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ABSTRACT 
The characterization program for Obrigheim and Stade PWR hulls sampled at La Hague was conducted In the 

CEA hot cells (Coquenstock program operating on whole assembly hulls). A description of the appearance of the
se hulls, recovered on the industrial scale and after severe damage, is followed by a review of the results 
of the different radiochemical characterization operations (neutron emission measurements, gamma scanning, 
alpha and mass spectrometry after dissolution of several samples, determination of the retention of tritium 
and other gaseous fission products occluded 1n the zircalloy dads etc). 

The alpha contamination of these hulls proved to be rather high, but it demonstrated that a large part 
(90 to 95Z) was labile and could be removed by simple rinsing with cold 3N nitric acid. By contrast, conta 
minaLion by fission products such as Cs 137, Ce 144 and Eu 154, remains high and relatively unaffected by nitr, 
acid rinsing. 

Based on the results obtained and the observations recorded, an analysis is carried out of the origins 
of alpha contamination of these hulls treated on an industrial scale, among which the chief source is certainly 
the limited effectiveness of rinsing. 

INTRODUCTION 
Among the solid high activity wastes produced 

by reprocessing, assembly hulls and ends account 
for the major part, and it is generally estimated 
that the quantities stored in the EEC by the year 
2000 will amount to or even exceed 8000 tons (1). 
While different methods are proposed today for the 
packaging and storage of these wastes, the choice 
of one of them is still a difficult matter, due par
ticularly to the limited knowledge available of their 
residual contamination by very long lived transuranian 
elements. 

Although a considerable body of data has been 
compiled on the laboratory and pilot plant scale 
(2, 3). the data obtained on the industrial scale 
are rare. With the financial aid of the CEC, (7) the 
CEA decided to carry out an original characterization 
study dealing with hulls from two whole PWR assemblies 
sampled after chopping and dissolution in the UP2 
plant at La Hague. This characterization operation, 
called "Operation Coquenstock", involved the following 
investigations (8) : 

1) examination of hulls and taking of repre
sentative samples by quartering; 

2) measurement of neutron emissions and corre
lation with the residual fuel combined 
with the hulls; 

3) determination by gamma scanning of the 
distribution and activities of the main 
beta gamma emitters 1n several dozen litres 
of hulls; 

4) after the dissolution of several samples, 
determination of the contents of trans
uranian elements, strontium 90 and alpha 
beta gamma activities; 

5) determination of the quantities of tritium, 
hydrogen and gaseous or volstUe FP occluded 
in the zircalloy clad; 

6) performance of supplementary rinsing tests. 

After noting the origin and the conditions for 
obtaining the hulls employed, the authors discuss 
the main results obtained. To conclude, they then 
examine the different sources that governe the 
alpha contamination of these industrial hulls. 

ORIGIN AND APPEARANCE OF RECOVERED NULLS 
To carry out the Coquenstock program, two sepa

rate batches of hulls were sampled in the UP? plant 
at La Hague. The first, weighing 96.6 kg, was taken 
from a whole assembly from the West German Obrigheim 
PWR reactor, irradiated to 30 136 Mwd.t and dis
charged 1n June 1979. The second, which was smaller 
in volume, was recovered by quartering (sample weigh
ing 22.7 kg) from a mixture of hulls from 2.5 assem
blies of the West German Stade PWR reactor, irradiate 
to 33 153 Mwd.t" and discharged in April 1980. After 
separation of the head and foot ends, the assemblies 
concerned were chopped in the HAO facility at La 
Hague, and the fuel was then dissolved in a 6N nitric 
acid solution raised to boiling for 3 hours. The 
dissolution liquor was then removed, and the hulls 
placed in the dissolver basket were rinsed by the 
usual procedure, with 1500 litres of 13.6N acid, 
and then with 800 litres of water. Hence, a total 
of nearly 130 litres of hulls was distributed in 
several containers and transferred in lead transfer 
casks from La Hague to the hot cells located in the 
Paris region. 

