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FOREWORD 

The problem of the long-term management of the high-level wastes from 
the reprocessing of irradiated nuclear fuel is receiving world-wide attention, 
highlighted at the recent IAEA International Conference on Nuclear Power and 
its Fuel Cycle (Salzburg, 2—13 May 1977). While the majority of the waste solu-
tions from the reprocessing of commercial fuels are currently being stored in 
stainless-steel tanks, increasing effort is being devoted to developing technology 
for the conversion of these wastes into solids. A number of full-scale solidifica-
tion facilities are expected to come into operation in the next decade. 

Solidification techniques were discussed at three international symposia 
held in 1962 (IAEA), 1972 (OECD/NEA and IAEA) and 1976 (IAEA and 
OECD/NEA). The proceedings were published under the following titles, respec-
tively: 'Treatment and Storage of High-level Radioactive Wastes', IAEA, Vienna, 
1963; 'Management of Radioactive Wastes from Fuel Reprocessing', OECD/NEA, 
Paris, 1973; 'Management of Radioactive Wastes from the Nuclear Fuel Cycle', 
IAEA, Vienna, 1976. 

To provide an overall review of the existing technology of high-level waste 
solidification, Dr. J.R. Grover of the Division of Nuclear Safety and Environ-
mental Protection, IAEA, has compiled the present report. The manuscript was 
reviewed and revised by an Advisory Group meeting held in Karlsruhe from 
28 February to 4 March 1977. 

It is hoped that the report will be of value not only to those organizations 
already engaged in the technology but also to those that will be entering the field 
later. 
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1. INTRODUCTION 

Since the earliest days of nuclear energy, radioactive waste management has 
been a major concern, both for the public and those engaged in the industry, 
particularly with regard to the release of radioactive materials to the environment 
and possible risks of contamination. Over the next few decades there will be a 
significant increase in nuclear generating capacity and therefore the problem of 
the long-term containment and management of high-level radioactive wastes from 
the reprocessing of irradiated nuclear fuel will remain a major task. 

In current technology, the irradiated nuclear fuels are dissolved in aqueous 
solution and the plutonium and unburned uranium are removed in the chemical 
separation plant. The remaining solution, containing about 99% of the dissolved 
fission products, together with some impurities primarily from cladding materials, 
traces of unseparated plutonium and most of the transuranic elements, constitutes 
the high-level waste. (The problems of the hulls and gaseous fission products are 
not covered in this report.) 

The high-level radioactive liquid wastes are generally concentrated by eva-
poration and stored as an aqueous nitric acid solution in high integrity stainless 
steel tanks. (Past practice of neutralizing the waste and storage in mild steel tanks 
has been discontinued.) The tanks are equipped with cooling coils and/or an 
outer jacket to remove fission product decay heat. Some tanks are provided with 
agitation systems to maintain any precipitated solids in suspension. In most 
storage systems, multiple containment is provided to guard against the escape of 
activity and spare tankage is always available into which the contents of a suspect 
tank can be transferred. 

Experience with the storage of high-level acidic wastes in stainless steel tanks 
has been good. 

The continued storage of liquid wastes in tanks involves continuing technical 
supervision to ensure that the necessary services such as cooling to remove the 
decay heat as well as adequate off-gas treatment are always available. While 
liquid storage can be considered safe and acceptable for some decades, with the 
expanding use of nuclear power it is necessary in the longer term to replace liquid 
storage by an alternative system based on waste solidification and immobilization 
of the radioactivity; a system which is insensitive to loss of services, will not 
require the same degree of surveillance, which is potentially better from the safety 
point of view and which could make it possible for the waste to be transported 
away from the reprocessing site for long-term storage or disposal. 

The conversion of high-level wastes into solids has been studied for the past 
twenty years, primarily in those countries engaged in the reprocessing of nuclear 
fuels. Production and demonstration pilot calcination and solidification plants 
have been operated using waste solutions from comparatively low burn-up, low 
rated reactors. The development of more advanced solidification processes is 
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now in progress in many countries to enable the high burn-up power reactor fuel 
wastes to be handled. 

Most of this development work has been reported in the literature and a 
number of international symposia have been held (see Refs [ 1 —8]). There has been 
extensive discussion of the problems of the management of high-level wastes 
including the problems of the storage and disposal of the solidified wastes in 
geological formations. A number of production solidification facilities are being 
designed to come into operation in the next ten years in those countries with 
fuel reprocessing plants. Several more countries are planning to become involved 
in fuel reprocessing. 

The object of this report is to survey and compare all the work currently 
in progress on the techniques available for the solidification of high-level wastes. 
It will examine the high-level liquid wastes arising from the various processes 
currently under development or in operation, the advantages and disadvantages 
of each process for different types and quantities of waste solutions, the stages of 
development, the scale-up potential and flexibility of the processes. 

A separate report [9] will examine the characteristics of the solidified pro-
ducts and their suitability for storage and/or disposal. However, in the context 
of this report, these products should satisfy certain criteria; they should maintain 
their mechanical integrity, have a good resistance to irradiation, adequate thermal 
conductivity, and, ideally, a low leach rate. Calcines do not fulfil all of these 
criteria to a sufficient degree and therefore are considered as interim products. 
Under the present state of our knowledge, glasses and ceramics are considered 
suitable for final disposal. 

2. HIGH-LEVEL WASTE SOLUTIONS ARISING FROM THE PROCESSING 
OF IRRADIATED NUCLEAR FUEL 

A wide range of types of nuclear power reactors are now in operation or 
due to be commissioned shortly. These range from Magnox to AGR type gas 
cooled reactors, LWR, BWR and PWR water cooled reactors, SGHWR and CANDU 
type reactors, high temperature reactors and ultimately fast breeder reactors. 

The burn-up of the fuels gradually increases from 4000 MW d/t for Magnox, 
30 000 MW- d/t for LWR up to 100 000 MW-d/t for fast reactors and high 
temperature reactors. Ratings would follow a similar increase from 4 MW/t for 
Magnox, 15-30 MW/t for LWR and 100 MW/t for fast reactors and high tem-
perature reactors. In addition to the metallic and oxide fuels used for the 
majority of the power reactors, a number of alloy fuels are used in special 
reactors such as: 

enriched uranium/aluminium alloy 
plutonium/aluminium alloy 
uranium/1% molybdenum alloy 
uranium/zirconium alloy 
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The fission product spectrum can be calculated for each type of reactor and 
operating conditions and allowance can be made for the differing spectrum of 
fission yields from uranium and plutonium fuel. However, these differences are 
generally small and the chemical processing can have a far wider effect on the 
composition of the high-level waste solutions. Each of the constituents which 
make up the high-level waste solution will be considered in turn. 

2.1. CONSTITUTIONS OF HIGH-LEVEL WASTE SOLUTION 

2.1.1. Fission products 

Typical computed data for the fission product spectrum from an LWR fuel 
with a burn-up of 33 000 MW-d/t and rating of 30 MW/t in a solution concentrated 
to 381 litre/t fuel processed is given in Table I. The figures are given as g oxides 
of each element/litre solution. A comparable set of figures from an LMFBR fuel 
show higher concentrations of ruthenium, palladium and caesium and lower con-
centrations of zirconium and molybdenum. (Due to the shift in the fission yield 
curve for plutonium compared with uranium.) Figures for a HTR fuel show 
minor changes due to the use of thorium instead of uranium. (Note: The thorium 
cycle is not considered further in this report.) 

2.1.2. Unextracted uranium and plutonium 

Although the basic objective of the chemical separation plant is to remove 
the uranium and plutonium from the dissolved fuel solution for subsequent reuse, 
the separation can never be perfect and some unextracted uranium and plutonium 
will end up with the fission products in the waste solution. 

2.1.3. Transuranic elements 

The transuranic elements neptunium, americium and curium are formed by 
neutron capture. The amounts formed are small in the low burn-up fuels, 
particularly uranium, but the yields become significant as the burn-up increases 
in fast reactors and also when plutonium is used as fuel, particularly when the 
high isotopes of plutonium (2 4 0Pu,2 4 1 Pu and 242Pu) are recycled in fast reactors. 

These elements are of particular concern in long-term waste management 
because their half-lives are very long. 

2.1.4. Alloying elements 

Many of the fuels, particularly uranium metal, require the addition of 
alloying elements such as iron, aluminium, silicon and molybdenum in quantities 
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TABLE I. TYPICAL COMPUTED DATA FOR FISSION-PRODUCT SPECTRUM 
FROM LWR, LMFBR AND HTR 
(Figures are expressed as g fission-product oxide/l waste solution) 

Reactor LWR LMFBR HTR 
^N. system 33 000 MW-d/t 100 000 MW-d/t 100 000 MW-d/t 

Fission- 30 MW/t 200 MW/t 100 MW/t 
product ^ s . 

element 

Rb 1.02 0.67 0.69 

Sr 2.87 1.53 1.98 

Y 1.60 0.45 

Zr 13.92 10.06 8.01 

Mo 14.87 12.84 7.65 

Tc 2.91 2.90 1.92 

Ru 8.37 10.94 3.18 

Rh 1.29 2.83 0.6 

Pd 4.07 7.29 0.36 

Ag/Cd/In/Sn/Sb 0.63 1.27 0.12 

Te 1.99 2.01 0.87 

Cs 8.5,4 11.02 5.64 

Ba 4.96 3.87 2.34 

La 4.13 " • 

Ce 8.20 

Pr 

Nd 

3.85 

13.16 
-32.65 •32.75 -20.55 

Pm 0.22 

Sm 2.45 

Eu 0.63 . - -

ranging up to 1%. When the fuels are dissolved and processed, these elements 
remain with the fission products and end up in the waste solution. 

Materials testing reactors are often fuelled with enriched uranium- or 
plutonium-alloy fuel elements. In such cases, aluminium or zirconium are often 
used as the alloying element and these will constitute 95% of the fuel element. 
These are normally processed in special separation plants, and the waste solution 
will be very largely made up of these elements. 
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2.1.5. Corrosion products 

The processing plants are normally constructed from stainless steel and minor 
corrosion of the inner surfaces takes place, hence the solutions will contain 
primarily iron, chromium and nickel from corrosion. 

2.1.6. Contamination from fuel cans 

The majority of irradiated fuel elements are mechanically decanned. Inevitably, 
some traces of the canning material adhere to the fuel and go into the dissolver. 
These end up in the waste solution. A particular example of such contamination 
is the magnesium in the waste solution from the Windscale reprocessing plant 
which arises from traces of the Magnox can adhering to the irradiated uranium 
and not stripped in the mechanical decanner. 

2.1.7. Additives from chemical reprocessing 

Many of the early reprocessing plants required the use of chemical additives 
in various extraction stages and these additives eventually go into the waste 
solution. The most notable additives which present problems in solidification 
processes are sodium, iron and sulphate. Some phosphate also arises in certain 
processes. The designs of modern reprocessing plants using the Purex process 
avoid the use of any chemical additives which could end up in the waste solution 
(other than nitric acid). 

2.1.8. Soluble poisons 

The chemical processing of enriched fuels requires either the use of eversafe 
equipment or else soluble poisons can be added to the solutions so that they can 
never become critical. The two most common soluble poisons being considered 
at present are gadolinium and boron. The concentrations could be high enough 
to make a significant effect on future solidification processes. 

2.1.9. Organic impurities 

The waste solution may contain organic materials such as the degradation 
products dibutylphosphoric acid and monobutylphosphoric acid dissolved in 
the solution, as well as kerosene and tributylphosphate, present as an emulsion. 
These components, if present in significant amounts, could present difficulties 
during the subsequent process steps. 
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2.2. WASTE SOLUTION VOLUME, ORIGIN AND COMPOSITION 

Depending upon the details of the primary extraction step, the waste solution 
arising from the first cycle of extraction is usually fairly dilute (typically 5 m 3 

of solution/t fuel processed). This solution is normally evaporated to reduce its 
bulk for liquid tank storage and the volume reduction factor depends critically 
upon the many elements that may be present in the solution with the fission 
products. In some cases, the volume reduction factor may be less than 10 because 
the solutions are near saturation in one or more components. In other cases, the 
volume reduction factor can be 70 to 100 fold, depending upon the burn-up and 
cooling period. Figure 1 is a typical fission product decay curve to illustrate the 
effect of cooling period on the reduction of activity and hence corresponding 
heat releases. The volume reduction factor also depends upon the heat release 
from the solution and the heat removal means in storage. In the design of some 
of the present highly active liquor storage tanks, provision is made for precipitated 
solids to be kept in suspension in the tank. 

The two prime factors which influence the type of solidification process are 
the concentration of the waste solution to be fed to the process and the presence 
of high concentrations of any of the constituents discussed in sections 2.1.1. 
to 2.1.8. 

In order to illustrate the wide range of possible waste solutions that could 
require solidification, a variety has been chosen and the concentrations expressed 
in the same units for comparison. 

Table II summarizes these examples which have been itemized to give the 
following information: 

(a) Source of fuel, e.g. type of reactor, country; 
(b) Burn-up and rating; 
(c) The weight of constituents expressed as the oxide/t fuel processed; 
(d) The volume of solution/t fuel processed; 
(e) The weight of waste as oxides/1 solution (this is a useful figure for 

judging the solidification processes as it bears on the volume throughput 
of the process and the production rate of solidified product). 

(f) The normality of the waste solution (all are HNO3 solutions unless 
otherwise stated). 

(g) The composition of the solution, sub-divided into four groups: 
(i) Non-radioactive additives, corrosion products, etc. ; 
(ii) Transuranics; 
(iii) Anions and volatiles; 
(iv) Fission-product elements. 
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FIG. 1. Graph showing decay of fission-product (and actinide) activity with cooling period. 
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T A B L E II. C O M P O S I T I O N S O F WASTE S O L U T I O N S U S E D IN 
D E V E L O P M E N T W O R K 

Figures in grammes per litre except where indicated otherwise 

Country: USA USA USA USA USA USA 

Fuel type or source: PW-I PW-2 PW-4m PW-4b PW-6 PW-7 

Burn-up (MW d/t) 20000 20 000 45 000 33 000 33 000 33 000 
Rating (MW/t) 15 15 30 30 30 30 
kg oxides/t fuel 53.7 80.5 53.04 40.8 83.8 65.5 
1 soln/t fuel 378 378 378 378.5 378.5 378.5 
g waste oxides/1 soin 142.06 212.96 140.47 105.35 221.48 172.94 
Solution normality 3.7 3.9 0.5 
Oxide of Fe 74.3 35.55 4.0 3.99 39.9 7.98 

AI 0.5 0.5 0.5 - -
Cr 0.91 1.82 0.91 0.91 3.41 0.91 
Ni 0.37 0.74 0.6 0.37 1.48 0.37 
Na 4.34 28.8 3.1 - 63.0 0.31 
Mg 
Zn 
Mo 
Si 
Li 
Hg < 0 . 2 < 0 . 2 < 0 . 2 
Zr 
Cu 
Cd 27.37 

Oxide of U 2.7 2.7 2.7 3.09 15.44 30.88 
Pu 0.03 0.14 0.27 
Np 0.23 1.15 2.29 
Am 0.05 0.24 0.48 
Cm 0.01 0.05 0.11 
SO. - 83.6 -
PO« 0.28 0.57 0.28 1.8 1.8 7.10 
BO3 
F 
NH4 

Oxide of Rb 0.65 0.65 1.3 0.94 0.94 0.94 
Sr 1.55 1.55 3.2 2.80 2.80 2.80 
Y 1.58 1.58 1.58 
Zr 8.0 8.0 17.2 13.06 13.06 13.06 
Mo 9.35 9.35 18.7 13.67 13.67 13.67 
Tc 1.82 1.82 4.0 3.41 3.41 3.41 
Ru 4.28 4.28 11.0 7.85 7.85 7.85 
Rh 0.89 0.89 1.6 1.27 1.27 1.27 
Pd 2.09 2.09 5,3 3.92 3.92 3.92 

Ag, Cd, In, Sn, Sb 0.1 0.1 0.3 0.49 0.49 0.49 
Te 0.96 0.96 2.2 1.92 1.92 1.92 
Cs 4.93 4.93 11.0 7.61 7.61 7.61 
Ba 2.91 2.91 6.3 4.14 4.14 4.14 
La * 3.91 3.91 3.91 
Ce 8.78 8.78 8.78 
Pr 3.92 3.92 3.92 
Nd • 19.92 • 19.92 • 44.8 11.95 11.95 11.95 
Pm 0.32 0.32 0.32 
Sm 2.44 2.44 2.44 
Eu 0.53 0.53 0.53 
Cd 0.36 0.36 0.36 

Total wt FP oxides 57.45 57.45 126.9 94.87 94.87 94.87 



USA USA USA USA USA USA USA USA 
Idaho Idaho Idaho Idaho 

Acidic Basic Zirconium SS 
PW-7a PW-7b PW-8a LMFBR aluminium aluminium fluoride sulphate 

waste waste waste waste 
33 000 33 000 33 000 100 000 
30 30 30 200 

75.9 90.5 93.2 111.4 
378.5 378.5 378.5 378 
200.44 239.26 246.2 294.77 87.77 75.2 92.9 65.5 

0.5 1.0 0.1 (basic) 1.5 3.2 
7.98 46.8 71.93 12.8 0.4 0.3 5.6 

- - - - 81.55 71.4 35.7 
0.91 0.91 3.04 3.5 1.52 
0.37 0.37 1.50 1.7 1.55 0.75 

18.16 18.16 37.14 3.1 0.3 0.3 

2.6 2.8 
55.4 

27.37 27.37 
30.88 30.88 30.88 2.7 

0.27 0.27 0.46 
2.29 2.29 2.28 
0.48 0.48 0.48 
0.11 0.11 0.11 

- 0.96 - - 57.6 
16.75 16.75 3.55 0.57 

0.71 0.7 1.2 
60.8 

18.04 
0.94 0.94 0.94 1.8 
2.80 2.80 2.80 4.1 
1.58 1.58 1.58 

13.06 13.06 13.06 27.1 
13.67 13.67 13.67 34.5 
3.41 3.41 3.41 7.8 
7.85 7.85 7.85 29.4 
1.27 1.27 1.27 7.6 
3.92 3.92 3.92 19.6 
0.49 0.49 0.49 3.4 
1.92 1.92 1.92 5.4 
7.61 7.61 7.61 29.6 
4.14 4.14 4.14 10.4 
3.91 3.91 3.91 -

8.78 8.78 8.78 
3.92 3.92 3.92 

11.95 11.95 11.95 - 88.0 
0.32 0.32 0.32 
2.44 2.44 2.44 
0.53 0.53 0.53 
0.36 0.36 0.36 

94.87 94.87 94.87 268.7 trace trace trace trace 
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TABLE II. (cont.) 

Country: UK UK France France France France 

Mixed 
Fuel type or source: Magnox Magnox U/Si/Al U/Mo U/Si/Al U/AI or Pu/AI 

+ oxide 
Bum-up (MW-d/t) 3000 Avge 5000 4000-6000 3000-3500 1500 S00MWd/kgU 
Rating (MW/t) 2 3 3 

S00MWd/kgU 

kg oxides/t fuel 
1 soln/t fuel 200 100 110 40 12 m3 

g waste oxides/1 soin 241.18 153.14 9 0 - 1 0 0 170-190 140-160 160-180 
Solution normality 1.0 0.7 2.0 - 1.0 
Oxide of Fe 26.11 26.65 7 - 1 4 6 - 1 0 21 .5-24 0 - 3 

Al 48.63 9.82 19-38 2 - 4 57 -66 153 
Cr 5.33 1.08 0 - 1 . 5 0 -1 .5 1.5-3 0 - 1 . 5 
Ni 3.37 0.78 0 - 1 . 3 0 - 1 . 3 1.3-2.6 0 - 1 . 3 
Na - 7 - 1 1 7 - 1 1 25-31 2.7 
Mg 60.275 8.61 3 - 7 3 - 7 7 - 8 _ 
Zn 4.13 0.65 - _ _ _ 
Mo - 150 _ 
Si 
Li 
Hg 
Zr 
Cu 
Cd 74.7 

Oxide of U 0.533 1.97 3.4 2.3 3.4 _ 
Pu 0.0045 0.023 0.023 0.023 
Np 0.045 D.23 0.11 0.11 _ 
Am 0.165 
Cm 0.0045 
s o . - -
PO„ 0.43 1 - 2 30-45 1 - 2 2 - 3 
BÖ, 
F 2 - 4 - 4 - 8 8 - 1 2 
NH4 

Oxide of Rb 0.994 0.30 0.52 0.47 0.28 
Sr 3.005 0.93 1.36 1.30 1.13 
Y 1.733 0.54 0.84 0.90 0.65 
Zr 13.45 4.14 6.26 5.87 4.32 
Mo 13.36 4.14 7.67 4.5 3.75 
Tc 2.72 0.76 1.27 0.94 0.72 
Ru 6.273 1.97 2.95 1.12 1.60 
Rh 1.796 0.56 0.81 0.43 0.37 
Pd 2.33 0.75 1.07 0.24 0.11 

Ag, Cd, In, Sn, Sb 0.40 0.14 0.18 0.05 trace 
Te 1.47 0.46 0.80 0.53 trace 
Cs 7.33 2.27 5.73 2.50 2.97 
Ba 3.61 1.08 1.75 1.18 1.00 
La 4.12 1.23 1.73 1.17 1.05 
Ce 8.93 2.59 3.69 2.55 2.81 
Pr 3.95 1.17 1.67 1.30 1.05 
Nd 13.51 4.20 5.41 4.41 3.61 
Pm 1.10 0.32 0.38 0.31 0.37 
Sm 2.35 0.81 0.89 0.61 0.35 
Eu 0.157 0.08 0.08 0.035 -
Gd 0.04 0.01 

Total wt FP oxides 92.58 28.45 45.1 30.42 26.14 trace 



France France Italy Italy Italy Italy Italy 

Trino Trino Latina 
U0j-Pu02 LWR Mixture Vercellese Vercellese Garigliano Magnox 
FBR 
60 0 0 0 - 8 0 000 33 000 5700 14 633 14633 12 000 3000 

30 

2000 500 
9 5 - 1 5 0 7 5 - 1 6 0 48.63 240.9 127.1 118.95 104.8 
1.5 1.5 
21 -57 1 - 3 0 1.6 111.9 11.35 24.0 24.0 
0 - 2 0 - 2 2.45 2.3 0.15 0.15 0.15 
1.5-5 1.5-3 0.38 2.7 2.6 0.7 0.7 
1.3-2.6 1.3-2.6 0.15 1.1 1.7 0.45 0.45 
11-36 7 - 3 0 - 15.5 9.3 9.3 9.3 

- 0 - 1 

1.2 1.1 

0 - 3 0 0 - 3 0 
2.3 2.5 

1 -2 .3 2 
0.45 

- - _ 43.2 
2 - 3 2 - 3 

0.73 
2.09 1.9 4.9 4.9 4.0 1.01 
1.18 1.1 2.9 2.9 2.35 0.6 
9.89 7.6 19.4 19.4 15.9 4.0 
7.98 7.0 17.9 17.9 14.7 3.7 
2.07 
2.35 2.85 7.3 7.3 5.95 1.5 
0.38 
1.20 
0.58 
1.56 1.45 3.7 3.7 3.0 0.75 
5.68 5.8 14.8 14.8 12.1 3,03 
3.17 1.7 4.4 4.4 3.6 0.9 
2.98 1.9 4.8 4.8 3.9 1.0 
6.51 3.85 9.9 9.9 8.1 2.0 
2.81 0.3 0.8 0.8 0.6 0.16 
9.33 3.6 9.2 9.2 7.6 1.9 
0.21 
1.90 0.8 2.0 2.0 1.6 0.4 
0.42 
0.24 

63.30 39.85 102.0 102.0 83.4 20.95 



TABLE II. (cont.) 

