 

WASB 

0497711 

WASUK 

0507711 

WASUK 

336767 

WASI 

044777 

WASD 

0457711 

WASUK 

M 
O 
CO 



INDIRECT ACTION 

Prog 
noramme sheet Nr. 5 : Joint programme of testing 5 reference substances of immobilization materials for solid HLW 

Contrac

tor 

CEA (F) 

'JKAEA 

(GB) 

UKAEA 

(GB) 

UKAEA 

HMI (D) 

Project and major programme items 

Leach tests on active vitrified HLW blocks 

Leach tests at various temp. S leach liquors 

Divitrification versus leach rate 

Alpharadiation versus leach rate, helium 

release S Wigner energy 

Divitrification effects on structure 

Total 

Est.tot. 

expendi

ture 

(MUA) 

0.18 

0.05 

0.13 

0.23 

0.25 

0.84 

EEC Contri

bution 

(MUA) 

0.08 

0.02 

0.06 

0.11 

0.10 

0.37 

Time scale 

1976 1977 1978 1979 

■ I . I ■ I ■ I ■ I ■ I u_J—L_ 

CD 

100° c various Τ 

annealing leaching 

nanuf. i r r a d i a t i o n tes ts 

instr. prep. testing 

Contract 

N° 

0407711 

WASF 

034771 

WASUK 

029771 

WASD 

M 
O 
J 



INDIRECT ACTION 

Programme sheet Nr. 6 : Joint study of air & water cooled interim storage for solid HLW 

Con

tractor 

BN 

(Β) 

NUKEM 

(D) 

NUKEM 

(D) 

BN 

(Β) 

Project and major programme items 

Definition of basic schemes 

Conceptual design 

Risk analysis 

Economic analysis 

Total 

Est.tot. 

expendi

ture 

(MUA) 

0.10 

0.13 

0.07 

0.08 

0.38 

EEC Contri

bution 

(MUA) 

0.05 

0.07 

0.03 

0.04 

0.19 

1976 

E : 

Time scale 

1977 1978 1979 80 

■ ι ■ I ■ L _ J I — ι — I — ι ! — ι 

Contract 

N° 

0417710 

WASB 

042777 

WASD 

042777 

WASD 

0417710 

WASB 

M 
O 
CO 



Programme Sheet Nr 7 : Underground disposal 

Con
trac
tor 

GFK 
(D) 

ECN 
(ND 

CEN/ 
SCK 
(8<> 

CNEN 
(I) 

CEA 
(F) 

DKAEA 
GB) 

Project and major programme items 

Disposal of radioactive waste in salt formations 

Disposal of radioactive waste in salt formations 

Disposal of radioactive waste in deep clay 
format ions 

Disposal of radioactive waste in clay formations 

Disposal of radioactive waste in hard rock 
format ions 

Disposal of radioactive waste in hard rock 
formations 

Total 

INDIRECT ACTION 

Est.tot. 
expendi
ture 

(MUA-) 

2.81 

0.25 

0.95 

1.40 

1.60 

1.44 

8.45 

EEC Contri
bution 

(MUA) 

1.34 

0.10 

0.48 

0.70 

0.70 

0.54 

3.86 

.Time 
1976 1977 

I , 1 , 1 . » 

scale 
1978 

. 1 . . . ί 

1 

1 

I 

1 

015-76-1 
WASD 

026-76-7 
WASNL 

013-76-1 
WASB 

020-77-9 
WAS I 

019-76-7 
WAS F 

018-76-7 
WASUK 

O 
CD 



INDIRECT ACTION 

Programme sheet Nr· 8 : Storage of gaseous vastes 

Contrac
tor 

E.CH 
<NL) 

(¿"A 
(D> 

ft.d. 

CEN 
(B) 

n.d. 

project and major programme items 

Feasibility of Krypton sea disposal 

Est.tot-
expendi" 
ture 

VKiW 

EEC Contr i 
but ion 

0.08 

Theoretical analysis of problems relied to 
Krypton *** disposal 

0.09 

IJKAEA Tr i t i um imgobjIizat-JP" in a s£iJPJ meteÇJaj ·* 

Theor. screening ?tudy on candidate mater ia l 

0.1 

experimental study 0" tritiurt* immobilization 
(Work to £>e defined after preliminary assessment 

incorporation of iodine in plastic resins : 
- Inactive experimental study 
- Leaching test (trace of 1-129) 

**Ό.1$ 

V 0 . 1 2 

Hryatoft encapsulâtior» in l eoVí^s · 

 Experimental study 0* the method 0.17 

0.03 

0'03 

0*04 

006 

0Λ\ 

0.06 

Time scale 

1976 1977 1978 1979 

L^~)—jj>... L^JL^J i L·—I 

cr 

Contract 

Nr 

052786 

WAS Ν 

05V781 

WAS
 û 

C~_J 

» — 

0¿,¿'77~7 

WA S í ' 

• I 

^12 _mont^\ 

O 



Programme 

Contrac

tor 

LE VERRE 

FLUORE 

s.a.r. 1. 