Figure 1 shows the general appearance of the 
hulls after chopping up the assemblies 1n clusters. 
These hulls consist of sections, debris and fragments 
whose type, shape and size vary widely and bear no 
resemblance to the hulls generally employed in packa
ging simulaton experiments. As shown in Fig, 2, 
each section may be cylindrical (Hem A), particular! 
long (B), shredded and cracked (C) or crushed and 
even blocked (D). This physical state obviously 
favours fuel retention, essentially In the form of 
dissolution liquor, liable to reduce the effectlvenes 
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P.vl irii-.li>!i!-,ir;,il ,itui 1 /-,i>s o f the h u l l s were c a r r i e d 
out hy d i r e o I liiraS'irninnn ! :, on a f r a c t i o n of d batches 
of I , ' i l l ' , ((iriiiiiiia j< <mn ni ' j ) or on the whole hatch ( n e u 
t r on •.•r:n v , ujn twMMir'Miients ), o r a f t e r d i s'.o lut i on . 

The l a t t e r rase concerned more than (fl '.amples (wc ig i 
nig between S and 80 q ) , therose I ves taken from 2 kg 
samples i s o l a t e d by q u a r t e r i n g , and hence i n p r i n r . i p . 
r e p r é s e n t â t ! v e o f each of the ba t ches . D i s s o l u t i o n 
was c a r r i e d ou t i n n i t r l c - h y d r o f l u o r i c medium, and 
the f o l l o w i n g analyses were c a r r i e d c u t on the r e s u l 
t i n g s o l u t i o n s : 



TABLF I 
Main radiochemical characteris 

recovered at the La Hague reproc 

Obrigheim hulls (mean values) 
dissolution (a) direct (b) 

Concentrations 
(mg.kg of hulls) 
Uranium (430 to 2390) x 1140 2520 
Neptunium (0.11 to 0.54) x 0.27 
Plutonium (4.6 to 23.5) x 14.2 23.3 

Beta-gamma activities 
(Ci.kg ' of hulls) (c) 

( 106 Ru + Rh 0.47 _ 
( 134 Cs 0.16 0.13 
( 137 Cs 0.57 0.42 

FP ( 144 Ce + Pr 0.15 -
( 154 Eu 0.02 -
( 90 Sr 0.4<J -
( Tritium 0.82 -
( 85 Kr 0.04 -

A 125 Sb 0.88 0.52 
AP ( 60 Co 0.13 4.05 

( 54 Mn 0.004 0.07 

Alpha activities 
(mCi.kg ' of hulls) (2.3 to 12.1) x 7.1 12 (d) 

(a) Measurements after sample hull dissolution. (b) 
(c) In zircalloy clad only. (d) 

1) (J and Pu by mass spectrometry; 
2) Pu. Am and Cm by alpha spectrometry; 
3) Np by neutron activation; 
4) tritium and.other gaseous FP by gaz 

radio-chroroatography of specific dissolutions 
The main experimental results obtained with the 

Obrigheim and Sta^e hulls are summarised 1n Table 
I, and are discussed below. 
Gaseous and volatile fission products occluded in 
zircalloy dads 

With respect to the gaseous and volatile fission 
products, the fraction of tritium fixed in the zirc
alloy was fairly high, up to 55 to 622 of the theore
tical quantities formed in the reactor. The occlusion 
of small portions of krypton 85 (0.15 to 0.182 of 
the theoretical amounts) was also observed, and it 
was confirmed that the retention of these two nuclides 
in the clad normally matched the burnup, or more pre
cisely, the axial power distribution along the fuel. 
In addition to these radioactive elements, non-
negligible amounts of methane and hydrogen ( « 120 ppm) 
were also detected. The hydrogen resulted from the 
corrosion of the zircalloy by the reactor water. 
Gamma scanning measurements 

The gamna scanning measurements are interesting 

ics of Obrigheim and Stadc hulls 
ssing plant (cooling time 5 years) 

Stade hulls (mean values) (Z) of total amount 
formed during irra-

dissolution (a) direct (b) diation 

(570 to 2410) x 1100 2940 0.04 - 0.1 
(0.17 to 0.99) x 0.36 0.03 
(6.4 to 27.6) 7 13.1 26.3 0.05-0.1 

0.47 0.52 0.44 to 0.55 
0.19 0.16 0.16 to o ' 
0.63 0.50 0.17 to ' 
0.17 - 0.17 to 0. 1J 
0.02 0.02 0.26 to 0.27 
0.48 - 0.2 to 0.21 
0.75 - 56 to 62 
0.033 - 0.15 to 0.18 
1 0.74 78.5 to 88.4 
0.21 11.? 
0.005 0.1 

Alpha spectrum 
( 238 Pu 432 
( 241 Am 182 

(1.4 to 26) x" 9.7 20 (d) ( 244 Cm 232 
( 3 9 + 4 0 Pu 152 
( 243 Am + 242 Cm 1 

Direct measurements In hull containers. 
Extrapolated value. *act1vation products. 