Country: Japan Germany Germany India India 
FR. F.R. 

LWR Karlsruhe HTR TPS TP1 
Fuel type or source: WAK 

Burn-up (MWd/t) 28 000 100 000 20000 20000 
Rating (MW/t) 35 100 15 15 
kg oxides/t fuel 50.3 5 0 - 1 0 0 96.39 39.52 
1 soln/t fuel 500 2400 800 800 
g waste oxides/1 soin 100.57 100 89.5 120.49 49.40 
Solution normality 2.0 3.5 3.5 
Oxide of Fe 3.19 7.29 2.4 24.0 5.75 

Al - 9.2 0.05 _ 
Cr 0.56 2.08 4.60 1.38 
Ni 0.38 1.15 2.24 0.67 
Na 30.37 10.79 6.20 6.20 
Mg -
Zn _ 
Mo 
Si 
Li 
Hg 
Zr 
Cu _ 
Cd 0.005 _ _ 

Oxide of U 2.29 2.03 0.42 4.6 4.6 
Pu 0.15 0.02 
Np 1.80 0.007 
Am 0.32 0.23 
Cm 0.07 
SO, - 20 up to 48 
PO, 1.4 _ _ 
B0 3 - _ 
F - 1.7 _ 
NH4 - -

Oxide of Rb 0.62 0.78 0.69 0.47 0.47 
Sr 1.67 2.95 1.98 0.89 0.89 
Y 0.99 1.68 0.45 _ . 
Zr 8.40 12.50 8.01 5.54 5.54 
Mo 8,74 11.72 7.65 5.33 5.33 
Tc 2.17 2.58 1.92 0.88 0.88 
Ru 4.83 4.58 3.18 1.40 1.40 
Rh 0.76 1.20 0.6 0.38 0.38 
Pd 2.93 0.57 0.36 1.96 1.96 

Ag, Cd, In, Sn, Sb 0.34 0.13 0.12 - _ 
Te 1.23 1.28 0.87 0.31 0.31 
Cs 4.87 8.46 5.64 2.82 2.82 
Ba 3.38 3.43 2.34 2.05 2.05 
La 2.61 3.30 > > 

Ce 4.96 6.51 
Pr 2.31 2.97 
Nd 8.11 10.31 • 20.55 • 8.77 • 8.77 
Tm 0.05 0.54 
Sm 1.74 1.03 
Eu 0.39 0.09 
Cd 0.22 

Total wt FP oxides 61.32 76.61 54.36 30.80 30.80 
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Eurocheimc Eurochemic 

LEWC HEWC 

9 - 1 4 8 5 - 1 2 0 
7 0 .5-2 .0 
0 - 0 . 5 0 -1 .7 
- 8 4 - 1 1 0 

_ 0.05 
8 -10 .4 0.03 

- 0.1-3 .0 

1.0-1.4 < 0 . 1 
0.03-0.06 0.002 

0 - 1 . 0 0.24 

< 0 . 7 



3. BASIC FEATURES OF SOLIDIFICATION PROCESSES 

The primary aim of the processes is to convert the high-level waste solution 
into a mixture of oxides which can then be further treated, by the addition of 
glass forming materials and reacting at high temperature, to form a glass or ceramic. 
Therefore, the steps are evaporation, denization, calcination, addition of glass 
formers and preparation of the glass. 

There is an incentive to use a process which is as simple as possible; that is, 
one in which all the process steps are combined into one operation in one vessel. 
However, such processes which are generally carried out batchwise, are not always 
easily amenable to scale up to the higher throughputs which will be required in 
the future. The trend, therefore, is to separate the evaporation and denitration 
stages from the glass making operation by using a two-stage process. 

Figure 2 illustrates the basic routes. The simplest step is evaporation and 
denitration (or calcination) of the waste solution to form a dried or calcined 
product which can either be in granular or solid form. In many cases the granular 
calcine is mixed with additives and melted to form a glass or ceramic product. 
The alternative route is to mix the additives with the waste solution or waste 
concentrate and evaporate, denitrate and melt, to again form a glass or ceramic 
product. An additional variant is the use of an adsorption process, followed by 
a high temperature treatment to produce a ceramic product. During the past few 
years, attempts have been made to improve the properties of the products by 
further treatment. Examples include the incorporation of the calcine (oxide or 
phosphate) or glass product in a metal matrix to improve the thermal conductivity 
or the conversion of the granular calcine or a spherical glass bead into a coated 
particle to improve the leach resistance. 

It is clear that many variants are possible and have, in fact, been subject to 
investigation and development. It is the purpose of this section to outline them 
briefly. Figure 3 shows the historical time scales of the many research and 
development programmes and indicates when many of the processes are expected 
to reach the full-scale, active industrial plant. 

The processes have been classified in four groups: 
Group 1 : processes which have already been demonstrated actively, but 

are no longer in routine operation. 
Group 2: processes in active operation or being constructed and commissioned 

to handle the waste from industrial reprocessing plants. 
Group 3 : processes in an advanced stage of development. 
Group 4: processes in the early development stage. 
The basic features of the processes will be described up to the solidified 

product stage; the full process flowsheet and off-gas treatment system will be 
examined in section 5, the process operation in section 6 and radioactive operation 
in section 9. 
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WASTE SOLUTION 

CALCINE GLASS or CERAMIC 

FURTHER 
TREATMENT 

r 
METAL MATRIX 

or 
COATED PARTICLE 

FIG. 2. Basic solidification processes. 

3.1. PROCESSES WHICH HAVE ALREADY BEEN DEMONSTRATED 
ACTIVELY, BUT ARE NO LONGER IN ROUTINE OPERATION 

3.1.1. Chalk River nepheline syenite glass process 

This was the first process to be developed in which the waste was incorporated 
in a glass as distinct from being converted to a calcined oxide [10, 11]. The waste 
solution was mixed in a ceramic crucible with a mixture of 85% nepheline syenite 
(a naturally occurring silicate mineral) and 15% lime to form a gel which was 
heated to 900°C to remove water and oxides of nitrogen and then the temperature 
was raised to 1350°C to fuse the mixture to a glass. Radioactive samples of this 
glass were produced in the period 1958 to 1960 and buried and the leaching of 
the nuclides in the soil has been studied over the past fifteen years [12]. Process 
development was stopped in 1960 when no fuel reprocessing was contemplated 
in Canada. 
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FIG.3. Time table of research and development programmes for the solidification of high-
level wastes. 

3.1.2. FINGAL process 

This process, which was developed at Harwell [13 — 15], used the same 
cylindrical vessel, both as the reaction vessel and the final storage container. 

Concentrated radioactive waste solution, together with glass forming chemicals 
such as silica and borax, were fed into the first of three stainless steel vessels (see 
Fig.4). This vessel was held at a temperature of 1050°C by a multi-zone, resistance 
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FIG. 4. Simplified flowsheet of FINGAL process. 

heated furnace. Evaporation, denitration, sintering and glass formation occurred 
steadily during the filling cycle and the feedrate was kept constant to ensure that 
the free liquid level rose at a rate equal to the rate at which glass was produced. 
The off-gases from the first, or glass making, vessel were passed through the 
second and third vessels which contained filters to trap the particulate material 
and volatile ruthenium. (The off-gas system will be described in detail in section 5). 
At the end of the process cycle when the first vessel was filled with glass, it was 
removed to storage and the vessel from the second position containing the 
primary filter was moved into the furnace. A new vessel with a new filter was 
put in the middle position. At the beginning of the next cycle of operations, as 
the furnace temperature was raised, a heat sensitive link was released and the filter 
fell to the bottom of the vessel and it became incorporated in the next block of 
glass. In this way, the majority of the carry-over was simply incorporated into 
the same glass for storage. This was the only process in which such a system was 
incorporated. The HARVEST process (see section 3.3.1) is a further development 
from the FINGAL process. 

3.1.3. Waste solidification engineering prototype (WSEP) 

Many solidification concepts were studied during the late 1950s and early 
1960s in the USA and of these, three were chosen at Hanford [16]. (One of the 
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processes, pot calcination, was also modified into the rising level glass process.) 
The basic principle of each process will be briefly described. Further development 
is continuing on some of the processes (see section 3.3.2). 

3.1.3.1. ORNL pot calcination process 

This process was initially developed at the Oak Ridge National Laboratory 
and radioactive runs were carried out in the Waste Solidification Engineering 
Prototype (WSEP) facility at Hanford. The waste solution was fed to a cylindrical 
vessel (which was the final storage container) which was heated in a multi-zone 
furnace to 900°C. Vessel sizes ranged from 15.2 to 30.5 cm (6 to 12 in) diameter 
and 2.44 m (8 ft) high. The liquid was boiled away and the vessel gradually filled 
with calcine scale. The vessel was kept nearly full of liquid, the actual feedrate 
gradually decreasing during the filling cycle as the heat transfer became reduced 
as the thickness of scale increased. When the vessel was filled with calcine it was 
held at 900°C to complete the denitration and dehydration. 

3.1.3.2. ORNL rising level glass process 

The process was operated by the Oak Ridge National Laboratory using the 
equipment from the pot calcination process but with glass forming materials 
added with the feed of waste solution and with the operating procedure similar 
to the FINGAL process. One attempt was made to operate the process in the 
WSEP plant, but it had not had sufficient development to be completely successful. 

3.1.3.3. BNL phosphate glass process 

The phosphate glass process was developed by the Brookhaven National 
Laboratory and evaluated in the WSEP at Hanford. It was a two-stage process in 
which the liquid waste together with the glass former, phosphoric acid, was con-
centrated 3 to 5 fold in an evaporator. The concentrated mixture overflowed 
a weir into a platinum melter held at 1000 to 1200°C. The dehydration and 
denitration were completed and a molten phosphate glass was formed which was 
transferred to a separate container where it was cooled for storage. 

3.1.3.4. Hanford radiant heat spray solidification process 

This was initially developed at Hanford and was also evaluated in the WSEP 
plant. It was another two-stage process in which the liquid waste was atomized 
and the fine droplets fell down a reactor vessel held at 700°C where flash 
evaporation and rapid denitration occurred and the material was converted to a 
fine suspension of oxide particles. A sintered stainless steel filter assembly was 
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incorporated in the assembly to prevent the calcine particles from leaving with 
the off-gases. A number of variants were demonstrated for the second part of 
the process. If a phosphate glass was to be the end product, phosphoric acid 
with suitable modifiers was either added as liquid with the feed or as a solid to 
a platinum melter where it was mixed with the calcined waste and heated to 
between 800 and 1200°C. The molten ceramic was then cast into a separate 
receiver container. In later runs in the process development, the melter unit was 
eliminated and the calcine was discharged directly to the receiver container; 
a borosilicate frit was added simultaneously to the heated container to form a 
borosilicate glass product (see also section 3.3.2.1). 

3.2. PROCESSES IN ACTIVE OPERATION OR BEING CONSTRUCTED AND 
COMMISSIONED TO HANDLE THE WASTE FROM INDUSTRIAL 
REPROCESSING PLANTS 

3.2.1. Idaho fluidized bed calcination 

Since 1963, all the high-level waste from the USAEC's Idaho Chemical 
Processing Plant (ICPP) has been solidified by fluidized bed calcination [17]. 
The process was originally developed for the acidic aluminium nitrate solutions 
arising from the processing of U/Al alloy fuels and was intended to be only a 
demonstration project. However, the plant (WCF) has become an integral part 
of the waste management programme at the ICPP and has been used to solidify 
ammonium nitrate, zirconium fluoride and stainless steel sulphate waste solutions. 

In the process the waste solution is pneumatically atomized and sprayed 
at a flowrate of 375 1/h into a 1.22 m diameter by 1.37 m deep fluidized bed of 
solidified waste granules maintained at 400 to 500°C. A recycle stream of off-gas 
scrubbing solution representing 20 to 30% of the total feedrate is added to the 
calciner feed stream. Inlet fluidizing velocities, based on the empty cross-sectional 
area of the calciner vessel, of 0.18 to 0.36 m/s are generally used, and a freeboard 
of about 2.3 m, supplemented by baffles, is provided for disentrainment of solids 
from the off-gas within the calciner vessel. The bed height is maintained at a 
constant level above the feed spray nozzles by adjusting the rate of withdrawal 
of the product. 

A liquid metal (NaK) heat transfer system was used in the original design 
and performed adequately for the first three processing campaigns, during which 
the system accumulated 35 000 hours of service at temperatures greater than 
600°C. To increase the capacity of the plant, instead of installing a larger liquid 
metal heat exchanger in the calciner vessel, in-bed combustion was chosen as a 
more efficient heating method. This involves burning a hydrocarbon fuel (kerosene) 
by atomizing it with pure oxygen directly in the fluidized bed. Start-up of the 
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process is achieved by heating the fluidized bed to temperatures in the range of 
375 to 400°C, using preheated fluidizing air. A nitrate containing waste is then 
injected through a separate waste atomizing nozzle, followed immediately by 
the injection of the fuel-oxygen mixture. Ignition is spontaneous at temperatures 
above 335°C in the presence of nitrates. After the start-up, the wastes are calcined 
at temperatures in the range 400 to 500°C during routine operation. With this 
method of heating, no heat transfer surfaces are involved which could become 
fouled or limit capacity. 

3.2.2. PIVER process 

This process was developed in France and the PIVER pilot plant was operated 
at Marcoule from 1969 to 1973. It handled 5 X 106 Ci in 164 vitrification 
operations (see section 9). The plant is now used for special development work, 
e.g. the experimental treatment of wastes from the reprocessing of fast reactor fuels. 

Many of the features of the process [18, 19] were similar to the pot calcination 
and FINGAL processes. The waste solution was mixed with a suspension of the 
glass additives (powdered glass frit < 147 ¡im in a dilute nitric acid suspension 
with a small addition of carboxy-methyl cellulose) and fed into the top of an 
Inconel vessel, 25 to 30 cm dia. and 2.30 m long, heated to 300°C by a multi-zone 
induction furnace (see Fig. 5). The power to the zones was adjusted as the level 
rose, and feeding was stopped when the vessel was 80% full. The final volume of 
water was evaporated, then the temperature was raised at 100°C/h to a maximum 
of 1150°C to melt the contents, which were held at this temperature for three 
hours to ensure good refining. 

The base of the processing vessel had a nozzle which was closed by frozen 
glass to form a freeze valve. By applying power to an induction coil round the 
nozzle, the glass could be melted and the contents transferred into a separate 
storage container. The empty processing vessel was allowed to cool, the valve 
frozen and it was then ready for the next filling cycle. The vessel was exchanged 
for a new one after 30 operations as some deformation occurred with temperature 
cycling. In this case, at the end of each 30th operation, the glass was left in the 
vessel which served as the storage container. 

3.2.3. Marcoule vitrification plant (AVM) 

Since the scale-up potential of the PIVER process is limited to 4 kg glass 
per hour per unit, an alternative process has been developed which uses a rotary 
calciner coupled to a separate vitrification unit. The process had been under 
development since 1968 and a demonstration plant is nearing completion at 
Marcoule which will enable all the waste arisings at that site to be solidified 
[20-24]. A similar plant will be installed for the solidification of the wastes at 
La Hague (AVH). 
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I N S I D E O F V I T R I F I C A T I O N C E L L 

1. INDUCTION FURNACE 
2. RUTHENIUM TRAPS 
3. GAS WASHING COLUMNS 
4. EVAPORATOR 
5. CRUCIBLE REMOVAL HATCH 

FIG. 5. Illustration of PI VER pilot vitrification plant. 

The calciner consists of a tube 27 cm dia. and 3.6 m long, inclined at 3% 
(1°43') and rotated at 30 rev/min (see Fig.6). The tube is supported at each end 
by roller bearings and special air-tight seals have been designed at each end which 
allow longitudinal expansion of the tube and also allow a slight negative air 
pressure to be maintained within the tube. The waste is fed by gravity into the 
upper end of the tube and calcined product is discharged from the lower end 
directly into the vitrification unit. A loose rod sits inside the calciner to break 
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FIG. 6. Simplified flowsheet of vitrification plant at Marcoule (A VM). 



up any solid calcine. The rotary calciner is heated externally by an electric 
resistance furnace divided into four zones. The first two zones for the evaporation 
have a heating capacity of 20 kW each and the last two have a capacity of 10 kW 
each. The average processing time is about four minutes which helps to minimize 
volatility problems. 

The rotary calciner has a nominal capacity of 40 1/h (the maximum is 
~ 50 1/h). The waste solution flowrate is nominally 36 1/h, with 2 1/h recycle 
from a small wet scrubber for preliminary particulate carry-over removal from the 
off-gas and 2 1/h of a solution of azocarbonamide which assists the calcination 
process but does not leave any residue in the final product. 

The outlet from the rotary calciner is connected directly to the vitrification 
unit by an expansion bellows. The vitrification unit consists of an Inconel vessel, 
35 cm dia. and 1 m high, heated to 1150°C by an induction furnace. The vitrification 
vessel has an induction heated freeze valve in the base for the molten glass to be 
transferred to final product containers, usually every eight hours. The calcine is 
fed continuously to the vitrification vessel, together with glass frit in the form of 
small strips. The off-gas from the vitrification vessel is fed back to the calciner. 
The vitrification unit has a maximum capacity of about 20 kg of vitrified product 
per hour. A vertical section through the new plant is shown in Fig.7. 

A ceramic melter is being developed for the La Hague plant (AVH) in which 
the power is generated by direct induction coupling with the molten glass. The 
advantages claimed are longer furnace life and higher melting throughput. 

3.2.4. Waste immobilization plant, Tarapur (India) 

This plant is based on a semi-continuous pot glass process involving cal-
cination followed by melting in the processing vessel and subsequently casting 
the glass in the storage container [25, 26]. Preconcentrated waste solution and 
glass forming additives in the form of slurry are metered separately into the 
process vessel located in a multi-zone furnace (Fig.8). The process vessel is 
325 mm o.d., 1.8 m long, made of Inconel 600 incorporating a freeze valve pipe 
section which is heated by an independent zone of the furnace. The feed solutions 
are distributed along the central 1 in o.d. tube section which also acts as a thermo-
well to measure the centre-line temperature at different points along the length 
of the vessel. The furnace temperature is initially maintained at 600°C. As the 
feeding is continued the liquid in the process vessel becomes concentrated and 
is subsequently converted into a calcine mass. The feed is stopped when the 
vessel is around 75% full with calcine. At this stage the furnace temperature is 
raised to around 1100 to 1200°C and the calcine product melts down. To achieve 
homogeneity the glass is kept in the molten condition for about four to six hours. 
The molten glass is then drained into the storage container by operating the 
freeze valve section. The storage container is located in an annealing furnace to 
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SIDE VIEW 

FIG. 7. Plan and elevation of vitrification plant at Marcoule (A VM). 



ensure that the product is cooled gradually so as to ensure its integrity. The 
storage container is subsequently sealed by remote welding and decontaminated. 
The storage container is 325 mm in dia., 0.75 m long and is constructed of 
SS 304L. The total weight of the glass in the container is about 125 kg, and heat 
release is about 2.5 kW. Two such containers are placed in a secondary high 
integrity mild steel container which forms the final storage unit. In the immobiliza-
tion plant there are two furnace units which operate in a staggered operating 
cycle. The plant is expected to commence active operation by 1979 to 1980. 

3.3. PROCESSES IN ADVANCED STAGES OF DEVELOPMENT THAT 
WILL EVENTUALLY REACH ACTIVE OPERATION 

3.3.1. HARVEST process 

This is a scale-up of the FINGAL process described in section 3.1.2 [24, 27]. 
A major development programme has been commenced at a number of UK 
establishments which will culminate in the construction of a full-scale active 
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solidification plant at Windscale to be in regular operation by 1986. This first 
plant will use cylindrical vessels up to 61 cm (24 in) dia. and 2.74 m (9 ft) high to 
contain 1.26 t of glass with an activity of 2 X 107 Ci. 

The overall development programme involves four intermediate experi-
mental facilities: 

(a) An inactive pilot plant [28], which is in operation at Harwell, in which 
the earlier FINGAL operating procedures can be scaled up to vessel 
diameters of 76 cm (30 in) and any other modified operating procedures 
can be experimentally evaluated 

(b) A plant for making kilogram-scale blocks of glass (10 cm dia. and 
33 cm long) from the actual high-level wastes in store at Windscale [29] 

(c) A facility for the detailed examination of the glasses produced 
(d) A full-scale inactive replica of the final production plant in which the 

chemical and mechanical engineering of the process can be fully tested 
and with provision for the vitrification of inactive simulates of high-
level wastes. 

Following the successful operation of the fully active plant using up to 
61 cm (24 in) dia. vessels to vitrify the waste solutions that will have been in the 
storage tanks for some years and will have decayed sufficiently to allow the large 
diameter vessels to be used, a further full-scale production plant is proposed for 
about 1990. 

The glass making steps in the HARVEST process will be similar to those 
demonstrated on the smaller scale FINGAL plant. Although the FINGAL internal 
filter system was very efficient it was decided not to use it in HARVEST because: 

(a) the filter would have to be much larger to cope with the higher 
throughput, 

(b) the filter would constitute a potential site for blockage in the off-
gas system, 

(c) an additional remote handling operation would be needed on each 
container with the consequential making and breaking of pipe connections, 

(d) an additional heating station (with instrumentation) would be required 
(to prevent the condensation of water and boric acid in the filter). 

HARVEST will follow the pattern of most other solidification processes 
and allow the dust carry-over to be collected in the condenser, from which it 
can be recycled (see section 5). 

Further development of the process for solidifying short-cooled waste liquor 
is envisaged making use of annular containers. 

3.3.2. Current US waste fixation programme at Pacific Northwest Laboratories 

Past development work with two calciners, a concentrator and three melters 
(see section 3.1.3) has provided the background data to select the preferred 
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systems for use in near-term and future waste solidification facilities [30, 31 ]. 
More detailed information can be found on the spray calciner [32, 33], the fluidized 
bed calciner [34], the wiped-film evaporator [35], the continuous metallic 
melter [36], the in-can melter [37], and the joule-heated ceramic melter [38] 
elsewhere. The current programme focuses on the development of vitrification 
processes. The two calciners and two melters currently receiving the greatest 
development emphasis are the 

Spray calciner 
In-can melter 
Fluidized bed calciner 
Joule-heated ceramic melter 

These systems are being developed to solidify the high-level liquid wastes 
from a fuel reprocessing plant with a capacity of 1500 t/a of LWR fuel. 

Selection of the calciner-melter combination is dependent upon the specific 
needs of a reprocessing plant. Thus, no selection has been finalized. 