CF) 

CEN 

(B) 

— —r —~ 

UKAEA 

(UK) 

KFA 

(D) 

sheet Nr. 8 : Storage of gaseous wastes 

Project and major programme items 

Incorporation of iodine in low melting glass : 

 Laboratory experiments 

Charcoal absorbed Krypton storaqe in cylinders 

(low pres.) : 

 Experimental study 

Krypton incorporation in a metallic matrix : 

 Design, construction and commissioning of a 

pilot plant (halfscale) 

 Pilot plant operation 

Krypton storage in pressurized cylinders : 

 Laboratory experiment 

 Conceptual study of engineered storage unity 

Total 

INDIRECT ACTION 

ist.tot 

Expenditure 

(MUA) 

0.25 

0.14 

0.17 

1.84 

EEC Contri

bution 

(MUA) 

0.09 

0.06 

0.08 

0.76 

Time seal 

1976 1977 19 

I , I , I . I . J , 

e 

78 

I 

1979 

, . L , ι ■ ι 

active 

Contract 

N° 

054781 

WAS F 

048771 

WASB 

043777 

WASUK 

047777 

WASD 

ro 
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12. LIST OF PUBLICATIONS 

1) Commission of the European Communities : The Communities R & D 

Programme "Radioactive waste management and storage", First annual 

progress report nr EUR 5749 (1977). 

2) A.D. Marwick - "The distribution of plutonium on spent fuel element" 

AERE R 8606. 

3) J.L. Jenkins and M.J. Waterman - "The distribution of =(, and y emitters 

in Prototype Fast Reactor stainless steel hulls" AERE R 8608. 

4) R.L. Dillon, Paper 16 in the IAEA/ΝΕΑ Technical Seminar on the treatment, 

conditioning and storage of solid alpha-bearing waste and cladding hulls -

Paris, Decemter 5-7, 1977. 

5) G. Cottone "Arising of cladding wastes from Nuclear fuel in the European 

Community"- EUR 5969 (1978). 

6) N. Van de Voorde "Incineration of solid wastes contaminated with 

Plutonium" - Annual Progress Report - Contract Nr EUR-017-76-7 WAS Β 

(to be published) (CEN/SCK). 

7) N. Van de Voorde "Le traitement des résidus radioactifs Alpha au CEN-

S£K de Mol" - IAEA/ΝΕΑ Technical seminar on the treatment, conditioning 

and storage of solid alpha-bearing waste and cladding hulls - Paris, 

December 5-7, 1977. 

8) J.L. Jenkins and R.F. Taylor "Treatment of Stainless Steel and Zircaloy 

Cladding Hulls" IAEA/ΝΕΑ Technical Seminar on the treatment, conditioning 

and storage of solid alpha-bearing waste and cladding hulls - Paris -

December 5-7, 1977. 

9) J. Hamatra, Radiotoxic Hazard Measure for Buried Solid Radioactive Waste, 

Nuclear Safety, 16, Nr 2, March - April 1975, 180. 

10) Rijks Instituut voor Drinkwatervoorziening; Een eerste proeve van een 

geohydrologisch model voor het oplossen van een zoutkoepel en voor de 

transportweg van radioactieve afvalstoffen naar de oppervlakte, nadat de 

beschermende zoutlagen van de opbergholte verdwenen zijn. Voorburg, 

April 1977. 
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11) J. Hamstra and Β. Verkerk, Review of Dutch Geologie Waste Disposal 

Programme. Int. Conf. on Nuclear Power and its Fuel Cycle Salzburg. 

May 1977, paper IAEA  CN  36/289. 

12) J. Hamatra and J.W.A.M. Kevenaar, Temperature Calculations on Different 

Configurations for Disposal of Highlevel Reprocessing Waste in a 

Model Salt Dome ECN Report t.b.p. 

13) B. Verkerk,,Stralingsinvloeden op keukenzout, voor zover van belang bij 

opberging van kernsp lijtingsafval in een zoutformatie. Energiespectrum 1, 

Nr 9, September 1977, 258. 

14) B. Verkerk,.,Glas in zout. Beschouwing van enkele facetten van het 

opbergen van kernsplijtingsafval in een zoutformatie. Energiespectrum 1, 

Nr 12, December 1977, 348. 

15) R. Heremans &
 a L

 ~
 Pa

P
e
r presented at the "Seminar on the Disposal of 

radioactive Wastes into Geologie Formations" organized by OECD/NEA, 

ClausthalZellerfeld (13rd December 1975). 