3.3.2.1. Spray calciner 

Calcination in this unit [32, 33] is accomplished as follows. High-level liquid 
waste and air are pumped to an internal mix atomizing nozzle at the top of the 
heated (750°C wall temperature) spray calcination chamber. The atomized 
droplets (nominally < 70 ¿um in diameter) flash dry and calcine as they fall through 
the hot chamber. A portion of the powder (mass mean diameter of 10 jum) is 
entrained in the off-gas stream and is filtered by sintered metal filters. Periodic 
pulses of blowback air dislodge the mildly agglomerated calcine from the filters. 
A stream of frit is metered into the cone of the calciner with the calcine and is 
discharged to the coupled melter. 

Spray chamber fouling, which occasionally occurred during early testing, 
has been eliminated by improved feed atomization and by use of vibrators mounted 
radially on the spray chamber. A significant increase in the operating life of the 
atomizing nozzle has been achieved by using an alumina insert in the nozzle. 
These improvements have increased the reliability and extended the maintenance 
free operation of the unit. The overall simplicity, state of development and 
broad flexibility of this calciner suggests its use in a near-term solidification 
facility. To this end, plans are to complete the needed development work and 
transfer the technology to industry for start-up in 1983. 

A full-scale developmental unit, shown in Fig.9, will initiate inactive testing 
by early 1977. By mid 1978 start-up of the active pilot plant will provide radio-
active process data and experience with the system. In late 1979 testing of the 
plant mock-up equipment will be used to verify remote design features. Develop-
ment should be complete by the end of 1980. 
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Effluentb Filter 
Incoming3 system Calciner Atomizing Calcined blowback Calcinerb 

waste recycle feed air solids air off-gas 

Liquid or solid 

Flowrate (1/h) 118 8 126 14 
Solids contentc (g/1) 75 2 70 1 100 
Solids content0 (g/h) 15 600 16 15 600 15 600 

Vapour 

Flowrate (m3/min) 0.85 <0 .001 3.5 
Solids content (g/m3-min"1) 0 0 0.004 
Solids content (g/h) 0 0 16 

a Combined HLLW and 1LLW concentrated to 567 1 (150 gal) per tonne of fuel from a 5 tonne/day nuclear fuel reprocessing plant. 
b Solids content based on 0.1% of total particulates penetrating the filters. 
c Reported as calcined solids. 

FIG. 9. Spray calciner with flowsheet for a 5 t/d fuel reprocessing facility. 
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FIG. 10. Illustration of in-can melter coupled to the spray calciner. 
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3.3.2.2. In-can melting 

The in-can melting process [37] uses the storage container as the melting 
crucible for vitrifying a mixture of calcined nuclear waste and glass forming frit. 
The container is placed in a multi-zone furnace and coupled directly to the output 
of a calciner as shown in Fig. 10. The container is heated to 1050°C and calcined 
waste and frit are fed to the container. The frit is metered continuously to the 
melter at a rate proportional to the calcine generation rate. 

Once the calcine-frit mixture in a zone has melted to a glass, heating is 
stopped and cooling is initiated. This cools the container and prevents excessive 
temperatures within the self-heating waste glass. The small volume of gas generated 
from the melting is vented back to the calciner. 

When the container becomes full, the calcine-frit mixture is diverted to the 
adjacent furnace. The filled container is removed from the furnace and is replaced 
by an empty container. The new container is preheated and is ready for operation. 
The dual container arrangement permits the calciner to operate continuously. 

In-can melting is a simple, reliable method for vitrifying waste glass. Melter 
deterioration is not a problem because the melter is replaced after each container 
is produced. This assures a long maintenance free, melting system. Capacity 
(50 kg/h) sufficient to support a 5 t/d reprocessing plant has been demonstrated 
with a 30 cm diameter container with eight internal fins (see Fig.l 1). The internal 
fins not only double the process rate of the melter but also allow higher heat loading 
in the container because the glass at the centre of the container remains cooler 
during storage. The drop-in fin assembly is constructed slightly smaller than the 
interior of the container for ease of fabrication and to provide a gap near the 
container surface. This gap of 13 mm between the fins and the container wall 
yields a more even temperature distribution around the circumference of the container. 

3.3.2.3. Fluidized bed calcination 

A pilot-scale calciner has been installed and operated since late 1974 to 
study the calcination of high-level waste [34], New operating concepts have been 
developed to capitalize on the excellent heat transfer, heat distribution and solids 
mixing properties of fluidized beds. 

As operated at PNL, a bed of inert particles (silica) is fluidized and main-
tained at the desired process temperature (500-800°C) by the controlled 
combustion of kerosene and oxygen in the bed. The high-level liquid waste and 
air are forced through a nozzle which sprays the waste solution into the bed. 
A portion of the feed droplets is dried in flight while a majority impinge on the 
bed particles and become a dried coating on the particles. The smaller calcined 
particles are entrained in the off-gas and escape to the filter vessel at the top of 
the disengaging section while the larger particles are discharged through the bed 
overflow line. 
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FIG. 11. In-can melting con tainer. 

Silica is continuously fed into the bed at the rate needed in the final glass. 
This mode of operation has been found to be more desirable than conventional 
fluidized bed operation, because particle size control and low waste concentration 
in the bed is controlled by the continuous addition of the silica. Problems of 
self-attrition and bed loss or agglomeration and clinker formation are avoided by 
continuously sweeping the bed with fresh bed material. Because the coated 
material is continuously withdrawn and the calcine powder is continuously elutriated 
from the bed, the concentration of calcine in the bed is low (as low as 15 wt% 
calcine). This may eliminate the need for emergency drains or bed coolers for the 
case of the loss of fluidizing air. 

32 



1 P R O D U C T D I S C H A R G E T O 
' RECEIVER OR MELTER 

© © © © © ® © ® ® ® ® © © ® 

o*- /«%• J 

/ 
w 

•7/ 

TEMPERATURE ("CI 20 3M 550 550 «75 24 a 25 20 360 100 360 

PRESSURE ( I b f f i n ' t SO 112 -0.2 -HÎ -Û4 80 SO 5 «1 -a<3 to - a « 

L I Q U I D R A T E (C/h) 4.5 25 

GAS RATE (f t3 ( s . t . p j /m in ) &0 6 0 4.4 4.5 37 

GAS R A T E ( f t ' (actual l /min l L46 a 74 Q68 « 

V E L O C I T Y ( f t /s l 1.0 t o 3.0 

SOLIDS RATE (kg/h i 3 .31 4.47 

FIG. 12. Pilot scale fluidized bed calciner. 



The overflowed, coated inert particles and the calcine cake blown off the 
sintered metal filters fall to the discharge nozzle of the filter vessel. The balance 
of the glass forming constituents in the frit is metered into the filter vessel at the 
base. The frit-calcine mixture falls into the coupled melter. 

Process development has been completed in a pilot-scale unit which is shown 
schematically in Fig. 12. Typical process variables are also included in the figure. 
Design of a scaled-up fluidized bed calciner has been initiated. Start-up and 
testing of this unit is planned for late 1977. System development should be com-
pleted by late 1981. Start-up of this type of calciner in an industrial plant is 
anticipated in 1984. 

3.3.2.4. Joule-heated ceramic melter 

In this type of melter [38] the melting energy is supplied by passing an 
alternating current between immersed electrodes through the molten glass. 
Direct heating of the glass provides the capability for high process rates while 
assuring a thoroughly melted homogeneous glass product. 

When fed calcine, as depicted in Fig. 13, the frit-calcine mixture falls onto 
the melter cold cap which functions as a reflux condenser for volatile constituents 
such as caesium. As the mixture settles, the material heats and ultimately melts 
into the molten pool. After a given residence timé within the molten pool the 
glass flows up through a riser into the overflow trough and is discharged into the 
receiving container. 

Because the calciner and melter are continuous systems while container 
filling is periodic, a method for periodic on-off drain control is needed which 
does not disrupt the smooth operation of the system. Since special melt level 
instrumentation is needed for a bottom draining melter, a tilt drain, overflow 
control method has been selected for future designs. When a container is filled 
and ready for change out, the entire melter is tilted back to terminate draining. 
While the filled container is removed and an unfilled container replaces it, the 
process continues. Once another container is connected, the melter is gradually 
tilted back to the horizontal position. 

In January 1975 an engineering scale ceramic melter was started up and 
tested. A schematic of this melter is shown in Fig. 14. After 10.8 months of 
continuous exposure to the molten glass, minor corrosion of the refractories 
and the electrodes was noted. This unit was restarted in January 1976 and has 
accumulated over 23 months of exposure to molten glass without failure. 

The design of a full-scale ceramic melter using the tilt pour concept and 
coupled to the previously mentioned calciners is in progress. Start-up of the 
full-scale developmental unit is planned for late 1977. 
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FIG. 13. Illustration of ceramic melter coupled to fluidized bed calciner. 

3.3.2.5. Direct liquid fed ceramic melter 

While feeding calcine and frit powder, the engineering scale melter demon-
strated smooth operation at a capacity of 60 kg/h. The high melting capacity 
of this type of melter suggested that direct liquid feeding of the high-level waste 
might be feasible. Several tests were completed to evaluate liquid feeding. These 
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C A L C I N E 
A N O F R I T 

Melting Cavity Dimensions 0.36m wide, 0.76m long, 0.30m deep 
Outside Dimensions 1.28m wide, 1.36m long, 0.89m high 

FIG. 14. Engineering scale ceramic melter. 

tests showed that this unit was capable of processing 30 1/h of simulated high-level 
liquid waste and indicated that direct liquid feeding was a feasible process. 

In this single-step process (shown schematically in Fig. 15) high-level liquid 
waste is transferred to a mix tank where the frit is slurried into the waste liquid. 
The slurried waste is then fed directly into the melting cavity and covers the 
molten glass. Flooding the entire molten surface with 40 to 80 mm of the 
slurried waste is preferred because a significant reduction in particulate entrainment 
in the off-gas stream is realized. 

The primary advantage of a ceramic melter is its broad flexibility. Selection 
of the most economical storage container can be made without altering the melting 
process. This type of melter provides a long production life before replacement 
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Melting Cavity Dimensions 0.86 m wide, 1.22 m long, 0.71 m deep 
Outside Dimensions 1.95 m wide, 2.13 m long, 1.62 m high 
Glass Depth 0.48 m 

FIG. 15. Direct liquid fed ceramic melter. 

and can process a broad range of glass compositions. A direct heated ceramic 
melter is readily scaled up. The potential for eliminating a calciner from the 
vitrification process by using a direct liquid fed melter promises to provide a 
significant simplification in the vitrification process, improve process reliability 
and reduce costs without reducing glass quality. 

Based on tests with the engineering scale melter, a full-scale (> 100 1/h) 
developmental unit was designed and has been constructed. Start-up is planned in 
early 1977. The dimensions of this melter are given at the bottom of Fig. 15. 
Development of this process is planned for completion by 1983 and use of this 
process in an industrial plant by 1986. 

3.3.3. VERA process 

3.3.3.1. Spray calciner — metallic melter 

This process is being developed at Karlsruhe for the solidification of high-
level waste from the Purex process [39, 40]. It has a number of important 
differences from all the processes described so far. Initially the waste solution is 
denitrated by reaction with formic acid to remove free nitric acid and to denitrate 
the heavy metal nitrates, the idea being to avoid oxidizing conditions in the sub-
sequent calcining and melting steps and keep ruthenium losses by volatilization 
below 0.01%. This step is followed by the drying and calcination using a spray 
drier, which is directly heated with superheated steam instead of in-bed combustion 
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FIG.16. Simplified flowsheet of advanced VERA process. 
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or wall heating. The inlet temperature of the superheated steam is 650°C to ensure 
that the product reaches 420°C to achieve satisfactory calcination. The advantages 
are the elimination of scale formation on the walls of the drier and a minimum 
of non-condensable gases in the system. The superheated steam is recycled. The 
calcined solids are separated by filter candles and fall into a melter vessel and are 
heated together with glass forming components to 1100°C to form a glass. This 
is discharged batchwise into final storage containers. 

Recently an advanced version of the VERA process has been developed which 
is shown in Fig. 16. The denitration is performed in the calciner itself by feeding 
the formic acid with the feed and spray steam. Under these conditions mainly 
nitrogen is formed and the nitrate content of the calcine is reduced to only 2% 
of the original value. The blow-back filter candles are located around the inside 
of the calciner to form a single, compact unit. The process steam is completely 
condensed and recycled to keep the activity as low as possible, avoid unnecessary 
dilution and minimize the production of secondary waste streams. A carrier 
material, 'Celite' (90% Si02) is added to the waste feed prior to spraying to 
improve the calcine to a less sticky product. The glass frit is depleted in Si02 

to compensate. 

3.3.3.2. Spray calciner — ceramic melter 

Recently a new facility, shown in Fig. 17, was developed consisting of a modified 
calciner with a ceramic melter integrated to a single unit. The simulated high-level 
waste, mixed with prefabricated glass frit, is sprayed directly into the wall-heated 
calciner/melting unit where the droplets are dried and the product is melted to 
borosilicate glass at 1200°C. Scale formation is avoided, even in case of mal-
operation, due to the fact that the whole calcining system is heated to more 
than 900°C. 

For start-up, the ceramic melter is preheated by resistance heaters (SiC 
elements) which are arranged in the bottom of the melter. Once the electrical 
conductivity is high enough, electrical current is passed directly through the glass 
by four molybdenum electrodes. For corrosion protection they are combined 
with a tin oxide electrode. The outlet is plugged by an electrode which for 
discharge is heated and partly removed. The molten glass is discharged batchwise 
into the final container. 

The pilot-scale melter (capacity = 30 1 waste solution/h) was maintained at 
working temperature since start-up in September 1976. In the first long-range 
test of 1000 h in 1976 a total of 6600 1 of simulated high-level waste solution 
has been converted to 1500 kg of glass, which was filled into 25 steel cylinders. 
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FIG. 17. Simplified flowsheet and illustration of compact ceramic unit (VERA). 



3.3.4. PAMELA process 

This process is being developed by Gelsenberg A.G., Federal Republic of 
Germany, in cooperation with the Eurochemic Company, Belgium, and with 
support of the German Federal Ministry of Research and Technology [41—44], 

It consists of the following steps (see Fig. 18) : 
(a) Concentration and denization of the waste solution using formaldehyde 

as a reducing agent. 
(b) Vitrification of the suspension produced in (a) at 1000 to 1200°C and 

production of glass granules. For this step, an electrically direct heated, 
fully ceramic melter is used [45]. The glass melt passes through a series 
of nozzles and the droplets are caught on a rotating disc where they 
solidify. 

(c) Incorporation of the glass granules into a metal matrix (mainly to 
improve heat removal). The final product is called VITROMET (glass-
metal-compound). After a quality control check, a batch of glass 
granules is transferred into the final container. Two methods of incor-
poration are possible. Either the container is filled first with the granules, 
then the molten metal is introduced from the bottom. Floating up and 
moving of the granules is suppressed by a built-in grid ; or the container 
is prefilled with the molten metal, then the glass granules are fed in through 
a tube reaching to near the bottom of the container. The granules float 
up and collect below a grid at the top of the container. The displaced 
volume of molten metal overflows into a second container (see also 
section 3.4.5.2). 

Granules of phosphate glass which can contain about 30 wt% of fission product 
oxides have been favoured so far. However, in order to improve the flexibility of 
the process, work is in hand to extend it to the production of borosilicate glass 
and borosilicate glass-ceramic products. This R+D programme is carried out jointly 
by Gelsenberg A.G. and the Hahn-Meitner Institut, Berlin [46]. 

Compared with other processes, there are a number of important differences. 
Both the glass making and granule production are carried out continuously 24 hours 
a day with a constant level of the melt and a steady temperature. Sampling and 
continuous quality control of the glass is easy. Feeding back of glass which does 
not meet the necessary specification is no problem. The production of the final 
blocks is done at a much lower temperature (about 350°C) than that of glass blocks, 
therefore, the final containers are exposed to only moderate temperatures. The 
long cooling periods required for the production of monolithic glass blocks 
are avoided. 
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FIG. 19. Simplified flo wsheet of the FIPS process. 



3.3.5. FIPS process, Jülich (FRG) 

The FIPS process has been developed for the solidification of fission-product 
solutions arising from the reprocessing of LWR as well as HTGR fuel elements. 
The HTGR type waste solution is characterized by a relatively high aluminium 
and fluoride content and may also contain a high amount of thorium. This waste 
type demands a more versatile and reliable process than LWR waste. A flowsheet 
of the FIPS process is given in Fig. 19 [47]. 

The waste solution is first concentrated to about 50 g solids/litre and 
denitrated using formaldehyde. The waste concentrate is then mixed with glass 
forming additives — silica, sodium borate, sodium carbonate and calcium oxide — 
or with glass frit. This results in a creamy stable suspension, which settles very 
slowly and can easily be homogenized. 

The creamy slurry is pumped in an overflow cycle to a drum drier using an 
immersion pump. The drum dips into the slurry, and a thin film adheres to the 
surface. During two thirds of each rotation the product is dried at 130°C. The 
rotation rate is 2 rev/min and the drying time 20 seconds. A blade scrapes off 
the dried material, which falls down into a melter container, located in an induction 
furnace and held at 1000 to 1200°C, depending on the glass composition. 
The product from the drier is melted by a rising level, in-pot method. In small-
scale solidification runs graphite and graphite-clay crucibles have been used 
successfully. In a large-scale plant heat resistant steel containers will be used. 

Alternatively the in-pot melting can be replaced by a continuously working 
ceramic melter which is being developed. However, at the present state of the 
art, in-pot melting is preferred, because no surveillance and maintenance of the 
melter is necessary. 

In the case of waste solutions with a high thorium content (so-called INTERIM 
process waste) a calcinate or sintered product is formed instead of a glass. 

The present plant has a throughput of 1 kg glass/h and a larger plant with 
a throughput of 10 kg/h is being designed. The equipment consists of industrially 
well proven components which could be operated and controlled easily under hot 
conditions. There are no start-up or shut-down problems. 

3.3.6. Russian single-stage phosphate glass process 

The process [48-51 ] is designed to convert high-level waste into a phosphate 
glass and the evaporation, calcination and vitrification are carried out in a single 
unit shown in Fig.20. The furnace consists of a water cooled metal box lined 
with refractory blocks and divided into two zones. The feed of waste and phosphate 
glass formers enters from the top of the larger zone, which is 2.4 m by 0.8 m. 
Under optimum conditions, the feedrate is about 100 1/h with a power input of 
85 kW, the temperature of the melted mass is 1000°C with an off-gas temperature 
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FIG.20. Simplified flowsheet and an illustration of electric furnace for single-stage process. 
1. Electric furnace; 2. Bubbler-condenser; 
(1-1) Melting zone; (2.1) Tubular cooler; 
(1-2) Finished product zone; (2.2) Tubular reflux condenser; 
(1.3) Transfer channel at base; 3. Coarse filter; 
(1.4) Water cooling pipes; 4. Fine filter; 
(1.5) Molybdenum electrodes; 5. Pyrolusite column; 
(1.6) Sprayerless feed tubes; 6. Absorption column. 
(1.7) Cylindrical receiver tank; 

of 300°C and there is a 5 to 6 cm layer of foam from the evaporating liquid. The 
power is supplied by passing an alternating current through the molten glass using 
molybdenum electrodes. To start up the furnace, broken glass is added and 
special electrodes are required. The molten glass flows under a bypass into the 
output zone, which is 0.3 m by 0.8 m, from where it can be poured into a 
200 1 container. 

The unit has been operated for 2.7 years with simulates of sodium and 
aluminium nitrate and phosphoric acid added. ~ 1400 m3 of feed have been 
processed and ~ 340 t of phosphate glass produced. Molasses are added to 
reduce carry-over. 
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FIG. 21. Flo wsheet of two-stage process. 
(1) Feed tank; (2) pump; (3) evaporator; (4) concentrated solution container; (5) dispensing 
pump; (6) tubular heat-exchanger; (7) heater; (8) drier; (9) cermet filter; ¡10) disc-type 
pneumatic feed; (11) crucible; (12) receiver; (13) tank; (14) bubbler-absorption column; 
(15) coarse filter; (16) fine filter; (17) vacuum pump; (18) smokestack; (19) trolley 
with crucible; (20) hoisting device. 



3.3.7. Russian two-stage fluidized bed process (KS-KT-100 plant) 

A second solidification process is also being developed in the USSR [49, 52] 
which involves fluidized bed calcination followed by melting. Extensive develop-
ment has taken place on an industrial scale plant using a simulate solution 
containing 240 g/1 aluminium nitrate and 125 g/1 sodium nitrate with 120 to 
130 g/1 orthophosphoric acid added as glass former and 90 to 150 g/1 of industrial 
molasses to assist the denitration. 40% of the nitrate ion is removed during the 
preliminary evaporation with 150 g/1 molasses, then the feed is pumped into the 
fluidized bed calciner. The fluidizing air is heated by a steam heat exchanger. 
The calciner is 1.4 m in dia. and 4.6 m high, with a fluidizing velocity of 1.5 m/s 
and the calcination temperature is 350 to 400°C (see Fig.21). The calcine is fed 
to a concrete refractory container heated to 1000 to 1100°C by high frequency 
induction. Melting occurs within one hour and the container is filled in 8 to 10 hours 
at a rate of 20 kg glass/h. The containers hold 160 to 180 kg glass and 40 have 
been filled in inactive runs. The level in the containers is monitored by gamma-
scanning. The molten glass is not transferred, but stored in the container in which 
it is melted. 

3.4. PROCESSES IN THE EARLY DEVELOPMENT STAGE 

3.4.1. ESTER process (Italy) 

This is another multi-stage process [53—56], developed in Italy at Ispra, in 
which initially the waste solution is concentrated and denitrated by the addition 
of red phosphorus and digested with the glass forming chemicals. The solution 
is then transferred to the melting vessel which is held at 600 to 800°C and the 
temperature is finally increased to 900°C to melt the product to a glass. The 
use of red phosphorus minimizes the volatilization of ruthenium. For some 
waste solutions, a borosilicate glass has been formed using the same equipment, 
but without the addition of red phosphorus. The main glass making stage is 
based on the pot calcination described in a number of the previous sections 
(e.g. 3.1.3.1). 

3.4.2. LOTES process (Eurochemic) 

The Eurochemic reprocessing plant has two types of high-level waste 
solutions in storage tanks, arising from the processing of MTR type fuels (aluminium 
wastes) and LWR fuels (Purex wastes). Candidate processes for solidification of 
these wastes were judged to be the fluidized bed calcination process (see section 
3.2.1) and vitrification to a phosphate glass [57]. 
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FIG. 22. Design flowsheet for the LOTES process. 

During the development of the fluidized bed calcination process two draw-
backs were found: 

(a) high entrainment (15—20 wt%) of calcined products in the off-gas 
stream which caused blockages in the system; 

(b) the high leachability of the product in water. 

These were overcome by : 
(a) fitting a stirrer in the core of the fluidized bed calciner, which reduced 

the fines in the off-gas to less than 1 wt%; 
(b) conversion of the waste to a phosphate ceramic instead of the oxide. 
The resultant process is called LOTES (see Fig.22). The nitrate ions in the 

waste are replaced by phosphate ions at low temperature and the phosphate is 
incorporated into A1P04. In practice, a stoichiometric amount of phosphoric 
acid is added to the waste solution together with sufficient A1(N03)3 to obtain 
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a final product containing 30 wt% of waste. The solution is fed to the stirred 
bed calciner, which is heated at 550°C and prefilled with A1P04 granules, 3 mm 
in diameter. At equilibrium, the particle growth is balanced by the growth of 
new seed particles and the removal of the product by overflow. By varying the 
stirrer speed, the dimensions of the granular crystalline product vary between 
3 and 5 mm. It is proposed to incorporate the granules into a metallic matrix 
(see section 3.4.5.2). 

More recently, also sodium nitrate containing waste could be treated in the 
same process. The Na/Al ratio in the granular product could be raised to more 
than 1.5. Denitration could be completed by simultaneous metering of formic 
acid to the feed nozzle. The granular product can be incorporated into a metal 
matrix and also be converted to a phosphate glass-ceramic by in-can melting. 

3.4.3. Sandia solidification process 

This process, developed by the Sandia Laboratory [58, 59], uses a novel class 
of inorganic ion-exchange materials to remove radionuclides from solutions for 
subsequent fixation in a stable ceramic, by compaction and firing. The most 
promising materials are sodium titanate, sodium niobate or sodium zirconate which 
are all insoluble in water and made by reacting the appropriate metal alkoxide 
(e.g. tetra-isopropyl titanate (C3H70)4Ti) with sodium hydroxide in methanol and 
then precipitating in water. 

A process flowsheet has been developed to utilize these materials; in particular, 
sodium titanate which has an ion-exchange capacity of 4 to 4.5 meq/g depending 
upon water content, and which is preferred on economic grounds. The high-level 
waste solution is conditioned to pH ~ 1 with NaOH (this reduces the amount 
of sodium titanate consumed in reacting with H+), clarified by centrifugation, 
passed through a column of sodium titanate, followed by a zeolite column and 
then a tail-end clean-up process for removal of residual technetium and ruthenium. 
Decontamination factors of 108 have been measured for caesium and strontium, 
but only 104 for ruthenium. The resulting decontaminated sodium nitrate solution 
is evaporated to yield low-level, solid waste for disposal. The titanate and zeolite 
solids are slurried out of their respective columns, mixed with the washed solids 
from the centrifuge, dewatered, dried on a pan filter, and then consolidated by pressure 
sintering to produce a ceramic with a bulk density of 4.7 g/cm3 and waste oxide 
content as high as 1.2 g/cm3. A sintering aid such as a glass frit has been used and 
the final pressure sintering is usually carried out at 900 to 1100°C and 1000 to 
2000 lbf/in2. The ceramic product is claimed to have a leach resistance com-
parable to borosilicate glass. 
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FIG.23. Flowsheet of fluidized bed calcination process (PNC). 



3.4.4. Solidification process development in Japan 

3.4.4.1. Fluidized bed calcination process (PNC) 

This process [60] has been chosen and developed as a pretreatment step in 
the vitrification of high-level waste generated at the reprocessing plant of Power 
Reactor and Nuclear Fuel Development Corporation (PNC) which uses the Purex 
process. The feed solution consists of the high-level liquid waste from the first 
cycle extraction together with the alkaline solution used to scrub the TBP-dodecane 
solvent from the first extraction cycle. The sodium content of the feed, therefore, 
is as high as one mole per litre and it can cause problems such as sticking of the 
calcines and clogging of the spray nozzle. However, they have been overcome by 
the addition of a ferric compound and other additives to the simulated waste 
which is treated in the fluidized bed calciner at a maximum feedrate of 1 1/h 
and a temperature of 500 to 700°C (see Fig.23). One of the following vitrification 
processes will be chosen and developed, together with evaluation of the solidified 
products. 

3.4.4.2. Zeolite solidification process (JAERI) 

Zeolite is an alumino-silicate mineral with a high ion-exchange capacity for 
cations such as caesium and strontium. The equipment for this process [61, 62] 
consists of three main units; a rotary kiln calciner for a feedrate of 10 1/h, a 
vitrifying melter with induction heating which has a batch capacity of 1.51 glass 
and a hot press with a batch capacity of 0.21 ceramic (see Fig.24). Laboratory 
scale tests showed that the vitrified product made from the zeolite with additives 
such as Na2C03 , H 3B0 3 could contain up to 25% waste oxides with a melting 
temperature of 1200°C and have a good durability. This process would be 
expected to have advantages of (a) suppressing the volatilization of radioactive 
components during the high temperature treatment, (b) increasing the product 
durability owing to the effective ingredients such as A1203, Ti02 , and (c) a good 
use of natural resources. In the near future, solidification tests using wastes 
containing radioactive tracers will be carried out with the equipment. 

3.4.4.3. Hot-press process and glass-ceramics process 
(Government Industrial Research Institute, Osaka) 

Solidification processes involving either sintering or hot-pressing the calcined 
wastes with porous, high silica glass (intermediate products for Vycor) have been 
developed [63—65]. Sintering of mixtures containing 30 to 40 wt% waste oxides 
was done at 650 to 1000°C to give products with 10 to 30% porosity. These 
products were fairly resistant to hot water with leach rates of 10"4 g/cm2 - d. 
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FIG.24 Flowsheet of zeolite solidification test equipment (JAERI). 



Mixtures of calcined waste, Pyrex glass and copper powder were hot pressed 
at 650 to 750°C to improve the thermal conductivity of the solidified products. 
These products had porosities less than 5% with conductivities about five times 
larger than those of glasses. Leach rates were in the range 10~3 to 10"4 g/cm2• d 
in hot water. 

Calcined, Na20-rich wastes were incorporated into glass by melting with an 
Al 20 3Si0 2 glass at 1500°C. The resultant glass was then heat treated to convert 
it to a glass ceramic. Nelphite and albite were the major crystalline phases in the 
products, which were found to be much more durable thermally and mechanically 
compared with the original glass, and which had excellent leach rates of 10 - s 

to 10"6 g/cm2-d in hot water. 
A Chemical Processing Facility will be constructed for the solidification of 

high-level liquid wastes, the evaluation of the properties of the vitrified products 
and their compatibility with materials. It is expected to be in operation in 1981. 

3.4.5. Solidification process development in Sweden 

3.4.5.1. Zeolite solidification process (KTH, Stockholm; LTH, Lund) 

The radioactive waste is solidified by passing the active solutions through 
columns containing zeolites or similar synthetic inorganic ion exchangers. After 
drying, these exchangers are converted to glass by firing at moderate temperatures 

900°). 

3.4.5.2. Titanate solidification process (KTH, Stockholm) 

The waste is solidified by passing the radioactive solution through columns 
containing titanate ion exchangers of comparatively low cost. A titanate exchanger 
of special quality has shown a very high affinity to caesium. After thorough 
drying the titanates have been sintered at high isostatic pressures and at high tem-
peratures by ASEA, Robertsfors. The resulting ceramic has shown very promising 
qualities with respect to leaching resistance and to lack of porosity. 

3.4.6. Alternative waste fixation processes 

A number of laboratory and pilot scale studies are under way developing 
processes which involve further treatment of calcines or glasses (see Fig.2). The 
work is primarily concentrated in the following centres: at Battelle Pacific North-
west Laboratories, Pennsylvania State University, and at Eurochemic in cooperation 
with Gelsenberg A.G. 
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3.4.6.1. Development of coated waste particles and incorporation in a 
metal matrix 

Preliminary studies [66] have been carried out to coat particles typical of those 
produced in a fluid bed calciner (0.1 — 1 mm) as well as pellets up to 10 mm dia-
meter. Coatings have included pyrolytic carbon, nickel and molybdenum (mainly 
as barrier layers for subsequent coating), chromium carbide and oxide, silicon, 
silica and alumina. Many of these coatings have been shown to be impervious 
and resistant to attack by leaching agents. 

These coated waste particles can be further incorporated in a metal matrix. 
A range of metals have been considered, from lead, zinc and aluminium at the 
lower melting point range to copper, iron and steel above 1000°C, to form a 
matrix for embedding the coated particles. Processes examined included coating 
and gravity sintering from metal powders. 

3.4.6.2. Incorporation of solidified products in a metal matrix 

The technique developed at Eurochemic has been applied to both the granular 
phosphate product from the LOTES process [57] (section 3.4.2) and the granular 
phosphate glass from the PAMELA process [41-44] (section 3.3.4). 

A series of products of different composition prepared in laboratory scale 
experiments have shown a homogeneous distribution of the granules within the 
metal matrix, which occupies about 30% of the total volume. The bulk volume 
of the granules is not increased, as the matrix material only fills up the 
void space between the granules. 

The inner compartment of a double-wall stainless steel container of 50 cm 
diameter and 1.5 m height is filled by the phosphate granules via a central inlet 
tube. Cold nitrogen gas is blown through the container to cool the granules 
while awaiting their incorporation. 

The outer surface of the container is then heated by induction to a temperature 
of about 500°C. Lead grains are continuously fed into the upper zone of the 
container, where they melt and flow downwards around the periphery of the 
container. The metal melt rises up in the entire container thereby filling up the 
void space between the granules. The granules have a tendency to float on top 
of the liquid metal as a result of the large difference in density of lead and of 
the granular solids. To avoid escape of the granules through the central tube, the 
latter is closed with a filter directly after filling the inner compartment with the 
phosphate granules. An excess of lead grains is fed to the container to assure 
complete immersion of the inner compartment by the lead. The container is 
gradually cooled by zone cooling, starting at the bottom and ending at the top. 
This cooling procedure eliminated uncontrolled formation of cavities in the metal 
phase after cooling. A cover lid is finally welded on the container which is then 
transported to an interim storage area for disposal. 
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A typical metal alloy of 99 wt% lead and about 1 wt% tellurium has been 
used with a melting point of 327°C and a thermal conductivity of 30 W/m • °C. 
The alloy is highly resistant to water and so acts as a barrier for leaching of 
the granules. 

3.4.7. Production process of monolithic materials from calcination waste by 
chemical reaction heat 

In the USSR a process was developed [67, 68] to convert calcination waste 
into a monolithic material by the use of the heat of chemical reactions ('chemo-
thermal process')-

Two mixtures were used as thermal additives: Fe 2 0 3 + Al and Al + NaN03 . 
Specific heat generation of the mixtures is 940 and 1180 kcal/kg of mixture. The 
process is characterized by high temperatures which depend essentially on the 
waste composition, the specific throughput and the heat losses. 

The basalt-type materials produced have a chemical, thermal and radiation 
resistance which exceeds that of vitreous materials. 

The process is to be applied directly at the disposal sites. Therefore, there 
is no longer the problem of choosing high-temperature materials, and gas purifica-
tion is simplified. Up to 99% of the dust laden gases remain in the adjacent 
section of the disposal site. The preliminary purification of the off-gas may be 
done with special filters located at the end of the operating or the beginning of 
the subsequent section. 

For the completeness of the process the mixture must be fed at a certain 
rate per unit of reaction surface. The specific productivity should be at least 
870 to 900 t/m2 h for a mixture composed of 45% Fe203Al. Decrease of the 
volume is 12—13 fold. 

Another process for the solidification of highly radioactive fission product 
solutions by means of a thermite reaction has been developed at Karlsruhe 
(FRG) [40], In the experiments a simulated non-radioactive waste calcine is 
mixed with aluminium and manganese dioxide as reacting components and sand 
as an inert additive. A small portion of the mixture is ignited in a graphite crucible, 
with the remainder added as the reaction proceeds. At temperatures of well above 
2000°C a melt is formed. Some volatile solids are removed by the air stream and 
separated in filters. The ceramic product has a good leach resistance with negligible 
thermal and radiation damage. 

After a series of bench-scale experiments, the process has been tested in 
batches of up to 18 kg in a pilot unit. These tests have proved that the process 
can be properly controlled, even on a pilot scale. 
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4. SOLIDIFIED PRODUCTS AND 
FINAL STORAGE CONTAINERS 

The main objective of the solidification processes described in section 3 is to 
convert the liquid wastes to a form which is less readily dispersible and which can 
be stored with minimum surveillance. In this section the basic properties of the 
products will be examined together with the choice of storage container, including 
both the size and materials of construction. 

Many possible strategies and criteria influence the choice of type of product 
and container. Product quality is governed by the nature and duration of the 
storage (i.e. intermediate storage or ultimate disposal) and must take into account 
the effect of possible anomalous conditions. Parameters to be considered, and on 
which development work is being done are: 

(i) maximum storage temperature 
(ii) mechanical integrity 
(iii) leaching rate 
(iv) dispersibility 

Other product characteristics of particular interest with respect to the 
production, but also to storage, are: 

(i) thermal conductivity 
(ii) viscosity of the product at the fabrication temperature (e.g. bridging 

during filling of elaborate containers). 

Two containment barriers are possible between the solidified product and 
the environment; the first is the container itself and the second, which is optional, 
is the use of metal matrix or coating material. These containment barriers have to 
be specified taking into consideration the following aspects: 

(i) storage conditions (temperature and environment) 
(ii) integrity of the barriers (e.g. welding of a lid) 
(iii) outside decontamination ('clean' storage and transportation) 
(iv) retrievability (ability to be moved to another location) 
(v) dimensions (heat removal, production and engineering considerations) 
(vi) minimizing the thermal and mechanical stresses in the final container. 

A detailed study of the various solidified products will be reported in a 
separate document [9] and will explain the decision pattern followed for each 
strategy. 
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4.1. SOLIDIFIED PRODUCTS 

Typical properties of the solidified waste are given in Table III. 
In all but one of the processes, the object is to produce as dense and compact 

a product as possible. The exception is the calcine product from the Idaho 
fluidized bed calciner. The properties of, and storage containers for, this product 
will be examined first. 

4.1.1. Calcine 

The calcine produced in the Idaho fluidized bed calciner is (originally) a free 
flowing powder from which the fission products can be leached out if their 
recovery is required. Solids storage facilities have been constructed adjacent to 
the processing plant and the calcines are stored in vertical stainless steel containers 
within underground concrete vaults [17]. The containers are cooled by natural air 
convection. Connections are available to permit retrieval and transfer of the solids 
to another location for ultimate disposal or further treatment, if required. 

The first facility consists of four sets of containers, each set containing a 
central 0.915 m diameter by 7.3 m high container and two progressively larger 
concentric containers, each 0.61 m thick by 6.1 m high, with an annular space 
between each container for air cooling. The four sets of containers have a total 
capacity of 220 m3 and were designed for two year cooled aluminium wastes with 
a heat generation rate of 1400 W/m3 (of waste solution) and to prevent tempera-
tures rising above the calcination temperature of 400°C. The maximum observed 
temperature was 225°C. 

The second storage facility was designed for a maximum centre-line tempera-
ture in the container of 700°C (the fusing limit for zirconium wastes) and a 
maximum surface temperature of 290°C. This consists of seven 3.66 m diameter 
cylindrical containers, 12.8 m high, giving a total capacity of 900 m3 of solids. 

The third storage facility was identical to the second except that the six 
outside containers were 13.7 m high and the centre container 17.4 m high, to give 
a total capacity of 1130 m 3 . The maximum temperature observed in these 
containers has been 630°C, with a surface temperature of 80°C. 

All of the wastes handled by the WCF have been 0.1 to 1.0% of the specific 
activity and heat generation rate of commercial power reactor wastes. If such a 
calcination and storage facility was considered for these commercial wastes, major 
changes would be required in the storage concept. A simple extension of the 
present system would require a large array of 20 to 40 cm diameter containers. 
Alternatively, heat removal pipes or thermal conduction grids could be installed in 
larger containers, annular containers could be used or forced convection cooling 
used in the early years with a planned transfer to larger diameter containers after 
an interim period. 
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TABLE III. PROPERTIES OF SOLIDIFIED HIGH-LEVEL WASTES 

Properties Typical 
components 

Waste oxide 
(wt%) 

Density 
(g/cm 3 ) 

Strength Thermal 
conductivity 
( W / m ° C ) 

Long-term 
stability 

Leach rate 
(g/cm 2 -d) 

Calcine Ca as CaF2 

a l as a 1 2 0 3 

Zr as Zr0 2 

< 0 . 1 
(Bulk) 
1.0 ~ 1.7 

None 
(powder) 

0 . 1 3 - 0 . 2 Not 
required 

0.1 ~ 1 

Boro-
silicate 

glass 

S i 0 2 

N a 2 0 
b 2 o 3 

a i 2 o 3 

2 . 5 - 3 . 0 Hard and 
brittle 

Risk of 
devitrification 

1 0 " 5 - 1 0 " 7 

Phosphate 
glass 

p 2 o s 

N a 2 0 
a 1 2 0 3 

1 5 - 3 0 1.0 ~ 1 .5 

Glass 
ceramic 

S i 0 2 

a i 2 o 3 

b 2 o 3 

Similar to 
borosilicate 
glass 

Hard and 
firm 

Stable 

Glass-metal 
matrix 

Glass 
beads 
+ Pb alloy 

~ 6 Ductile 10 Reduced 
risk of 
divitrification 

1 0 " 5 - 1 0 ~ 7 

Ceramic-metal 
matrix 

Phosphate 
beads 
+ Pb alloy 

1 0 - 2 0 Stable 



4.1.2. Dense calcined products 

Dense calcined products arose from the pot calcination process and, there-
fore, were produced in the final storage container. Since temperatures of 900°C 
were involved, the container was normally made of stainless steel, type 304 L 
being used for the containers in the WSEP demonstration [16]. Pot diameters 
ranged from 15.2 to 30.5 cm (6 to 12 in) diameter depending upon the heat 
generation rate. The major drawback with this type of product is the low bulk 
density of 1.2 to 1.4 g/cm3 and low thermal conductivity of 0.6 X 10"3 to 
1.0 X10"3cal/s cm - °C. 

4.1.3. Glass and ceramic products 

Vitreous products are obtained when glass making chemicals are added to the 
waste solution or calcined waste. Most of them are based on either borosilicate or 
phosphate glass systems. The temperature required to form these products is 
generally in the range from 1000 to 1200°C and is higher than that required for 
calcines only. 

Ceramic products are crystalline in nature and therefore thermodynamically 
stable. 

Glass-ceramics are compounds consisting of a vitreous and one or more 
crystalline phases occurring naturally. 

Vitro-ceramics are similar to glass-ceramics but the crystalline phases are 
developed by special treatment. 

4.1.4. The glass- and ceramic-metal matrix composites 

Solidified waste products in granular form have been incorporated into metal 
matrices in order to: 

(i) increase the thermal conductivity of the final product 
(ii) decrease the dispersibility of the solids 
(iii) improve the mechanical and chemical stability of the final product. 

Figure 25 shows a series of these types of products. The bulk volume of the 
granules is not increased as the matrix material only fills up the void space between 
the granules. This implies about 30% of the total volume. Granular materials 
can include calcines, ceramic components and vitreous beads. Among the many 
alloy compositions, lead-, zinc- and aluminium-based alloys have been selected 
for more detailed investigation, each covering a distinctive range of melting 
temperatures. 
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(a) CALCINE GRANULES IN A 
LEAD A N T I M O N Y - T I N A L L O Y 

(b) V ITREOUS BEADS IN 
THE SAME A L L O Y 



(c) CERAMIC PHOSPHATE GRANULES 
IN AN A L U M I N I U M A L L O Y 

(d) CERAMIC PHOSPHATE GRANULES 
IN A GRAPHITE M A T R I X 

FIG. 25. Photographs of conditioned high-level waste products produced at Eurochemic. 
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TABLE IV. SIZES OF TYPICAL PRODUCT STORAGE CONTAINERS 

Source Diameter Length Wt glass Heat release 

HARVEST 0.61 m (24 in) 2.74 m (9 f t ) 1260 kg Í55 W/cm depth of glass or 

0.51 m (20 in) 2.74 m (9 f t ) 850 kg 1 1 0 . 8 5 kW 

1.22 m (48 in) 2.74 m (9 f t ) 2600 kg 140 kW 
(annular) 

PIVER 0.35 m 0.5 m 90 kg 3 - 4 kW 

AVM 0.50 m 1.0 m 3 0 0 - 4 0 0 kg 

AVH a 0.5 m o.d. ' 

0.150 m i.d.. 
• annular 

1.0 to 1.5 m 4 5 0 - 5 0 0 kg 

WIP 0.325 m 0.75 m 125 kg 2.5 kW 
(storage container) 

WIP 0.355 m 2 m 250 kg 5.0 kW 
(secondary containment 
for two of 
above containers) 

VERA 0.22 m 1.0 m 75 kg 

a Possible size. 



4.2. CONTAINERS 

4.2.1. Container sizes 

These vary over a wide range of both diameter and length depending upon 
the production process, the heat generation rate and the throughput of the 
process. Some typical containers used in development work so far are given in 
Table IV. 

In general, the diameter is controlled by the heat loading of the solidified 
product, the thermal conductivity, the heat removal capacity and the maximum 
acceptable surface and/or centre-line temperature. Opinions vary considerably 
on the limit that should be imposed on the maximum temperature. Some people 
feel it should be below the temperature at which the crystallization rate of the 
glass is unacceptable. However, if the glass is intentionally crystallized during 
formation by the inclusion of certain additives to create insoluble crystalline 
phases, then this limitation may no longer apply. (This subject will be dealt with 
in greater detail in a separate report [9].) 

The longer the fission products are cooled, either before reprocessing or by 
liquid waste storage, before the waste is solidified, the larger the diameter of the 
container which can be used. There are strong arguments in favour of early 
solidification to avoid extended liquid storage and a compromise is required 
depending upon many technical, economic and environmental considerations. The 
maximum length can be governed by the process design, the overall weight of the 
filled container and also the combined weight of the container and shielding coffin 
if it has to be transported to a separate storage area away from the production 
plant. 

4.2.2. Containers for increased heat content 

The sizes of containers discussed in the previous section and listed in Table IV 
have been adequate for the various development plants operated so far and with 
waste solution throughputs from existing fuel reprocessing plants. However, over 
the next few decades, processing rates will increase significantly and at the same 
time the specific activity of the wastes will increase as fuel burn-ups and ratings 
increase with more advanced reactors coming into operation. The question of 
increased throughput of the solidification processes will be considered in section 7 
but we must also consider container designs for increased heat content. 

Four possible schemes have been proposed so far for increasing the heat 
content: 

(a) Use of annular containers; 
(b) Use of cylindrical containers with internal cooling ports; 
(c) Use of cylindrical containers with internal fins; 
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(d) Incorporation of metals with the waste to give improved thermal 
conductivity. 

These schemes will be examined in turn. 