16) R. Heremans & al  International Symposium on the Management of Radioactive 

Wastes from the Nuclear Fuel Cycle  Vienna (2226 March 1976) 

IAEA/SM207/9. 

17) R. Heremans 8 al  Document préparé pour la réunion du Groupe de Coordina

tion "Evaouation des déchets radioactifs dans les formations géologiques"

OCDE/AEN  Paris 2526 novembre 1976. 

18) R. Heremans  Rapport annuel 1976  Programme de R S D relatif au rejet 

de déchets radioactifs en formations géologiques profondes (Etude d'une 

formation argileuse)  Rapport CEN/SCK n° R2579  mars 1977. 

19) M. Put  R. Heremans  Document préparé pour la réunion du "Workshop on 

Risk Analysis and geologic Modelling" organisé par OECD/NEA/CEC 

Ispra 2327 mai 1977. 

20) E. De Beer  R. Carpent  P. Manfroy  R. Heremans  First international 

Symposium on Storage in excavated Rock Caverns Rockstore 77  Stockholm 

September 58, 1977. 

21) R. Heremans  P. Manfroy  R S D programme concerning the disposal possibi·^ 

lities of solidvified radioactive waste into an underground clay formation · 

Stockholm, September 1213, 1977. 
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22) W.R.A. Goossens - R. Heremans - Paper presented at the workshop on heat 
transfer problems in geological formations - CEC/UKAEA - Harwell, 
September 15-16,1977. 

23) F.S. Feates - Annual Report 1977 - Disposal of High-level radioactive 
waste into geological formations - AERE G-1039. 

24) F.S. Feates, N. Keen, Researching Radioactive Waste Disposal -
New Scientist, 16th February, 1978. 

25) P.J. Bourke, Initial Assessment of Thermal Problem of Underground Disposal 
of Radioactive Waste, AERE - R 8790. 

26) P.J. Bourke, Hodgkinson, D.P. Granitic Depository for Radioactive Waste -
Size, Shape and Depth versus temperature, AERE - M 2900. 

27) D.P. Hodgkinson, Deep Rock Disposal of High-Level Radioactive Waste : 
Transient Heat Conduction from Dispersed Blocks - AERE - R 8763. 

28) D.P. Hodgkinson, Deep Rock Disposal of High-Level Radioactive Waste: 
Initial Assessment of the Thermal Stress Field - AERE - R 8999. 

29) A.S. Batchelor, Initial Assessment of Mining Problems of Underground 
Disposal of Radioactive Waste - AERE - R 8795. 

30) A.S. Batchelor, Bourke, P.J., P. Hackett, D.P. Hodgkinson, 
Initial Assessment of Effect of Thermal Expansion of a Granitic 
Depository for Radioactive Waste - AERE - R 9017. 

31) A.S. Batchelor, P.J. Bourke, D.P. Hodgkinson - Initial Results of 
Experiment to Measure Thermal Conductivity of In-Situ Granite in Cornwall 
AERE - M 2947. 

32) G.P. Marsh - The Long-Term Disposal of High-Level Radioactive Waste -
Corrosion of Fe, Ni, Cr, Alloy Waste Containers in Granite Rock Formations 
AERE - R 8902. 

33) J.D. Mather - Research into Geological Disposal of High-Level Radioactive 
Waste. Progress Report by the Institute of Geological Sciences 
N° 77 Report N° 17K-77-2. 

34) J .D. Mather , Research i n t o Geo log ica l D isposal of H igh-Leve l Rad ioac t ive 

Waste. Progress Report by the I n s t i t u t e o f Geo log ica l Sciences 

N° 77/2 - Report N° * è k - 7 7 - 6 . 
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35) N.A. Chapman - Réponse of Granite to Heating and Irradiation -
Preliminary Appraisal. Report N° 17K-77-5. 

36) N.A. Chapman - Heating Experiments and Thermal Effects of Underground 
Disposal of Radioactive Wastes - Report N° 17K-77-11. 

37) M.D. Hill, P.D. Grimwood - Preliminary Assessment of the Radiological 
Protection Aspects of Disposal of High-Level Waste in Geologic 
Formations - NRPB - R. 69. 

38) M. Ivanovich, E.W. Clipsham, S.J. Webster, A.E. Lally, J.D. Eakins -
Development of Techniques for Dating Groundwater by Measurement of Uranium/ 
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39) E.T. Smith, C.O.J. Grove-Palmer - Geological Disposal of Highly Radioactive 
Wastes. First Report of the Study Group - AERE - R 8000. 

40) J.D. Mather - Note of a workshop on risk analysis and geologic modelling in 
relation to the disposal of radioactive wastes - ISPRA - May 1977 -
July 1977. 
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