4.2.2.1. Annular containers 

These have been proposed for the HARVEST process [69] because of the 
need to provide a higher surface area for heat removal to cope with the greater 
decay heat in short cooled wastes whilst still retaining a large batch size. The 
favoured design at present is a container in which the outer container is 1.22 m 
(48 in) diameter on the outside (2.5 cm (1 in) wall thickness) and the inner 
container is 76.2 cm (30 in) diameter on the inside (2.5 cm (1 in) wall thickness). 
This leaves a 17.8 cm (7 in) thick annulus. The containers would be 2.74 m 
(9 ft) high and filled to 1.83 to 2.13 m (6—7 ft) with glass and would contain 
approximately 1 m3 of glass (equivalent to 2.6 t). A 50 t limit has been set for 
the filled container in the shielded flask for transport. The containers are designed 
for a glass with a maximum heat release of 140 W/l and 140 kW total heat output 
per container. 

An annular product storage container is also proposed for the AVH at 
La Hague if the specific power is above 100 W/l. In this case, the external diameter 
is 500 mm and internal diameter 150 mm and the container would be water cooled 
in the early years. 

4.2.2.2. Containers with internal cooling ports 

This design has been proposed where the container is filled with glass by 
pouring directly from a melter, i.e. a system in which there is no evaporation or 
denitration occurring. Each container would be fitted with seven tubes ranging 
in diameter from 1/12 to 1/4 of the diameter of the container. By suitable 
choice of this ratio and the positioning of the tubes, it is possible to increase the 
heat removal from a given outer container by a factor of 10 with some sacrifice 
in the filled volume. This effect is illustrated in Fig.26. 

4.2.2.3. Containers with internal fins 

Another method of increasing the heat removal from a cylindrical container 
is by fitting a number of fins inside the container. However, it cannot be used in 
a process such as FINGAL/HARVEST where evaporation and melting occur in the 
container. The heat removal can only be practically increased by a factor of 2. 
Originally it was thought necessary to fix the fins to the wall of the container, a 
difficult fabrication problem, but it is now considered better to leave a half-inch 
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FIG. 26. Effect of internal cooling ports on heat dissipation from waste storage containers. 

gap between the fin and the wall of the container. In this way, the wall tempera-
ture of the container is more uniform and hot spots are avoided where the fins 
are attached (see section 3.3.2.2 and Fig. 11). 

4.2.2.4. Containers with high-level waste solids incorporated into a metal matrix 

The technology of this process is discussed in section 3.4.5.2. 
Figure 27(a) shows that the maximum heat loading per metre of container 

height is limited to 4.4 kW/m (to limit centre-line temperature) and cannot be 
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FIG.27. Evaluation of heat loading per metre container height containing different types of 
high-level solid waste products as function of power density (q), diameter (D) and maximum 
allowable central temperature (TJ, assuming forced water cooling of the container's outersurface. 

increased by increasing the diameter of the container or by diluting the vitreous 
product with inert additives. 

In Fig.27(b) similar curves are shown for borosilicate glass in containers. 
One of the two series of curves assumes a maximum temperature of 500°C; the 
second one of 700°C. From this figure we can see that the maximum heat 
loading for borosilicate glasses is limited to 6.2 and 9.0 kW/m, respectively. The 
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maximum heat loading can, however, be enhanced by increasing the thermal 
conductivity. 

In Fig.27(c) the heat loading for borosilicate glass dispersions in a lead 
matrix with an overall thermal conductivity of 10 W/m • °C is plotted versus the 
container diameter. The maximum temperature is here limited to 327°C, the 
melting temperature of the lead alloy. The figure clearly indicates that the 
maximum heat loading in glass/lead alloy dispersions and LOTES/lead alloy 
dispersions is considerably larger than for containers filled with the pure boro-
silicate glass. 

In Fig.27(d) the number of containers required for storing 275 kg high-
level waste oxides are compared for three cases where the waste is incorporated 
in phosphate glass, borosilicate glass or as phosphate-metal composites. 

4.2.3. Container materials 

In some cases where the glass is produced in the final storage container, 
stainless steel may be used for the containers. In some cases this has been type 310 
and in the HARVEST process, wrought Incoloy 800 is proposed with the possible 
alternative of a centrifugally cast 25/20 stainless steel (HK40). In another case, 
refractory concrete is used to produce the glass. With a borosilicate glass, the 
choice of the container material is generally governed by the maximum temperature 
required in the process, strength considerations and storage environment. These 
glasses are not corrosive to stainless steel so this does not have to be considered in 
the choice. 

TABLE V. MATERIALS OF CONSTRUCTION FOR CONTAINERS 
(For other plant components see Table XII; for material specifications 
see Table XIII) 

Plant and process Material • 

WSEP Mild steel 

Type 304L SS 

Type 310 SS 

HARVEST Centrifugally cast HK 40 

INCOLOY alloy 800 

AVM Refractory SS (NS 30 with C < 0.2) 

WIP Type 304L SS 

PAMELA SS 
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However, the situation is generally different with phosphate glasses as they 
are corrosive to steels. (One exception was reported by workers at Harwell [14] 
who showed that if alumina was added to a phosphate glass so that the cation to 
phosphate ratio was greater than 1, the corrosion of the stainless steel was 
negligible.) Final storage containers for phosphate glass, that is containers into 
which the glass is transferred after melting and not the vessel in which it is melted, 
are generally stainless steel, but the type depends upon the pourability of the 
glass and whether the container has to be heated to receive and cast the glass. 

Environmental conditions and container temperature in storage will also have 
to be taken into account in the choice of materials. Some typical examples are 
given in Table V. 

5. OFF-GAS TREATMENT SYSTEM 

Most of the solidification processes described in section 3 involve evaporation 
and denitration of the highly active waste solution. In addition to steam and 
oxides of nitrogen, the off-gases contain a variable carry-over of radioactive 
nuclides, either as fine particulates or as volatile elements (e.g. ruthenium and 
caesium). The presence of radioiodine in the high-level wastes has not been 
specifically taken note of here, since quantitatively it is insignificant, contributing 
only one part per thousand of the fission-product iodine generated during irradia-
tion. The object of the off-gas treatment system is to trap the carry-over which 
could cause operation and maintenance problems and ensure that the gaseous 
discharge from the process to the atmosphere is within acceptable limits. In 
addition to the above, the choice and design of the off-gas system is influenced by 
such parameters as whether the solidification process is operated under oxidizing 
or reducing conditions, and whether additional non-condensible gases, particularly 
in large quantities, are introduced into the system. For example, under oxidizing 
conditions, the volatilization of ruthenium could be up to 80%, whereas under 
reducing conditions it can be below 1%. Dry and wet off-gas treatment systems 
have been used; both types have some advantages and some disadvantages. 
The wet system is simple and amenable to relatively easy engineering but many 
more side streams of wastes of different levels of activity are generated which 
have to be managed. The dry system avoids the generation of additional waste 
streams but calls for special design features. However, there can be operating and 
maintenance problems caused by the clogging of pipes and filters. 

5.1. GENERAL PRINCIPLE OF OFF-GAS SYSTEM 

The off-gases pass from the solidification unit either through filter candles 
first or directly to a condenser or wet scrubber and then to an evaporator-
fractionator. The off-gases from the fractionator are further cleaned in an acid 
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TABLE VI. RADIONUCLIDE DISTRIBUTION IN WSEP OFF-GAS SYSTEM 

Ruthenium emitted 
Fraction6 

To 
Run Mode From fractionator 
No. solidifier (X 10~3) 

To 
fractionator 
distillate To 
receiver scrubber 
(X10- 7 ) (X1CT6) 

To 
scrubbei To 
off-gasd stackd 

(X KT9) (X IO"9) 
From 
solidifier 

Nonvolatiles emitted b 

Fraction0 

To 
fractionator 
(X IO"7) 

To 
fractionator 
distillate 
receiver 
(X IO -9) 

To 
scrubber' 
(X IO"9) 

To 
scTubbei To 
off-gasd stack 

n ' 1 2 ) (XIO*12) (X 10" 

PC-1 A 0.14 0.074 <0.13 0.88 - <0.3 0.004 10 <1.6 1.6 - -

PC-2 B 0.30 1.42 40 11 - <2.4 0.004 900 40 1400 - <1.1 
PC-3 A Mod. 0.31 0.12 1.2 1.7 - <2.3 0.003 <15 3.2 100 - <1.7 
PC-4 C 0.05 1.70 2.8 0.05 - <1.0 - 70 9.6 3.1 - <1.3 
PC-5 C 0.03 0.31 170 - - <1.3 - 3.2 25 - - <0.7 
PC-6 A 0.13 0.35 1.7 1.0 - <0.1 0.012 1.0 <0.1 10 - 0.6 
PC-7 A 0.06 2.6 4600 23 1.2 <0.6 0.002 4.60 NDG NDG 1 100 <1.2 
PC-8 A 0.11 1.4 3000 20 13 <60 0.012 23.0 0.4 NDG 75 0.9 
PC-9 . A 0.15 2.3 3600 740 170 <1.0 0.004 41.0 0.96 NDG 1300 0.8 

(RLG) 

PG-1 A, B <0.1 10.0 170 _ <0.1 <0.001 NA 1800 NDG _ 4.1 
PG-2 A 0.9 1.0 13 9 0 - <0.1 <0.001 <1.2 11 40 - 5.8 
PG-3 A <0.1 0.39 140 9.3 - <0.1 <0.001 7.9 9.6 NDG - 0.5 
PG-4 A <0.02 0.85 20 0.8 - <0.1 0.003 3.1 2 4 - 2 
PG-5 A, B 0.11 2.1 6.7 1.3 - <0.1 0.003 2.8 35 0.8 - I 
PG-6 A 0.05 1.0 29 0.7 - <0.3 0.002 15 3.3 NDG - 1 
PG-7 A 0.14 1.6 10 0.007 110 <0.2 0.004 17 28 440 710 4 
PG-8 A, B 0.046 1.4 28 12.0 990 <0.3 <0.001 NDG 0.4 163 27 4.8 
PG-9 A 0.056 0.076 6.5 NDG 3.5 <0.3 0.001 8.0 28 NDG 6.9 0.1 
PG-IOe A NA NA NA NA NA NA 0.0007 4.9 3.2 NDG 3.5 0.05 
PG-11 A 0.071 0.52 2.2 0.63 1.4 <0.9 0.0004 13 2.6 NDG 2.3 <0.23 



SS-l A 0.75 0.82 4 0.33 _ <1.0 0.0005 <10 630 290 _ <10 
SS-2 B Mod. 0.74 4.0 30 2.5 - <0.9 0.0002 63 2.4 <1 - 3.6 
SS-3 A 0.73 2.4 80 25 - <0.1 0.10 f 40 31 22 - 11 
SS-4 A 0.11 1.4 270 36 - <0.2 0.002 9.6 3.5 68 - <1.2 
SS-5 A 0.70 6.4 600 85 - <0.3 0.0006 4.8 0.3 17 - <0.9 
SS-6 A 0.50 6.5 200 36 - <0.1 0.0007 7.9 6.2 5.7 - -

SS-7 A 0.59 12.0 29 51 - <0.3 0.001 270 0.47 NDG - <0.3 
SS-8 A 0.35 3.6 48 29 - <0.2 <0.001 120 1.1 50 - <0.5 
SS-9 A 0.57 6.5 23 18 6.8 <0.2 <0.0002 NDG NDG NDG 9.9 2.3 
SS-10 A, B 0.45 5.3 47 32 1.3 <0.2 0.0008 3.9 0.1 0.7 22 1.5 
SS-l 1 A 0.75 2.1 52 19 18 <0.2 0.0001 3.9 0.80 7.7 14 3.0 
SS-12 A 0.019 1.4 19 31 10 <0.4 0.0001 24 NDG NDG 32 2.0 
(IPM) 
SS-13 B Mod. 0.005 0.62 23 6.7 11 0.2 0.00001 NDG NDG NDG 150 <0.74 
(IPM) 

NA Not available. 
NDG No detectable gain in radioactivity. 

Ruthenium represented by 106 Ru. 

Nonvolatiles represented by 144CePr. 

Total curies of component gained in auxiliary tank/total curies of component in feed to the solidifier. 

Total curies of component in off-gas/total curies of component fed to solidifier for entire run. 

No radioruthenium in feed to solidifier. 

High value due to failure of solidifier off-gas filters. 



FIG.29. Flowsheet for the integration of waste solidification process with a conventional 
Purex fuel reprocessing plant. 



or caustic scrubber and pass through a heating and filtration cycle prior to dis-
charge to the cell exhaust system. The concentrate from the evaporator is fed 
back to the solidification unit and the vapours from the evaporator are adequately 
decontaminated so that the water and nitric acid distilled off can be reused in the 
main fuel reprocessing plant. 

Figure 28 represents the schematic of the off-gas system of the WSEP plant 
and, in general, is representative of the off-gas systems of most of the processes 
described in section 3. As a typical example, the actual distribution of activity 
in the WSEP off-gas system is given in detail in Table VI for each of the active runs 
carried out with the three demonstration processes. 

Integration of a waste solidification plant with the fuel reprocessing plant, 
particularly the two off-gas systems, could have some advantages. However, 
feasibility of such integration has to be established with proper evaluation of all 
relevant factors for each individual case. One such proposal of US origin [16] is 
illustrated in Fig.29. 

Operating conditions will vary considerably from one process to another as 
the carry-over from the various solidification processes can vary due to: 

(a) Variation in particulate carry-over 
(b) Variation in ruthenium carry-over 
(c) Variation in the additives in the solidification process which can be 

carried over. A special case will be the carry-over of boric acid by 
steam distillation from processes in which borosilicate glass additives are 
present in the evaporating acid waste solution (e.g. FINGAL and 
HARVEST). 

With a recycle system as proposed, it is essential to analyse the equilibrium 
situation regarding elements such as ruthenium which are volatilized and returned 
via the concentrate from the evaporator. This recycle stream can become signi-
ficantly enriched and cause operating problems (e.g. the ruthenium problem 
experienced in the early operation of the FINGAL process). 

There are some minor variations to the above general principle in the off-
gas systems of some of the processes. In the PIVER process, the off-gases pass 
through a ruthenium filter before condensation, but operation of the filter is not 
limited to the vitrification process. At the end of its useful life, the ruthenium 
filter is heated to fuse it to a special glass and it is not incorporated in the normal 
waste glass as in the FINGAL process. The off-gas treatment system on the PIVER 
plant consists of a condenser, ruthenium filter, one or more absorption columns 
for acid vapours, a Venturi scrubber to maintain the system at reduced pressure 
and an absolute filter. The results from the operation are summarized in Table VII. 

The VERA process has a condenser and wet scrubbing system followed by 
dry filtration prior to discharge to the cell exhaust system. In the AVM process, 
the dust carry-over from the solidification unit is washed before the condenser. 
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TABLE VII. RADIONUCLIDE DISTRIBUTION IN PIVER OFF-GAS SYSTEM 

Decontamination 
factor 

Vitri-
fication 
cylinder 

Condenser Ruthenium 
filter 

Absorption 
column 

Venturi 
scrubber 

Absolute 
filter 

For i06RU 7 100 50 - 5 > 2 0 0 0 

For 137Cs 1000 100 - 10 5 -

For 144 Ce | 2 0 0 0 - 100 - - - -

or 9 0 Sr J 3000 

The condensates and other nitrous solutions are evaporated and the concentrates recycled 
to the vitrification cylinder. 

In the WIP process the vapours are directly fractionated without condensation. 
The off-gases from the fractionator pass through a scrubber, with heating and 
filtration cycles both before and after the scrubber, prior to discharge. 

5.2. OTHER OFF-GAS TREATMENT SYSTEMS 

There are two off-gas systems which do not conform to the general principle 
detailed in the previous section. These are the FINGAL and WCF off-gas systems. 

5.2.1. FINGAL off-gas system 

This system was unique in that it was the only process to achieve a high 
decontamination of the off-gas before it was condensed. The main flowsheet is 
shown in Fig.4. The off-gas from the solidification process was passed through 
two filter/adsorbers placed inside the second and third process vessels, the 
temperatures of which were held at 250°C to prevent condensation. 

The filter-adsorber was of annular design [70] and is shown in Fig.30. The 
assembly consisted of a fibreglass prefilter held in position by an outer wire cage, 
followed by two layers of high efficiency absolute filter paper wrapped round the 
outside of a perforated metal cyclinder which formed part of the main body of the 
filter. The inside was packed with granules of ferric oxide. In action, the particu-
late carry-over was trapped by the prefilter and absolute filter paper, and the 
ruthenium carry-over, which was as gaseous ruthenium tetroxide, was reduced on 
the ferric oxide granules to the solid ruthenium dioxide. The second filter unit 
was a larger version of the first one and acted as a back-up in case of failure or 
break-through of the first one. After the dry filtration, the off-gas was condensed, 
scrubbed firstly with the nitric acid condensate, then with caustic soda to 
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FIG. 30. Illustration of filter assembly used in FINGAL plant. 

neutralize any acid fumes and finally passed through an absolute filter before 
discharge to the atmosphere. A particular advantage of the scrubbing system was 
that the off-gas was all theoretically condensible, therefore there was very little, 
if any, flow. In practice, a small addition of oxygen gas was fed into the nitric 
acid scrubber to assist the absorption of the oxides of nitrogen in the scrubber 
liquor. This represented the only theoretical gaseous discharge. 

Details of the DFs achieved and the ruthenium distribution are summarized 
in Tables VIII and IX. The very high degree of decontamination achieved across 
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TABLE VIII. DECONTAMINATION FACTORS FOR HIGH ACTIVITY RUNS IN FINGAL PLANT 

Run 
No. 

Duration 
(h) 

Total 
activity 
processed 

/ Total feed \ 
D F = 

\ Total condensate / 

Overall DF = 
( Feed ^ 

(Ci) { ß y ) 106 Ru »"Sr 137Cs 1 4 4Ce ^Eff luent gas J 

A13 50 55 1.9 X 104 1.0 X 107 1.0 X 107 1.6 X 107 — 

A14 35 1018 7.8 X 104 1.5 X 108 2.0 X 108 2.1 X 107 1.5 X 1013 

A25 20 428 2.8 X 105 1.4 X 108 4.6 X 108 6.9 X 107 1.6 X 1013 

A26 3 6 ] 

U J 
937 2.6 X 102 1.2 X 108 1.6 X 108 9.6 X 109 

A27 30 639 8.2 X 10 s 4.0 X 108 1.2 X 109 8.9 X 101 0 

A34 
507 2.2 X 10 s 8.6 X 107 3.0 X 107 1.4 X 1013 

AA35 :} 5650 1.0 X 106 1.0 X 1010 2.6 X 1010 3.8 X 1014 

AA44 43 14500 8 X 104 4.4 X 1010 3.8 X 1010 2.3 X 1010 8 X 1015 



TABLE IX. DISTRIBUTION OF RUTHENIUM IN PROCESS AND 
FILTER VESSELS (FINGAL PLANT) 

Ruthenium distribution (%) 
Run Duration Process vessel 1st 2nd 
No. (h) Glass Walls Total filter filter 

P33 12 38.8 32.5 71.3 28.7 -

P12 14 34.8 37.0 71.8 22.8 5.4 

P17 29 26.0 32.6 58.6 34.9 6.5 

P10 34 28.5 29.9 58.4 35.5 5.8 

PI 8 36 46.0 19.6 65.6 29.6 4.8 

P l l 50 33.3 12.0 45.2 47.1 7.4 

P20 50 48.9 10.5 59.4 38.7 1.9 

P21 50 47.0 13.5 60.5 36.6 2.9 

P22 50 47.4 11.8 59.2 38.3 2.5 

P23 50 44.4 12.2 56.6 42.0 1.4 

P24 50 44.6 12.6 57.2 40.2 2.6 

P39 45.5 64.0 12.1 76.1 23.9 -

P41 48 75.1 6.2 81.3 15.0 3.7 

P42 12 77.0 9.9 86.9 13.1 -

P43 46 59.8 9.6 69.4 30.6 -

Runs 3 9 - 4 3 were carried out at low off-gas temperatures. 

the two filters is clearly shown in Table VIII and it can be seen that there was an 
apparent increase in DF as the activity levels increased. 

In the final run with the highest activity (Table VIII, run AA44), DFs for all 
carry-over except ruthenium were of the order of lO10 to the condensate and 
1015 to 1016 to the gaseous discharge. For ruthenium, the DF to the condensate 
was 8 X 104, although for the first85% of the run, it had been as high as 108. 

For the early operations of the FINGAL plant, considerable problems were 
encountered due to deposition of solids in the off-gas line from the process vessel 
which was eventually shown to be due to the presence of ruthenium and too high a 
temperature of the off-gases leaving the process vessel. The effect of reducing the 
temperatures is shown in Table IX where the ruthenium distribution is given. 
Initially about 60% of the ruthenium remained in the process vessel and 40% was 
trapped in the first filter. With lower temperatures, as much as 80% was retained 
in the process vessel. In a separate experiment, it had been shown that less than 
1% of the ruthenium trapped in the filter was subsequently released when the filter 
was incorporated in the next glass making run (see also section 6.6.3). 
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FIG. 31. Flowsheet of waste calcining facility (with typical operating conditions shown). 



FIG, 32. Typical decontamination factors achieved in waste calcining facility off-gas system. 

5.2.2. WCF off-gas system 

The flowsheet of this off-gas system is shown in Fig.31 and typical deconta-
mination factors achieved in Fig.32. The off-gas system employed is very extensive, 
but it must be remembered that the throughput of the WCF is up to 100 times 
higher than many of the early demonstration solidification processes. In addition 
to the water vapour and oxides of nitrogen, there is also the air used for fluidizing 
the bed and atomizing the feed, and the products of combustion of the hydro-
carbon fuel. The initial separation of entrained solids is by means of a cyclone, 
and a DF of 10 is achieved across this equipment. The gas then flows to a wet 
scrubbing system which consists of a quench tank where the gases are sprayed with 
cooled condensate, followed by a venturi scrubber and disentrainment cyclone. 
A DF of 275 is achieved across these units for particulates but only 10 for 
ruthenium. 

In the scrubbing system, condensing takes place which provides a scrubbing 
solution recycle flow-back to the calciner feed tanks at a rate sufficient to keep 
the dissolved solids content of the scrubbing solution well below saturation level. 
For final treatment, the off-gas passes through silica gel beds to remove gaseous 
ruthenium and then absolute filters before discharge via a stack. The overall DFs 
to the discharge gas (based on Fig.32) are 106 for ruthenium and 1.3 X107 for 
particulates (i.e. other radionuclides). However, it should be noted that DFs of 
600 to 800 occur across the final filters. During the first five processing campaigns 
in the WCF, the actual overall DFs achieved are summarized in Table X. 
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TABLE X. OVERALL OFF-GAS DECONTAMINATION FACTORS 
ACHIEVED IN WCF OPERATION 

Decontamination factors 
Campaign Particulates Ruthenium-106 

1 0.8 X 107 1.8 X 103 

2 0.9 X 108 0.8 X 10s 

3 1.5 X 107 1.2 X 104 

4 1.4 X 107 0.8 X 106 

5 a 1.1 X 105 1.0 X 104 

a Decontamination factors for first three months of Campaign 5 were equal to, or greater than, 
those of Campaign 4. Low overall decontamination factors resulted f rom filter failures 
late in the campaign. 

The problems of the application of the WCF process to the calcination of 
commercial Purex type wastes will be examined in section 7 together with the 
need for an increase of 103 in overall DF in the off-gas treatment system. 

6. PLANT DESIGN, OPERATION AND MAINTENANCE 

So far in this study of solidification techniques, all the significant processes 
have been outlined in section 3, with special emphasis on the types of product 
and final storage container in section 4. Since many of the off-gas treatment 
systems are similar, these were outlined in section 5. 

In the majority of the processes there are operational details, problems of 
maintenance, replacement of key items, general problems of handling of very 
high activities at high temperatures, etc. Instead of dicussing these under each 
individual process, an attempt will be made to discuss each particular item under 
a series of more general headings, so that the reader wishing to study a particular 
item of detail in design or operation can find it discussed centrally rather than 
have to read large parts of this report to find short comments relative to the 
particular item lost within the bulk of this report. 

6.1. OVERALL PLANT DESIGN PHILOSOPHY 

A waste solidification process has to operate with high levels of activity and 
at high temperatures and this combination is the most severe to be met in the 
nuclear industry (except in the reactor itself). 
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In order to withstand this combination of conditions the designer must select 
with great care all components, including instruments, cables etc., which are 
installed in the cell. Direct maintenance in the cell is very unlikely and so provision 
must be made for maintenance after removal, possibly in an adjacent area specially 
devoted to this purpose. Over the past thirty years, experience has been built up 
in all those countries with major power and reprocessing programmes in the 
design of active plants, remote handling and maintenance. 

To take account of variations in the rate of production the solidification 
plant should have excess capacity, perhaps by duplicating the system. In addition, 
for specific operations such as feed- transfer, multiple modes of transfer should 
be installed in case of failure of one system or of services. The designer will also 
have to take into account the regular entry and exit of containers to and from 
the cell, the problem of decontamination of the outside of a full container before 
removal and the need to provide for remote replacement of certain key items 
of plant either on a programmed basis or in case of unscheduled failure. 

However, it must be borne in mind that each replaced piece of plant itself 
constitutes further active waste and so it is desirable to select equipment which 
will perform reliably over the largest possible period. 

Adequate remote handling equipment, manipulators, cranes, etc. must be 
incorporated for all eventualities. If access to the cell is contemplated, provision 
must be made to reduce radiation levels to acceptable ones. Another aspect 
which should be considered during the design stage is the need to decommission 
the plant at the end of its useful life. 

6.2. PROCESS OPERATING PARAMETERS 

One of the most important decisions to be taken in considering the various 
solidification processes is whether to opt for a continuous or batch process. It 
must be remembered that in all the processes, the end product is a container 
filled with glass, calcine etc., which has to be removed from the process area, 
cooled, sealed, decontaminated externally and transferred to a storage area. This 
must be a batch operation, the frequency depending upon the batch size and 
process throughput. 

The tendency is for the development of continuous solidification processes 
as the throughput requirements increase. For a process in which the evaporation 
and glass melting occur continuously the actual feed rate of waste solution is 
directly equivalent to the rate of production of solidified product and the only 
annual downtime would be that required for routine maintenance or the 
replacement of certain key plant items. However, with a batch process, part of 
the total process cycle is taken up with heating up a new container, cooling down 
a full container, removing it from the process, etc. Therefore, higher flowrates 
are required during the evaporation and calcination parts of each cycle to allow 
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TABLE XI. SUMMARY OF PROCESS OPERATING PARAMETERS 

Average 
Average feedrate Feedrate Waste oxide Max. throughput 

Max. feedrate Max feedrate of waste soin Waste soin of glass content of throughput of glass 
Process to process of waste soin (annual av.) conc. as oxides formers final glass of glass (annual av.) 

(1/h) (1/h) (1/h) (g/1) (kg/h) (%) (kg/h) (kg/h) 

F1NGAL-6 in container 3.6 240 25 1.1 
FINGAL-12 in container 12 4.3 3.1 240 3.08 25 4.1 2.9 

HARVEST-18 in container 36 -60 12-20 4 - 7 200 8 - 1 3 25 11-17 4 - 6 
HARVEST-24 in container 60 24 200 14.4 25 18 
HARVEST-4 ft annulus 110 45 25 33 

PIVER 20 17 ~ 150 4.5 30 3.5 
AVM-Marcoule 40 36 100-180 8 - 1 2 2 0 - 3 0 18 

AVH-La Hague 2 X 50 2 X 45 75-160 2 X (13—15) 20 -30 2 X 20 
WCF 375 285 158 100 45 (calcine) 
NWCF 475 

VERA 30 30 20 50 4 20 8 3 

PAMELA 50 30 12.5 ~ 4 0 2 0.4 

FI PS 2 1.5 200 20 1.5 
INDIA—WIP 50 30 10 ~ 100 3 25 3 

USA-WFP 

Spray calciner 75 70 57.7 173 
Fluidized bed calciner 40 37 30.6 173 
Liq. fed ceramic melter 30 25 20.7 173 8.6 33 12.9 10.6 
In-can melting 33.3 33 50 41.1 
Ceramic melter 40 33 60 49.3 

Japan (PNC pilot plant) 20 15 25 1 

Russian single-stage process 100 80 80 115-235 4 0 - 5 0 25 25 

Russian two-stage process 100 80 80 110-205 4 0 - 5 0 20 20 



for the percentage time required in each cycle which is non-productive. In 
Table XI an attempt has been made to list all the major processes, the processing 
rates, feed flowrates etc., in order to compare them on an annual throughput basis. 

It is clear that the maximum convenient size for a single solidification plant 
will be largely governed by the dimensions of the final product container (see 
section 4) and the frequency with which these can be filled and transferred to 
storage. This will probably be equivalent to a final glass production rate of 
30 to 50 kg/h. The table shows that this rate can be achieved by the AVH process, 
the waste fixation plant design being developed at Battelle Northwest and also 
in the proposed HARVEST plant. Therefore, it is possible to use either a continuous 
or batch process and other factors than final product rate must be considered. 
For example, the HARVEST process requires the feed solution to be as con-
centrated as possible as the evaporation capacity is limited, whereas both the 
continuous processes have higher evaporation rates and can handle more dilute 
waste solutions. 

6.3. FEED SYSTEMS FOR RADIOACTIVE SOLUTIONS 

Trouble-free working of the feed systems for radioactive solutions is essential 
for efficient operation of any solidification plant. 

In most cases the highly active solution has to be fed into the process at an 
accurately metered flowrate, often not a high flowrate and the choice of metering 
device becomes more difficult as the flowrate decreases. Sometimes the feed must 
be delivered at a positive pressure rather than by gravity. In addition, it often 
contains suspended materials which must be kept in suspension and which can 
cause problems in pumps, valves or where clearances in components are small. 

Although some form of metering device is used to feed the active solution 
and other materials into the solidification process, it is necessary to have a back-up 
system to check that the metering device is functioning as designed. Different 
methods are employed to achieve this and they will be examined later when 
process control aspects of the plant are discussed. 

Another important component in the feed system is valves, although, where 
possible, the design should attempt to avoid their widespread use. All valves 
for active operation will require a bellows to prevent escape of activity, and the 
material of construction of the bellows can be difficult due to the excessive 
flexing, together with corrosion. 

6.3.1. Pumps 

Pumps for handling highly active solutions are generally of the positive dis-
placement, diaphragm type with all welded construction. The pulsation unit is 
located outside the main cell shielding for maintenance and there is usually a 
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buffer liquid between two or more diaphragms to ensure that in the case of 
diaphragm failure, active liquor cannot reach the pulsing unit. The actual pump 
head would be located in a specially shielded compartment on the outside of the 
main cell for access if required. Components would be duplicated and provision 
for decontamination of the pump components in the compartment would 
be installed. 

In the FIPS process, accurate metering of the feed to the drum drier is not 
necessary as the process flow is controlled by the speed of rotation and the con-
centration. However, to maintain a good suspension of the slurry, a high capacity 
immersion pump is used to continuously recirculate the feed. Provision must 
still be made for removal, decontamination and maintenance of the pump 
if required. 

The choice of pump and, in particular, the detailed design features depend 
upon the flowrate required and on the level and characteristics of suspended 
solids present in the feed. 

6.3.2. Spray nozzles 

A number of the processes require the feed solution to be sprayed into either 
a fluidized bed or a heated calciner column. An atomizing gas is normally used, 
either air or superheated steam. The design of these nozzles is critical and much 
development work has taken place to perfect the designs for reliable operation. 
For example, in the spray calciner, effective operation depends upon good 
atomization to break up the feed solution into small enough droplets to permit 
drying and calcination during the short residence time in the calciner column. 
Wear of the nozzle cap affects the atomization which can lead to fouling of the 
inner walls of the column. A newly developed nozzle cap (BNWL) [71] has been 
made from 96% alumina and has not shown any detectable wear (< 0.012 mm) 
after 1000 hours testing. No plugging has occurred due to solids or caking. 

Another type of nozzle has been developed for use in the VERA process 
(see Fig.33), the design of which is based on the properties of a two-phase, gas-
liquid mixture. The gas-liquid mixture is generated in the nozzle itself and is 
immediately accelerated to the sound velocity of the mixture (20—50 m/s), which 
is relatively low compared with the sound velocity of the single phase. Due to 
the low speed, the possibility of any clogging is minimized. The pressure difference 
at the outlet of the nozzle causes a sudden expansion of the gas phase in the 
mixture leading to the dispersal of the liquid into fine droplets. 

In all cases, provision must be built into the design for the nozzle to be removed 
for maintenance or replacement. Particular attention has to be paid to the condition 
of the feed solution and protective screens are necessary to ensure that foreign 
matter cannot reach the nozzle and jam inside it. 
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HAW 

FIG.33. Nozzle (Chawla principle) used in VERA process. 

6.3.3. Other devices 

In some cases, an air lift is used to transfer the feed solution to an intermediate 
feed tank at a high level (e.g. PIVER, VERA). The solution is then metered by a 
rotating wheel, constant volume feeding device and it flows by gravity into the 
process units (e.g. AVM). However, for such a device to be acceptable, there must 
be no risk of pressure fluctuations on the down-stream side otherwise the flowrate 
will not be constant. Transfer of liquid by steam jets has also been used (e.g.WIP). 

6.4. FEED SYSTEMS FOR INACTIVE MATERIALS 

In addition to the active liquor, many of the processes require the accurate 
metering of the glass making constituents. While these are inactive, they have to 
be injected into active equipment and certain safeguards are required. These 
constituents can be introduced either as individual chemicals or as a combined 
glass frit. Physically the additives can be in the form of granules, powders, 
suspensions in water or occasionally as liquid additives. 

The most common glass making chemicals required by the various processes 
are either silica or phosphoric acid, to form the basic glass, together with salts 
(oxides, nitrates or carbonates) of various elements (aluminium, boron, sodium, 
potassium, lithium, calcium, zinc, titanium and lead). 
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The method and place of addition varies from one process to another. When 
the materials are not added to the active waste solution before evaporation and 
calcination, they are added immediately prior to the melting stage. When glass 
frit is used it must be remembered that sufficient time and an adequately high 
temperature are required for the reaction to form a homogeneous product. 

In the FINGAL process, the silica and borax were added as fine powders 
to the waste solution so that the borax could act as a flux and react with the 
waste oxides and silica to help in the production of the final glass. The smooth 
operation of the evaporation, denitration and sintering step was not possible if 
preformed glass was added; segregation occurred with the waste oxides sinking 
to a layer beneath the basic silica-borax layer due to the much higher density 
of the waste oxides on their own. 

The choice of metering device is very dependent upon the process conditions. 
However, it must be remembered that the glass making materials are inactive and 
therefore, much of the handling can take place outside the main cell provided 
adequate precautions are built into the design layout to prevent activity from 
escaping out of the cell through the pipes where the materials should enter the cell. 

The example of the additive feed system of the FINGAL process illustrates 
one such case. Silica and borax were mixed to a slurry with dilute nitric acid 
with care taken to ensure that the solids were kept in suspension at all times. 
A peristaltic type of metering pump was used to accurately meter the slurry 
into the plant. 

AIR 
CYLINDER 

FIG. 34. Illustration of slide valve solids feeder. 
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Many of the processes involve a separate melting stage in which the glass 
formers are added, usually in the form of a powdered glass frit, to the calcined 
waste as it enters the melter. This required a solids feeder that will accurately 
meter the powder. One such device is shown in Fig. 34 [72] which has an air-
operated reciprocating piston containing a hole (slide valve) for a metered quantity 
of solids. Tests have shown that the feedrate is proportional to the cycle time 
and is reproducible to within 5%. A device based on a similar principle, but with 
some design variations, is used in the AVM. 

6.5. FURNACES AND OTHER HEATING SYSTEMS 

An important feature in all the solidification processes is the heating system. 
This falls into two main categories: 

( 1 ) Evaporation processes ( 100-200°C) and calcination processes which 
are normally limited to 350-800°C; 

(2) Melting processes which can require temperatures as high as 1300°C. 
In the first group, electrical resistance and combustion heating have been 

used whilst for the second group electrical resistance, induction and direct heating 
have been applied. 

All these heating systems will be examined in turn. 

6.5.1. Heating systems for drying and calcination 

The dominating parameters for electrically heated systems are the heat flux 
from the heating source, the heat-transfer surface area, and the heat-transfer 
coefficient between the heated surface and the contents. 

The following systems have been used: 
(a) In the original design of the WCF, the heat was supplied from 

recirculating NaK alloy through a series of tubes inside the calciner, 
with air used for fluidization. However, the heat transfer surface of 
the heat exchanger limited the capacity of the unit and the heat-transfer 
surface could become fouled, thus reducing capacity. 

(b) The liquid metal system was replaced by an in-bed combustion system 
in which a kerosene/oxygen mixture was burnt in the bed. By this 
heating system much higher capacities could be obtained. 

(c) In the VERA process, superheated steam was chosen to calcine 
the waste solution. The advantage claimed is a simpler off-gas scrubbing 
system with recirculation of the steam, thus avoiding the introduction 
of any air into the system. 

(d) The spray calciner described in section 3.3.2.1 and the AVM and AVH 
processes (section 3.2.3) use a resistance heated system. As the maximum 
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heat flux of this heating system is 2 W/cm2, a large heating surface is 
required to reach relatively high capacities, 

(e) Induction heating is used to heat the drum drier of the FIPS process. 
For a larger plant heating by saturated steam has been envisaged. 

6.5.2. Heating systems for vitrification processes 

6.5.2.1. Resistance heating 

This form of heating has been chosen in a number of processes. Due to 
the problem of the choice of actual heating element and the refractory required 
on the hot face of the furnace, resistance heating is generally limited to 1100°C. 
The design of resistance furnace is less involved than that of an induction furnace. 
However, remote replacement of at least the heating elements, if not complete 
sections of the furnace, is essential. Temperature measurement and control in 
resistance heating is readily achieved. 

6.5.2.2. Induction heating 

The main attraction of induction heating is its reliability. In addition, there 
are no maximum temperature limitations as with the choice of resistance heating 
element (other than the limitation imposed by the choice of materials of con-
struction). However, certain design constraints exist for efficient heating. The 
coil should be close to the work piece while not in electrical contact. In a multi-
zone design of induction furnace, coils with large diameter to height ratio might 
cause difficulty because of coupling between coils. 

One particular area where induction heating is used extensively is to control 
the transfer of molten glass from a melter to a storage container. The melters 
usually have a conical base with a 1 to 3 cm diameter pipe at the bottom. One 
induction coil is used to heat the conical section and a small coil to heat the 
outlet pipe. The flow of molten glass is controlled by the temperature and hence 
the glass viscosity. To stop the flow, the power to the coil round the outlet pipe 
is switched off and heat flow stops immediately. In addition, the water flow 
in the coil helps to remove heat and the temperature drops rapidly, thus freezing 
the glass. Such control would be difficult using resistance heating. 

In all cases where induction heating is used, a guaranteed flow of cooling 
water is essential. 

6.5.2.3. Direct heating 

Recently in waste solidification process development, attention has focused 
on this process which has already been proven in the glass industry for some time: 
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direct heating of glass in ceramic lined melters [38, 73], In this method of heating 
the molten glass is the 'heating element'. Alternating current is passed through 
the glass which causes heat to be generated in the molten glass. Because this 
method allows for uniform heating of the glass, scale-up to higher capacity is 
readily achieved. This capability may allow a single-step, liquid fed, vitrification 
process even for large-scale plants (see sections 3.3.2.5, 3.3.3.2 and 3.3.6). 

To start up such a unit from cold, an expendable resistance heater or some 
other preheating method must be used to raise the temperature sufficiently for 
the glass to conduct electricity. 

6.6. OPERATING PROBLEMS 

In the development of any new high temperature, highly radioactive process 
there will be operating problems which require study and solution. From all the 
development work published on the various processes in section 3, a number of 
specific items appear regularly and these will be examined. 

6.6.1. Carry-over of dust laden gases 

In all of the processes, steam and oxides of nitrogen are generated from the 
evaporation zone and they carry fine particulate entrainment. When chemical 
denitration is used carbon dioxide is also produced. The gases either pass to filters 
or to the condensation and off-gas treatment system (see section 5). Some of 
the processes have experienced problems due to dust entrainment settling in pipe 
lines. For example, in the WSEP plant, facilities were provided to wash out the 
off-gas pipe to remove any dust adhering to the inside walls. In the FINGAL 
plant, the off-gas pipe from the processing vessel to the filter was of small diameter 
so that velocities were high and the pipe kept clean due to the scouring action 
of the high velocity gases. The AVM plant employs a scrubber to remove particles 
from the off-gas immediately after it leaves the calciner. 

It is desirable to maintain the temperature of the gases above the dew point 
until the condenser is reached. In any of the processes in which boric acid is 
added as a flux at the evaporation stage, some of the boric acid will steam distil 
and can deposit at temperatures of 170°C or below. Therefore, off-gas temperatures 
should be held above 200°C for safety until the gases reach the inlet to the 
condenser. The design of the inlet to the condenser is also important as, once 
condensation occurs, the dust becomes wet and adheres to surfaces and the design 
should ensure that such deposits can be washed away. At the same time the gas 
temperature must not be too high or some of the dust particles could become 
sticky due to melting of some of the constituents and they could then adhere to 
surfaces. (The separate problem of ruthenium is discussed in section 6.6.3.) 
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However well the operating conditions may be controlled, provision should 
be built into the plants for the release and replacement of any pipe line which 
carries dust laden gases. 

6.6.2. Process pressure drop 

All the off-gas treatment systems are designed to allow for the pressure drop 
of the off-gases in pipelines and across any packed towers, scrubbers, filters, etc. 
In most cases the plants are maintained at reduced pressure so that any leakages 
that may occur are always inwards and not into the main process cell. 

Careful control of flowrates and pressure drop is necessary in such cases to 
ensure that if pressure drops increase for any reason, the internal pressure does 
not rise above cell pressure. This is of special importance in processes where a 
particulate filter precedes the condenser. In this part of the process, before 
condensation has taken place, the gas volumes are large and so partial blockage 
of filters can lead to high pressure drops. The use of auxiliary air in spray devices 
or as a fluidizing medium increases still further the gas volume passing through 
the filter. Examples of processes where high pressure drop might be a problem 
are FINGAL, the VERA and Battelle spray calciners, the Russian two-stage 
vitrification process, and fluid bed calciners. 

6.6.3. Ruthenium volatilization and deposition 

Ruthenium is the one element among the fission products and other elements 
in the waste which causes operational problems, mainly because under oxidizing 
conditions the volatile oxides Ru0 3 and Ru0 4 are formed. The lower oxide Ru0 2 

is solid, but the equilibrium between the various oxide forms is dependent upon 
temperature and oxygen partial pressure. 

The problems caused by the presence of ruthenium generally fall into 
two groups: 

(a) Up to 80% of the ruthenium can be volatilized in an oxidizing 
atmosphere and end up in the condensate rather than in the solidified 
product. 

(b) Ruthenium volatilized as Ru0 3 or Ru0 4 in one region of the plant can 
deposit on surfaces in another part of the plant as Ru0 2 . 

These aspects have been extensively studied, but the results from one of 
the most useful pieces of experimental work studying the properties of ruthenium 
are shown in Fig.35. Ruthenium was volatilized in a gas stream containing 
oxygen (10-100%) and passed down a stainless steel tube containing stainless 
steel knitmesh. The tube was heated to give a linear gradient from 1000°C at 
the inlet end to room temperature at the outlet. At the end of the experiment, 
the knitmesh was cut into short lengths and the ruthenium deposited on each 
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FIG.35. Graph showing effect of temperature on the deposition of ruthenium. 

length was measured. It can be seen that the majority of the ruthenium was 
deposited in the temperature range from 650 to 400°C. The nature varied from 
star-like clusters of needles at 500°C to a near amorphous black powder at 200°C. 
This experiment provides the key to the deposition of ruthenium, and by adjusting 
temperatures correctly, any deposition can be controlled in a specified part of 
the plant. 

To minimize or even avoid the volatilization of ruthenium many of the 
processes reduce the nitrate content of the feed by chemical reaction with formal-
dehyde, formic acid or molasses. In the fluid bed calciner it was observed that 
when they changed to the in-bed combustion of kerosene, the amount of ruthenium 
volatilized dropped to less than 1 % due to the higher temperature used and 
reducing atmosphere. 

Although much effort has been expended in studying both the volatilization 
and deposition of ruthenium, it is not always possible to accurately predict the 
behaviour of ruthenium under any given set of operating conditions and a specific 
study should be included in all process development and commissioning programmes. 

However, even though it is possible to reduce the amount volatilized to a 
low level, the actual quantity volatilized can be very large over months of operation 
and it can be a serious operational problem if it deposits in the wrong places. 
The FINGAL process avoided this problem by the use of a ruthenium filter which 
was renewed for each batch of glass made (see section 5.2.1). 
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TABLE XII. MATERIALS OF CONSTRUCTION FOR PLANT COMPONENTS 
(For containers see Table V; for material specifications see Table XIII) 

Plant & Process Component Material 

NWCF 

WSEP — Phosphate glass process 

WSEP — Spray solidification process 

Batteile PNL spray calciner 

Battelle PNL joule-heated ceramic melter 

Battelle PNL continuous metallic melter 

PIVER 

AVM 

WIP 

Calciner vessel 
Valve bellows 
Fuel combustion nozzle 

Evaporator 
Off-gas line 
Melter 
Melter condenser 

Melter for phosphate glass 
Melter for borosilicate glass 
Calciner 

Feed nozzle 
Filters 

Melter 

Melter 

Calcination & melter vessel 

Rotary calciner 
Melter 

Processing vessel 
Evaporator, fractionator 
Overpack 
Tower packing 

Type 347 SS 
Nitronic 50 
Type 440C SS 

Tantalum 
99.5% Pt, 0.5% Ir 
99.5%, Pt, 0.5% Rh 
NIONEL 

99.5% Pt, 0.5% Rh 
CORONEL 230 
Type 310 SS 

96% Alumina 
Sintered type 316 SS 

Fused cast high chrome oxide refractory 

INCONEL 690 

INCONEL 601 
CORONEL 230 
NIMONIC 81 

URANUS 
INCONEL 601 

INCONEL 600 (ASTM/B-168) 
Type 304L SS 
MS(IS 1239/ASTM A 53) 
Titanium (ASTM-B, 265 Grade II, unalloyed) 



JAPAN Rotary calciner Type 310 S SS 
Melter KRIMAX-C 

PAMELA Evaporator, off-gas line, Type SAS 20 SS 
condenser (Böhler-Antinit) 

Melter Fused cast zirconia/alumina/silica refractory 
Melter electrodes Tin oxide 

Russian single-stage process Melter Refractory 

Russian two-stage process Calciner SS 
Melter Refractory concrete 

FIPS Denitration step Antinit SAS 20 SS 
Antinit EASN 25M 

Solidification step SS No 1.4541 
SS No 1.4571 

Melter Graphite or refractory SS 



6.6.4. Foaming 

Foaming can lead to problems in certain cases. For example, there was 
excessive foaming in the evaporator of the BNL phosphate glass process. However, 
it could be controlled by the use of antifoam agents. But this does not seem to 
be a problem in the more recent phosphate glass processes. 

In the vitrification step foaming can be advantageous. For example, in the 
Russian single-stage process (see section 3.3.6) the presence of foam at the molten 
surface almost completely prevents the generation of aerosols and the transfer of 
glass components into the gas phase (not more than 0.05-0.08 g/m3 of solids 
is entrained when the foam is present). The height of the foam layer determines 
the off-gas temperature which can be used as the means of controlling the process. 

6.7. MATERIALS OF CONSTRUCTION 

The choice of materials of construction generally falls into four groups: 
(a) Materials for the lower temperature parts of the processes handling 

nitric acid solutions (generally going to borosilicate glasses). 
(b) Materials for the lower temperature parts of the processes handling 

phosphoric acid (for phosphate glasses), sulphates or fluorides. 
(c) Materials for high temperature melting operation with borosilicate 

glasses. 
(d) Materials for high temperature melting operation with phosphate 

glasses. 
For the first group and often the second group, type 304 L 18/8 stainless 

steel is satisfactory although care must be taken with certain items of equipment 
with corrosive environments. For the third group, higher alloyed stainless steels 
are generally chosen or occasionally ceramics. The materials for group four are 
the most difficult and in many cases platinum melters have had to be used. 

The presence of corrosive species such as sulphate and fluoride can lead to 
problems, especially in vitrification. Firstly, the melter itself may be attacked. 
Secondly, because these species may volatilize at the temperatures used, corrosion 
could occur in the off-gas system. In India, however, a lead borosilicate glass 
process is used where the volatilization of sulphur oxides is avoided by the lower 
melting temperature (800°C) for this process (see WIP section 3.2.4). 

With the above general guide in mind, some of the individual cases are listed 
in Table XII to illustrate the range of materials being studied or chosen. Table XIII 
gives the specifications of the materials. Table XIV gives the composition and 
properties of some of the ceramic bricks used in the construction of the ceramic 
melters under development at Karlsruhe (VERA) and at Battelle (joule-heated 
ceramic melter). 
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TABLE XIII. MATERIAL SPECIFICATIONS 

Cr 
Component (%) 

Ni Other Max. C 

AI SI SS TYPE 
304 18.5 9.5 0.08 

404 L 18.5 9.5 0.03 

310 25 20 0.25 

347 19 11 0.08 

440 C 17 1.10 

Ni t ron ic -50 22 13 5 Mn 0.06 

2.5 Mo 

0.3 N 

0.2 V 

Böhler-Antinit SAS 20 SS 23 27 3.0 Mo 0.07 

3.0 Cu 

Nb 

Uranus 65 25 20 54 Fe 

0.8 Mn + Si 

K R I M A X - C 59.3 - 5.35 W 0.10 

0.54 Mn 

0.95 Si 

0.016 P 

0.011 S 

INCOLOY 800 21 32 

Centrifugally cast HK 40 25 20 0.4 

Inconel® a 6 0 1 23.0 60.5 6.5 Fe 0.1 

Inconel® 690 30.0 60.0 9.5 Fe 

0.25 Ti 

0.25 Al 

a Registered trademark of the International Nickel Company. 
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TABLE XIV. COMPOSITION AND PROPERTIES OF CERAMIC BRICKS USED IN CERAMIC MELTERS 

Process VERA ceramic melter PNL joule-heated ceramic melter 

Manufactures reference ZAC 1711 RT ZAC 1681 S 216 
SUPRAL 
AR 90 

MONOFRAX 
E a 

MONOFRAX 
K—3a 

Composition (wt%) 

AI2O3 45.9 50.6 31.5 91.5 4.7 60.4 

Z r 0 2 40.8 32.5 28.0 - - -

Si0 2 12.3 15.7 13.5 0.5 1.3 1.77 

C r 2 0 3 - - 26.0 7.5 79.9 27.3 

F e 2 0 3 0.08 0.08 - 0 . 1 - 0 . 3 6.1 4.2 

MgO trace trace - 0 . 1 - 0 . 3 8.1 6.0 

Na2 0 0.8 1.1 1.0 0 . 0 5 - 0 . 1 3 - -

CaO trace trace - - - -

T i 0 2 0.08 0.07 - - - -

K 2 0 - - - 0 . 0 3 - 0 . 0 5 - -

Density (g/cm3) 3.70 3.45 4.0 3.1 

Thermal conductivity 
at 1000°C ( c a l / c m - s - ' c ) 0.01 0.01 0.018 0.007 

a MONOFRAX - Registered trademark of the Carborundum Co. 



6.8. INSTRUMENTATION 

All instruments located in a hot cell must be resistant to the high radiation 
levels and, if possible, have a long life with minimum maintenance, otherwise 
provision must be made for remote replacement. In addition, certain instruments 
may be required to function in locations where the temperature may be occasionally 
higher than expected (e.g. during transfer of a hot container if the operation is 
unexpectedly interrupted). Special attention must be given to all sensors, 
particularly if they are in a corrosive environment. Remote maintenance and 
replacement is essential, but a means of routinely checking the calibration is 
important to ensure that the sensor and corresponding instrument is functioning 
correctly. Typical problem areas are when sediments and crusts build up on 
conductivity and other probes, partial plugging of flowmeters etc. 

Four special areas of instrumentation development have been identified: 
(a) monitoring of chemical denitration reactions 
(b) level measurement 
(c) flow measurement 
(d) temperature measurement. 

6.8.1. Monitoring of chemical denitration reactions 

A number of the processes described in section 3 involve the reduction of 
the acidity of the waste by chemical denitration and some method of monitoring 
the reaction is required. A nitrogen oxide gas analyser located in the off-gas line 
is one solution for in-line control. 

6.8.2. Level measurement 

All feed tanks, condensate receiver tanks etc., located within the plants, will 
require level measuring devices. In most cases, a pneumatic diptube system is 
used and if a double diptube is used, density can also be measured. A more 
difficult problem arises in the measurement of level in calcination and glass 
processing vessels and melters. Possible solutions include 7-scanning of the vessel 
itself, the use of an external collimated beam monitor and in certain cases, visual 
measurement with a remotely shielded TV camera. 

6.8.3. Flow measurement 

Although some form of metering device is used to feed the active solution 
and other materials into the solidification process, it is necessary to have a back-up 
system to check that the metering device is functioning as designed. This generally 
takes the form of three methods. Firstly, it is normal to have level recording 
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devices on all feed tanks and these give an indication of the total volume being 
taken out of a tank and transferred to the process. This gives an essential long-
term back-up, but not an instantaneous check that the metering device is functioning 
correctly. The second method is the use of actual flow measuring instruments, 
such as a transmitting rotameter. A third method, which has a quick response 
time (used on the AVM and FINGAL), is to monitor the energy consumed by the 
calcination furnace; variations either way will signal a defect in the flow 
measurement system. 

6.8.4. Temperature measurement 

This is an extremely important area, particularly when container materials 
are being used at glass making temperatures where their mechanical strength is 
low. Unexpected increases in temperature could lead to mechanical failure or 
unacceptable increases in corrosion of key components. All measuring devices 
must be duplicated and the calibrations regularly checked. Many systems involve 
the use of thermocouples and if these are attached to a processing vessel which 
becomes a final storage container, a reliable method of connecting the thermo-
couple to the recording instrument is required which ensures correct reading 
of the temperature. 

7. SCALE-UP POTENTIAL AND PROCESS FLEXIBILITY 

Many predictions have been made of the growth of nuclear power, both 
nationally and world-wide, which is likely up to the year 2000. It will be accompanied 
by an expansion in the number and size of irradiated fuel reprocessing plants, 
built either to serve a national programme or as regional fuel cycle reprocessing 
centres. The inevitable outcome of this expansion will be an increase of a similar 
order in the arisings of wastes. With the introduction of the advanced power 
reactor systems, fuel burn-ups and ratings will be higher with the result that the 
arisings of fission product wastes will have higher specific activity. 

Solidification processes of the future must be able to handle waste solutions 
with higher specific activity and therefore higher heat release, as well as have high 
throughputs to avoid a multiplicity of plant facilities. Also they should be able to 
handle any fuel reprocessing waste arising, regardless of fuel type or irradiation, 
without having to make detailed changes to operating procedure for each small 
change in composition of the waste solution. 

This section discusses the problems of scale-up, particularly in relation to 
many of the solidification processes described in section 3 which can only be 
considered as pilot plant scale and which may present problems when attempts 
are made to increase the throughput. 

98 



7.1. CONTAINERS 

Container sizes have already been examined in section 4 and the limitations 
on size imposed by the problems of heat loading have already been examined. 
In most cases, this does not limit throughput since the solidified product is often 
transferred in the molten state to the final container. Limitations for scaling up 
are the rate at which a container can be filled with melt and the time required 
to remove and seal one container and move a fresh container into position to be 
filled, unless performed in parallel filling stations. 

However, those processes which carry out both the evaporation and melting 
in the same container, which is usually the final storage container, can be limited 
by throughput. In such cases, the feed solutions should be as concentrated as 
possible to minimize the evaporation load. The principal advantage of this 
approach was demonstrated in both the FINGAL and pot calcination work, where 
the remote handling and general operating features were kept as simple as possible 
due to the extremely high activities being processed. 

7.2. EVAPORATION AND DENITRATION 

The rate limiting step in most solidification processes is the removal of the 
water and decomposition of the nitrates to oxides, hence the trend towards two-
stage processes in which this represents the first stage, to be followed by the 
melting stage. Evaporation and calcination by fluidized bed, radiant spray or 
rotary calciner are all attempts to obtain higher throughputs at the evaporation 
stage. This may involve greater mechanical complexity. Also, it must be remembered 
that the specific activity of the calcine will be high and the thermal conductivity 
of calcine is only about 20% that of glass, therefore a large build-up of calcine 
has to be avoided in such equipment. This is normally achieved by either keeping 
a low inventory of calcine in the equipment (e.g. the rotary calciner or spray 
calciner) or by a special provision such as rapid discharge. It can be seen, therefore, 
that while higher throughputs are possible in such equipment, certain control 
features are necessary such as: 

(a) Limitation of solids inventory in equipment; 
(b) Limitation on diameter of equipment; 
(c) Reliance on independent cooling means; 
All these involve greater mechanical complexity and additional operational 

and safety aspects. 

7.3. MELTER 

Various designs of melter have been evaluated: 
(a) Continuous melter with overflow, stopped intermittently if required 

to change the container; 
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(b) Batch melter in which the charge of calcined waste and glass formers 
are added to the melter, the temperature is raised and held to ensure a 
good homogeneous product which is then transferred to a final container. 

The minimum residence time will be about two hours. Generally, if the glass 
making additives are in the form of a frit, sufficient time must be allowed to ensure 
adequate mixing, and although the use of higher temperatures reduces viscosity 
and allows quicker mixing, in most cases, temperatures are high enough and the 
choice of materials for the melter is restricted. If the glass making materials are 
added as individual chemicals with the original waste feed (e.g. as in the FINGAL 
and HARVEST processes), conversion of the oxides to glass is much quicker and 
takes place at lower temperatures. However, it may be necessary to go to high 
temperatures to reduce viscosity and so obtain an adequate rate of pouring of 
the glass. 

Processes which involve the transfer of molten glass to a final container will 
require higher temperatures compared with those in which the glass is melted in 
the final container. However, the material of construction of a melt container can 
often be mild steel or low-grade stainless steel since it is not usually necessary for 
the container itself to be held at glass making temperatures. (Storage conditions 
may demand a higher integrity container material than mild steel.) 

The highest temperatures in the complete processing cycle occur in the melter. 
These are generally in the range 900 to 1200°C depending upon the formation 
temperature of the composition chosen (in a few cases, temperatures as high as 
1350°C have been used). This represents the minimum temperature to which the 
mixture should be heated to ensure that the necessary reactions occur to form the 
glass with the required properties. In practice, with fission products present, decay 
heat will be generated within the glass and the core of the melt will be at a higher 
temperature than the walls. It is difficult to estimate this core temperature as 
more heat will be transferred by radiation and convection than by conduction. 
Measurements of actual temperatures are extremely difficult and there is inadequate 
information from which to accurately calculate the core temperature. However, 
this factor must be taken into account in both the design of the equipment and 
assessing the required safety features of any particular design. 

7.4. PROCESS FLEXIBILITY 

The irradiated fuel elements being processed in a chemical separation plant 
will come from a variety of reactors and have had widely varying irradiation con-
ditions. While it is normal practice to process fuel of similar type in a 'processing 
campaign', in certain cases there can be considerable variation between campaigns. 
This difference will be reflected in a different composition of waste stream both 
within and between campaigns. Some of this short-term variability will be averaged 
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out by the time the waste stream has been through the high-level evaporator. 
Also, because the concentrated waste stream is stored for an interim period as 
liquid in tanks, there will be further averaging of the composition of the waste. 
However, some major variations will occur as new reactor types come into operation. 
It is important that any solidification process should be able to accommodate this 
variability, ideally with few changes to operating procedures. The major problems 
are likely to arise from: 

(a) Chemical composition changes in waste solution requiring a change of 
glass composition. A typical example is found in recent UK experience where it 
has been discovered that the current waste from the Windscale processing plant 
contains higher levels of magnesium and aluminium than predicted and these 
increase the melting temperature of the original borosilicate type glass compositions. 
The melting temperature has been reduced by substituting lithium for some of 
the sodium without affecting the leaching properties of the glass. 

(b) A change in chemical composition of the waste which changes the 
operating characteristics of the process. For example, if plutonium fuels are used, 
the fission yield of ruthenium will be higher and the extra carry-over of ruthenium 
could lead to operating problems due to increased deposition. In another case, 
in both the spray calcination and rotary calciner, changes in the iron, sodium or 
aluminium contents of the waste stream can lead to caking in the calciners. It is 
usually overcome by the addition of chemicals, but this would involve changes 
to operating conditions within a run and would require monitoring of the com-
position of the waste stream to detect such changes before they were actually fed 
to the calciner (possibly by the use of batch feed tanks which are analysed before 
use; a heavy load on the analytical support services). 

(c) Increase in specific activity of the waste requiring a decrease in the waste 
content of the glass and a possible change in melting characteristics. This can be 
accommodated in two ways: either by substituting an equivalent amount of 
inactive mock waste solution to keep the total percentage of waste oxides constant 
in the glass and hence the general melting characteristics unaltered, or by actually 
reducing the waste content of the glass and possibly altering the operating 
characteristics. Depending upon the general phase diagram of the glass proposed, 
in some cases the reduction in waste content can involve a shift along an isotherm 
with little, if any, change in melting properties. 

(d) Changes in specific activity of the waste which give different heat 
densities of fission-product decay heat which could lead to variations in the control 
characteristics of the actual evaporation and melting processes, and also during 
interim product storage. 
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8. PROCESS SAFETY 

The safety features of a solidification plant will be very similar to those of 
a fuel reprocessing plant and other plants handling high activities. Perhaps the one 
major feature which is absent is the need for criticality control, although it is 
compensated for by the problems resulting from the high temperatures involved 
in most solidification plants. 

The construction of all demonstration and production plants generally requires 
approval from the relevant licencing authorities who consider all aspects of process 
design, operation and safety. All plants are required to withstand earthquake, 
tornado, flood, lightning, fire etc., the actual severity of which can vary with 
geographical location. 

The plant layout normally provides for segregation of plant components 
depending upon activity levels and the degree of contamination expected. The 
highest activity areas may be located below ground level, and all items that may 
require maintenance or replacement would be located in special areas to avoid 
undue contamination and radiation from other sources. The whole of the process 
plants should operate under slightly reduced pressure so that in the event of a leak, 
air flows into the plant rather than radioactive gases escape outwards. Sources 
of high pressure drops should be avoided (see section 6.6.2). 

All plants would be equipped with emergency power supply to key items 
of equipment, such as instruments, ventilation, facilities for safe shut-down and 
to guarantee services such as cooling water. In the unlikely event of a failure of 
ventilation or of cooling services, the process should be designed so that it can 
be adequately restored to a safe standby situation relying on natural convection. 
This is absolutely essential in the case of a container full of glass with maximum 
heat release from the fission products and must cover any possible fault situation 
such as failure of a crane during transfer of a hot container within the cell or 
accidental dropping of the container onto the floor of the cell where there may 
not be such a free flow of air for natural convection. 

Most of the solidification processes require temperatures of 1000 to 1200°C 
and at these temperatures the strengths-of materials are not high. All designs must 
provide adequate means of control of temperature with back-up facilities in the 
case of a temperature excursion and failure of a container. For example, in the 
proposed design of the furnace for the HARVEST process, a catchpot is provided 
in the base of the furnace to receive the entire contents of glass from a failed 
container to prevent it from uncontrolled release into the cell. In the case of a 
power failure, temperatures would drop to a maximum of 1000°C glass temperature 
and 600°C container wall temperature. 

In all the processes in which evaporation is occurring in closed equipment, 
additional vents must be provided in case of blockage of the normal off-gas lines. 

Due to the presence of high levels of fission-product heat in all solidification 
processes, we have already seen in sections 4 and 7 that there can be a geometrical 
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limitation of the sizes of equipment chosen. This is particularly important in the 
design of the fluidized bed and spray calciners where, if there is a failure of 
fluidizing air, the calcine could overheat. The operating modes of both of these 
pieces of equipment have been chosen to have a very low inventory of calcine in 
the main chambers at all times to avoid such overheating problems. Both systems 
can be operated to reach equilibrium quickly with simple and fast start-up and 
shut-down procedures. This also avoids the need for buffer storage in between 
calciner and melter in case of failure of one item such as the melter. 

In all cases, duplicate instrumentation is required for items such as temperature 
measurement, level measurement, flowrates, so that the plant operators have 
complete knowledge and control over the state of the process at all times. 

9. CURRENT STATUS OF RADIOACTIVE OPERATIONS 

In this section a review is given of: 

( 1 ) The plants in which significant quantities of radioactive wastes have already 
been handled. 

(2) Present projects of large demonstration or industrial plants which are planned 
to be taken in operation between 1977 and the mid 1980s. 

9.1. CANADIAN NEPHELINE SYENITE PROCESS 

The process was described in section 3.1.1. A semi-pilot unit was in operation 
between 1958 and 1960 and produced 50 radioactive glass samples containing a 
total of 1400 curies of fission products. The glass blocks were buried in the ground 
and the leaching rate has been measured in situ over the past fifteen years [12], 

As explained earlier, the operation of this facility was discontinued in 1960 
when no fuel reprocessing was contemplated in Canada. 

9.2. WASTE CALCINING FACILITY AT IDAHO 

This plant was constructed as a pilot demonstration facility and commenced 
radioactive operation in 1963. The process was described in section 3.2.1. So far, 
six processing campaigns involving approximately 70 MCi have been carried out 
in which acidic and basic aluminium nitrate, zirconium nitrate and stainless steel 
sulphate wastes have been converted to a granular calcine. The details of these 
campaigns are summarized in Table XV. The plant has successfully calcined all 
the high-level liquid wastes arising at the Idaho Chemical Processing Plant [17], 
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5 TABLE XV. OPERATING RECORD OF THE ICPP WASTE CALCINING FACILITY 

Waste Activity of Solid waste 
Campaign Durat ion 3 Type of waste Net rate solidified waste produced 

(d) (1/h) (1) (Ci/1) ( m 3 ) b 

1 312 Acidic aluminium 260 1 930 000 7 - 1 1 215 

2 714 Acidic aluminium 253 2 320 000 7 - 1 1 
Ammonium nitrate 253 1 000 000 3 413 
Zirconium fluoride 181 410 000 3 - 7 

3 299 Zirconium fluoride 200 1 1 8 0 000 3 - 7 
Acidic aluminium 264 60 000 7 - 1 1 158 

4 155 Zirconium fluoride 226 820 000 3 - 7 
Acidic aluminium 271 30 000 7 - 1 1 129 

5 232 Zirconium fluoride 287 900 000 3 - 7 
Acidic aluminium 290 220 000 7 - 1 1 161 
Stainless steel 211 20 000 1 - 2 
sulphate 

6 349 Zirconium fluoride 1 030 000 
Acidic aluminium 415 000 184 
Stainless steel 16 000 

Totals 2061 10 351 000 1260 

Total activity processed ~ 70 MCi 

a 

b 
Campaign duration includes unscheduled downtime required for repairs. 

Solid waste produced from all liquid waste, including non-radioactive solids used for start-up bed and produced f rom non-radioactive 
feed solution. 



It was the first plant to handle megacurie quantities of waste solution; however, 
the specific activity of the waste is still 102 to 103 times lower than that expected 
from the power reactor reprocessing wastes in the future. 

A new waste calcining facility (NWCF) is to be constructed at Idaho Falls [74] 
to replace the existing one which will be unable to achieve the operating days 
necessary to meet the ICPP's waste processing schedule. The design net processing 
rate of the new facility is 3000 gal/d (compared with 1800gal/d in the WCF). 
Construction will begin in November 1976, it is scheduled for completion in 
November 1979 and radioactive operation should commence in June 1980. 

9.3. WASTE SOLIDIFICATION ENGINEERING PROTOTYPE (WSEP) 
AT HANFORD 

This plant was constructed from 1962 to 1965 to enable full radioactive 
evaluation of the pot calcination, phosphate glass and spray solidification processes 
(see section 3.1.3) [ 16]. It was operated from 1966 to 1970 during which period 
33 runs were carried out and nearly 52MCi of radioactive waste solution were 
converted to solid. The details of these runs are summarized in Table XVI. The 
waste solutions used had chemical compositions and activity levels comparable 
to those that will result from commercial fuel reprocessing plants. As well as a 
demonstration of the three solidification processes, the programme also included 
a detailed evaluation of the requirements for treating the liquid and gaseous 
effluents from the processes and an evaluation of the solidified waste products. 

A near-term demonstration of vitrification processes using actual high-level 
waste is planned for the same facility (see section 3.3.2). The facility is being 
expanded to include sufficient reprocessing facilities so that actual high-level liquid 
waste can be generated and used in pilot scale equipment. The rate of reprocessing 
will be about 1 t/month while the solidification equipment will be equivalent 
to about 1 t/d. Production of prototype containers filled with waste glasses should 
begin by late 1978. 

9.4. FINGAL PLANT AT HARWELL 

This plant was constructed from 1960 to 1962 and operated from 1962 to 
1966 (see section 3.1.2) [15], It was initially designed to handle 1000 curies per 
run, but was later modified to enable 15 000 curies to be processed in the last 
run of the experimental programme. Altogether 30 000 curies of aged fission-
product solution (obtained from the liquid storage tanks at Windscale) were 
processed in the four-year programme which successfully demonstrated the 
solidification process and the efficiency of the off-gas decontamination system 
(see Table VIII). The plant has been shut down since 1966 and will not be 
operated again. 
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o 
^ TABLE XVI. WSEP RADIOACTIVE DEMONSTRATION RUNS 

Processing summary Pot description Filled pot summary 
Volume Total Heat 

Date Waste Average Process Material of Bulk Fill heat rate CL to wall 
Run of type feedrate rate Diam. of solid density height Total rate density ATC C L Temp. c 

No. run PW (1/h) (t/d) (in) construction (1) (kg/I) (in) MCi (kW) (W/l) (°C) (°C) 

PC-1 Nov. 1966 2 13.8 0.73a 

PC-2 Feb. 1967 2 14.7 0.79 
PC-3 Feb. 1967 2 12.3 0.72 
PC-4 Jun.1967 1 14.7 0.96 
PC-5 Jul. 1967 1 13.2 0.78 
PC-6 Sep. 1967 2 8.5 0.57 
PC-7 Aug. 1970 1 10.7 0.64 
PC-8 Sep. 1970 4m 7.9 0.40 
PC-9 Oct. 1970 4m 9,0 0.30 
(RLG) Average 0.65 

PG-1 Nov. 1 967 2 14.6, 13 e 0.53 
PG-2 Dec. 1967 2 14 0.38 
PG-3 Jan. 1968 2 16 0.21 
PG-4 Mar. 1968 2 7.5 0.34 
PG-5 Apr. 1968 1 10.0, 11.5' 0.24 
PG-6 May 1968 1 10.5 0.28 
PG-7 Jul. 1969 2 17.0 0.58 
PG-8 Aug. 1969 4m 13.0 0.39 
PG-9 Oct. 1969 4m 25.0 0.47 
PG-10 Oct. 1969 4m 22.0 0.34 
PG-11 Dec. 1969 LMFBR 18.0 0.20 

Average 0.39 

12 304L 105b 1.3 ~72 
12 304L 105 1.2 ~72 
8 304L 60 1.4 ~72 

12 304L 110 1.3 ~72 
8 304L 55 1.4 ~72 
8 304L 60 1.3 ~72 
8 304L 60 1.2 ~72 
6 304L 34 1.3 ~72 
6 310 —16 3.5 35 

12 Mild Stl. 92 2.7 50 
8 304L 35 2.9 43 
8 Mild Stl. 35 2.8 43 
8 Mild Stl. 73 2.9 89 

12 Mild Stl. 113 2.8 61 
8 304L 62 2.8 75 
8 310 67 2.7 81 
8 Mild Stl. 67 2.9 81 
6 304L 27 2.8 58 
6 304L 29 2.9 63 
8 304L 60 2.9 73 

0.09 0.60 5.7 70 'l 40 
0.43 1.7 0.6 235 485 
0.38 1.8 30 220 410 
0.65 2.7 23.7 312 477 
1.15 4.3 78 495 725 
1.3 5.1 85 700 940 
1.4 5.6 93 753 1012 
1.2 4.8 141 604 856 
1.4 5.6 310 370 635 
£ 8.00 £ 31.8 

0.35 1.6 17 89 316 
0.40 1.7 49 135 355 
0.60 3.3 95 255 655' 
1.1 4.2 57 175 510' 
2.2 8.8 78 352 712 
2.4 9.6 155 380 780 
2.8 9.8 146 401 782 
2.3 8.8 132 350 710 
1.0 4.2 158 204 566 
2.6 9.3 317 369 827 
3.3 11.9 198 417 834 
£ 19.1 £ 7 3 . 7 



SS-l Jan. 1967 1 16.3 0.84 
SS-2 Apr. 1967 1 13.8 0.72 
SS-3 Jul. 1968 2 11.3 0.46 
SS-4 Sep. 1968 2 12.3 0.53 
SS-5 Oct. 1968 1 16.7 0.90 
SS-6 Nov. 1968 1 17.7 0.82 
SS-7 Dec. 1968 1 17.9 0.94 
SS-8 Feb. 1969 1 14.5 0.74 
SS-9 Mar. 1969 4m 15.2 0.58 
SS-10 Apr. 1969 4m 13.5 0.46 
SS-l 1 Mar. 1970 LMFBR 14.9 0.29 
SS-l 2 Apr. 1970 4m 10.8 0.46 
(1PM) 
SS-l 3 May 1970 4m 15.4 1.05 
(IPM) 

Average 0.68 

12 304L 38 3.2 21 
8 304L 48 3.2 58 

12 304L 39 2.7 21 
8 Mild Stl. 56 2.9 68 
8 304L 66 3.2 80 
8 304L 65 3.2 79 
8 304L 62 3.2 75 
8 304L 59 2.9 72 
8 310 68 2.9 83 
8 Mild Stl. 56 3.1 68 
8 304L 60 3.1 73 
8 304L 54 3.0 66 

8 304L 50 3.0 61 

0.08 0.28 7.5 30 170 
0.42 2.1 44 70 315 
0.42 1.6 40 80 315 
1.4 5.1 93 220 505 
2.5 8.2 127 270 633 
3.0 10.0 168 305 767 
3.6 12.7 204 453 928 
1.8 7.2 120 210 605 
2.0 7.2 107 242 594 
2.6 7.9 141 262 610 
3.1 10.5 175 353 754 
1.4 4.9 90 197 474 

2.8 10.0 200 404 824 

2 24.7 2 87.3 
2 2 51.8 2 2 193 

3 Based on feed time plus drying and cooling time for all pot calcine runs. 
b Product volume estimated from receiver pot temperatures and feed consumption for all pot calcine runs. 
c Receiver pot in furnace with cooling air on. 
d Receiver pot in furnace with cooling air off. 
e Two feed batches were used. 



TABLE XVII. DETAILS OF THE LAST TWO CAMPAIGNS OF PIVER 

Campaign No. Number of 
vitrifications 

Origin of 
solution 

Total volume 
vitrified 
(1) 

Corresponding 
weight of 
fuel reprocessed 
(t) 

Total 
activity 
treated 
(Ci) 

5 22 Graphite 
gas/Combus-
tible 
SICRAL 

3060 83 550 000 

6 7 Graphite 
gas/Combus-
tible 
SICRAL 

1315 29 723 250 

9.5. HARVEST PLANT 

A new plant (HARVEST) will be constructed at Windscale [29] as described 
in section 3.3.1 ; it will have a production capacity of ~ 11 kg of radioactive glass 
per hour and will use the basic concept of the FINGAL process. It is expected 
to be in operation around 1986. 

9.6. PIVER PLANT AT MARCOULE 

The plant was in operation from 1969 to 1973 and has incorporated the 
high-level wastes at Marcoule into glass [19] (see section 3.2.2). In total 25 m3 

of waste solution have been processed, involving 5 MCi and producing 164 containers 
of glass which are now being stored in air-cooled caves. Details of the last two 
campaigns of the PIVER plant are summarized in Table XVII. The plant ceased 
to be used for the routine solidification of Marcoule waste in 1973 but it is still 
to be used for development work and the treatment of special waste solutions. 

9.7. AVM PLANT AT MARCOULE 

A two-stage calcination-vitrification system, with a capacity of 20 kg 
vitrified product per hour, has been constructed at Marcoule [22] (see section 3.2.3). 
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The entire internal equipment is remotely handled by a moving crane and master 
slave manipulators. The full-scale radioactive operation of the plant is scheduled 
to be started towards the end of 1977. The plant will be able to process the routine 
production of the Marcoule reprocessing plant and handle, in a period of about 
ten years, the highly active solutions presently in storage. 

In addition to the conditioning plant a storage area has been equipped with 
forced air cooling for a period of three to four years, followed by natural con-
vection cooling for a period of approximately twenty years. 

The construction of a similar plant has been decided for the reprocessing 
site of La Hague (AVH). 

9.8. WIP PLANT, TARAPUR (INDIA) 

The plant is based on a semi-continuous pot glass process (see section 3.2.4). 
The waste, together with glass flux additives, is calcined and then vitrified. The 
molten glass is transferred into a separate container which will then be placed 
in a natural convection, air-cooled interim storage facility located at the same 
site. The WIP is designed to solidify the high-level waste arisings from the fuel 
reprocessing plant at Tarapur [26]. The plant is in an advanced stage of construction 
and is expected to go into active operation by about 1979—80 along with the 
complementary storage facility. 

9.9. FIPS PLANT, JÜLICH (FRG) 

A small-scale plant [47] (see section 3.3.5) was constructed in a hot cell 
and the first hot run took place in December 1974 using a fission product solution 
from Eurochemic (400 Ci/1). Four runs have been carried out so far involving 
30 litres of solution in each run and a total of 35 000 curies. The borosilicate 
glass produced had a specific activity of 6000 Ci/kg or 18 000 Ci/1. The details of 
the runs are given in Table XVIII. 

9.10. PAMELA PLANT 

A bench-scale PAMELA plant was constructed by Gelsenberg A.G. in two 
hot cells at Jülich from 1973 to 1974. One hot cell is housing the denitration 
and concentration equipment, the other a melting and glass-bead production 
unit [45] (see section 3.3.4). 

Thirteen hot runs took place from December 1974 until the end of 1976. 
In total, about 200 1 Purex-type waste solution (origin: Eurochemic) with a total 
activity of 100 kCi have been processed in the denitration and concentration unit. 
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TABLE XVIII. DETAILS OF HOT TRIALS FOR THE SOLIDIFICATION OF FISSION PRODUCTS BY THE FIPS 
PROCESS 

Run No. Date Waste Ratio Melt container Weight of glass Density Activity 
type real waste 

simulated 
Diameter Material in solidified 

product 
waste ( m m ) (kg) (kg/1) (Ci) 

1 Dec. 74 LEWCa 1 : 4 100 Graphite 2 2.8 2 700 

2 Apr. 75 LEWCa 3 : 1 90 Graphite 
with 
ceramic 
insert 

2 2.8 9 900 

3 Nov. 75 LEWCa 1 : 1 90 Graphite 
with 
ceramic 
insert 

2.8 2.8 5 100 

4 Feb. 76 LEWCa 1 : 0 90 Graphite 
with 
ceramic 
insert 

2.5 2.8 15 700 

a LWR-Waste f rom Eurochemic, Mol. 



TABLE XIX. DETAILS OF HOT RUNS OF PAMELA BENCH SCALE UNIT 

(a) Denitration and concentration (Gelsenberg A. G.) 

Volume (1) 
Run Date Active Simulated Total Batch Presence of Concen-
No. waste waste-soln volume activity phosphoric tration 

solution added of batch (Ci)a acidb factor 

1 Dec. 74 6 24 30 3 000 + 12 

2 Dec. 74 6 10 16 3 000 - 8 

3 Mar. 75 11 15 26 5 500 + 7 

4 Apr. 75 22 5 27 11 000 - 7 

5 Apr. 75 12 1 13 6 000 + 4 

6 Jun. 75 11 2 13 5 500 + 5 

7 Nov. 75 12 8 20 6 000 + 4 

8 Nov. 75 12 11 23 6 000 - 5 

9 Feb. 76 36 - 36 18 000 - 5 

10 May 76 12 2 14 6 000 + 4 

11 Jun. 76 36 - 36 18 000 - 6 

12 Nov. 76 12 2 14 6 000 + 4 

13 Nov. 76 12 2 14 6 000 + 4 

200 82 282 100 000 

(b) Vitrification and glass bead production (Gelsenberg A. G. ) 

Run Date Vitrification Amount of Specific Total 
No. temperature glass activity activity 

(°C) (kg) (Ci) (Ci) 

1 Dec. 74 1 0 5 0 - 1 0 8 0 2 1.5 3 000 

2 Mar. 75 1050 3 1.8 5 500 

3 Jun. 75 1080 1.2 5 6 000 

4 Jul. 75 1050 3 1.8 5 500 

5 Dec. 75 1050 4 1.5 6 000 

6 Sep. 76 1050 1.5 4 6 000 

7 Dec. 76 1050 1 6 6 000 

15.7 38 000 

íS?í 



TABLE XIX. (cont.) 

(c) VITROMET-production (Eurochemic) 

Run 
No. 

Date Amount of 
glass beads 
(kg) 

Block 
dia. 
(cm) 

Block 
height 
(cm) 

Block 
vol. (1) 
(net) 

Block 
weight 
(kg) (net) 

Activity 
of block 
(Ci) 

I e Aug. 75 1 8 10 0.5 3 2500 

2 Sep. 75 2 14 10 1 7 4500 

7000 

a Activity of Eurochemic-Purex-type HLW: 500 Ci/1 (calculated with computer-program 
ORIGEN, time-base: 1976). 

b Batches without phosphoric acid were given to the FlPS-process after denitration and 
concentration treatment. 

c This run was carried out at Jülich. 

About 15 kg of phosphate glass beads with a specific activity of 1 - 4 Ci/g have 
been produced. Incorporation of the PAMELA glass beads is done by Eurochemic 
in a hot-cell unit at Mol. So far, two VITROMET blocks with a total activity 
of 7000 Ci have been produced. Full details of all the hot runs are given in 
Table XIX(a, b and c). 

9.11. EUROCHEMIC 

It was recently decided to construct a demonstration facility for the solidifi-
cation of the presently stored high-level wastes (800 m3 containing 10 to 20 Ci/1 
and 70 m3 containing ~ 400 Ci/1) resulting from earlier operation of the 
reprocessing plant. 

The demonstration facility should be in active operation in 1982 and will 
be composed of two separate units: 

(a) LOTES (see section 3.4.2) for the solidification of the 800 m3 of 
aluminium containing effluents; 

(b) PAMELA (see section 3.3.4) for the solidification of the 70 m3 of high-
level wastes from oxide fuel reprocessing. 

PAMELA will be constructed in the framework of a joint venture with the 
Federal Republic of Germany. 
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10. CONCLUSIONS 

This report has surveyed and commented on the state-of-the-art of the 
solidification processes that have received serious study over the past twenty years. 
The processes vary in scale of operation and state of development but, in principle, 
they can be grouped according to the nature of the end product: 

( 1 ) Calcination processes transforming the solutions into a non-corrosive 
product that can be considered for medium term, but temporary, storage. 
Several years of operational experience exist in this field; however, the 
leaching rate in water is too high for general application, particularly 
in view of the environmental limitations of final storage. 

(2) Other processes transforming the solutions into insoluble, glass-like 
materials, which are likely to be more suitable for very long-term storage 
and, ultimately, for disposal. 

For each type of product, the processes vary according to the composition 
of the end product, the technological equipment used and the state of development. 

For both the calcination and vitrification processes, large pilot scale operations 
have been successfully demonstrated, involving several tens of megacuries of fission 
products. Furthermore, several industrial scale plants are under construction for 
the handling of wastes from commercial reprocessing facilities; one of these plants 
is in the commissioning stage. 

Therefore it is clear that, if decisions have to be made in the near future, 
adequate technology exists for the design and construction of the required 
solidification facility. 

However, further improvements will arise from the current research and 
development programmes in many countries. These programmes include improve-
ments to the process technology, the standardization of product criteria and 
economic aspects. 

For those organizations who will be entering later into the field of high-level 
waste treatment, there will be more information available as a result of this 
research and development; other processes and systems will reach maturity during 
the next ten years, thus increasing the confidence that all the high-level wastes 
arising in the future can be solidified in an appropriate way, which is the first 
essential step in their long-term management. 
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DEFINITION OF TERMS USED IN THE REPORT 

Vessel Equipment where processing, evaporation, melting or other operations 
take place. In some processes the vessel becomes the container. 

Calciner Vessel used to produce only a calcined product which can be pro-
cessed further in other equipment to a glass. 

Container Final receiver for the product (glass or calcine) for storage and 
disposal. Can be cylindrical or annular. 

Melter Vessel in which calcine and glass formers are fused to form a glass and 
which has an outlet for the glass to be transferred to a container. 

List of process initials Location of process Section No. 

AVH La Hague, France 3.2.3 & 9.7 
AVM Marcoule, France 3.2.3 & 9.7 

ESTER Ispra, Italy 3.4.1 
FINGAL Harwell, UK 3.1.2 & 9.4 

FI PS Jülich, FRG 3.3.5 & 9.9 
HARVEST Windscale, UK 3.3.1 &9.5 

LOTES Eurochemic, Belgium 3.4.2&9.11 
NWCF Idaho, USA 9.2 

PAMELA FRG & Belgium 3.3.4&9.10 
PIVER Marcoule, France 3.2.2 & 9.6 

VERA Karlsruhe, FRG 3.3.3 
VITROMET FRG & Belgium 3.4.5.2&9.10 

WCF Idaho, USA 3.2.1 &9.2 
WIP Tarapur, India 3.2.4 & 9.8 

WSEP Hanford, USA 3.1.3&9.3 
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The following conversion table is provided for the convenience of readers and to encourage the use of SI units. 

FACTORS FOR CONVERTING UNITS TO SI SYSTEM EQUIVALENTS* 
SI base units are the metre (m), kilogram (kg), second (s), ampere (A), kelvin (K), candela (cd) and mole (mol). 
[For further information, see International Standards ISO 1000 (1973), and ISO 31/0 (1974) and its several parts] 

Multiply by to obtain 

Mass 

pound mass (avoirdupois) 1 Ibm 4.536 X 10" ' kg 
ounce mass (avoirdupois) 1 ozm 2.835 X 101 

g 
ton (long) (= 2240 Ibm) 1 ton 1.016 X 103 kg 
ton (short) (= 2000 Ibm) 1 short ton = 9.072 X 102 kg 
tonne (= metric ton) 1 t 1.00 X 103 kg 

Length 

statute mile 1 mile 1.609 X 10° km 
yard 1 yd 9.144 X 10"1 m 
foot 1 f t 3.048 X 10"1 m 
inch 1 in 2.54 X 10~2 m 
mil (= 10~3 in) 1 mil 2.54 X 10~2 mm 

Area 

hectare 1 ha = 1.00 X 10" m 2 

(statute mile)2 1 mile2 = 2.590 X 10° km 2 

acre 1 acre = 4.047 X 103 m 2 

yard2 1 yd2 = 8.361 X 10"1 m 2 

foot2 1 f t 2 = 9.290 X 10~2 m 2 

inch2 1 in2 = 6.452 X 102 mm2 

Volume 

yard3 1 yd3 = 7.646 X 10"1 m3 

foot3 1 f t 3 = 2.832 X 10"2 m 3 

inch3 1 in3 = 1.639 X 104 mm3 

gallon (Brit, or Imp.) 1 gal (Brit) = 4.546 X 10"3 m 3 

gallon (US liquid) 1 gal (US) = 3.785 X 10"3 m3 

litre 1 I = 1.00 X 10~3 m 3 

Force 

dyne 1 dyn = 1.00 X 10"5 N 
kilogram force 1 kgf = 9.807 X 10° N 
poundal 1 pdl = 1.383 X 10 - 1 N 
pound force (avoirdupois) 1 Ibf = 4.448 X 10° . N 
ounce force (avoirdupois) 1 ozf = 2.780 X 10"1 N 

Power 

British thermal unit/second 1 Btu/s = 1.054 X 103 W 
calorie/second 1 cal/s = 4.184 X 10° W 
foot-pound force/second 1 f t • Ib f /s = 1.356 X 10° W 
horsepower (electric) 1 hp = 7.46 X 102 W 
horsepower (metric) (= ps) 1 ps = 7.355 X 102 W 
horsepower (550 f t • 1 bf/s) 1 hp = 7.457 X 102 W 

* Factors are given exactly or to a maximum of 4 significant figures 



Multiply by to obtain 

Density 

pound mass/inch3 

pound mass/foot3 

Energy 

British thermal unit 
calorie 
electron-volt 
erg 
foot-pound force 
kilowatt-hour 

Pressure 

newtons/metre2 

atmosphere3 

bar 
centimetres of mercury (0°C) 
dyne/centimetre2 

feet of water (4°C) 
inches of mercury (0°C) 
inches of water (4°C) 
kilogram force/centimetre2 

pound force/foot2 

pound force/inch2 (= psi)fc 

torr (0°C) (= mmHg) 

Velocity, acceleration 

inch/second 
foot/second (= fps) 
foot/minute 

mile/hour (= mph) 

knot 
free fall, standard (= g) 
foot/second2 

Temperature, thermal conductivity, energy/area• time 

Fahrenheit, degrees —32 
Rankine 
1 Btu- in / f t 2 -s- °F 
1 Btu/ f t -s- °F 
1 ca l /cms-°C 
1 Btu / f t 2 -s 
1 c a l / c m 2 m i n 

Miscellaneous 

foot3 /second 
foot3 /minute 
rad 
roentgen 
curie 

1 lbm/ in 3 = 2.768 X 104 kg/m3 

1 lbm/ f t 3 = 1.602 X 101 kg/m3 

1 Btu = 1.054 X 103 J 
1 cal = 4.184 X 10° J 
1 eV - 1.602 X 10"19 J 
1 erg = 1.00 X 10~7 J 
1 f t - l b f = 1.356 X 10° J 
1 k W h = 3.60 X 106 J 

1 N/m 2 = 1.00 Pa 
1 atm = 1.013 X 10s Pa 
1 bar = 1.00 X 105 Pa 
1 cmHg = 1.333 X 103 Pa 
1 dyn/cm2 = 1.00 X 10"1 Pa 
1 f t H 2 0 = 2.989 X 103 Pa 
1 inHg = 3.386 X 103 Pa 
1 inH 2 0 = 2.491 X 102 Pa 
1 kgf/cm2 = 9.807 X 104 Pa 
1 I b f / f t 2 = 4.788 X 101 Pa 
1 lb f / in 2 = 6.895 X 103 Pa 
1 torr = 1.333 X 102 Pa 

1 in/s = 2.54 X 101 mm/s 
1 f t /s = 3.048 X 10"1 m/s 
1 f t /m i n = 5.08 X 10"3 m/s 

Í4.470 X 10"1 m/s 
1 mile/h [1.609 X 10° km/h 
1 knot = 1.852 X 10° km/h 

= 9.807 X 10° m/s2 

1 f t /s2 = 3.048 X 10"1 m/s2 

0 F — 32 5 
°R [ 9 1 K 

= 5.189 X 10J W/m-K 
= 6.226 X 101 W/m-K 
= 4.184 X 102 W/m-K 
= 1.135 X 104 W/m2 

= 6.973 X 102 W/m2 

1 f t 3 /s = 2.832 X 10"2 m 3 / s 
1 f t 3 / m i n = 4.719 X 10"4 m 3 / s 

rad = 1.00 X 10"2 J/kg 
R = 2.580 X K T 4 C/kg 
Ci = 3.70 X 1010 disintegration/s 

3 atm abs: atmospheres absolute; 
atm (g): atmospheres gauge. 

M b f / i n 2 (g) (= psig): gauge pressure; 
lb f / in 2 abs (= psia): absolute pressure. 
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