because they highlight the heterogeneities in the bet, 
gamma activities, and especially of 60 Co in the hull 
containers, owing to the very wide disparity of the 
materials making up these wastes (see Fig. 3). After 
5 years of cooling, the following main gamma emitters 
were encountered: 

— fission products, generally distributed 
fairly uniformly (106 Ru, 134 Cs. 137 Cs 
and 154 Eu) deposited during dissolution 
(mainly ruthenium) or which migrated to 
the periphery of the oxide and in the clad 
during Irradiation; 

— activation products (60 Co, 125 Sb and 54 Mi 
For the latter, the most abundant is cobalt 60, 

but Its activity in the Irradiated assemblies is larg. 
ly Influenced by the Initial cobalt contents of the 
nickel alloys employed, which, In the absence of pre
cise specifications, vary considerably from on* con
tainment to another. Note that with respect to packa 
glng and especially shielding. It 1s Illusory to defl 
a mean activity for this radioisotope, which will 
always display a very heterogeneous distribution in 
the storage containers as shown by Fig. 3. 

The mean FP contents In the hulls are finally 
fairly uniform, but higher than the plutonium content 
by a factor of 2 to 35 (extreme values measured bufor 
and after supplementary rinsing, see below). Conse-
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Fig. 3, Example of axial distribution for 
137 Cs and 60 Co In hull containers 

quently, nuclides such as 137 Cs and 144 Ce cannot 
be considered as sensitive tracers of the residual 
fuel bound to the hulls. However, the higher local 
activities detected by gamma scanning (example of the 
cesium peak in Fig. 3) effectively correspond to local 
accumulations of fuel.. As the direct FP/Pu correlation 
is not fully satisfactory, this technique cannot be 
recommended for the individual monitoring of the hulls. 
However, it could be used to supplement another more 
sensitive method, such as neutron emission measurement. 

Nautron emission measurements of hulls 
It is well known that, after 4 years of cooling, 

spontaneous fissions of curium 244 account for over 
92Z of the neutron emissions of the fuel. Assuming 
that this element exhibits comparable or even identical 
behavior to plutonium, the measurement of Its neutron 
activity in the hulls would normally help to determine 
their plutonium and uranium contents. This easy-to-use 
technique thus appears highly attractive for the In
line monitoring of hulls J.n reprocessing plants. How
ever, to ensure the direct correlation of curium 244 
with plutonium is satisfactory, in certain experiments, 
we compared the results obtained to those determined 
by mass spectrometry. The mean neutron emissions 
measured on the 2 entire batches of hulls proposed 
(«100 and 25 1) are 23.3 mg plutonium per kg for 
Obrigheim hulls and 26.3 mg.kg for Stade. These 
quantities are rather high, and represent an entraln-
ment 1n the hulls of about 0.12 of the plutonium formed 
1n the reactor, or 8.15 and 9.2 g respectively per 
ton of initial uranium. 

Table II compares the quantities of plutonium 

TABLE II 
Comparison of quantities of plutonium determined b} 
neutronic emission and by mass spectrometry after 

dissolution of samples 

Origin of 
hulls 

Residual plutonium measured by 
(my.kg" of hulls) 

Origin of 
hulls Neutron Mass 

emission spectrometry afti 
leaching and 
dissolution 

Obrigheim hulls 
Container 1 
Container 2 !!:Si * n-3t1-7 14,2 »-4.8* 

Container 9 
before leaching 
after leaching 

12.9 
1.1 ± 0.16 

16.0 * 2.1 
1.1 ± 0.06 

Stade hulls 
Container 1 II 
Container 2 II J};J>! 17 * 2.4 13.1r 7.2* 
Container 15 II 
before leaching 
after leaching 

33.5 * 5 
1.3 t 0.2 

32.1 ± 4.2 
1.4 t 0.1 

Container 3 11 
before leaching 12.8 ± 1.9 
after leaching 

12.4 t 1.6 
1.5 t 0.1 

* «• represents the dispersion of analysed samples, 
the analytical Inaccuracy being negligible 

estimated from the neutron emissions with those deter 
mined by plutonium balance, for 5 samples of hulls 
weighing about 1 kg, Neutron counts were carried 
out before and after leaching of the hulls by nitric 
add, and the masses of leached and residual plutonlt 
were determined by mass spectrometry. The residual 
mass w<i5 determined by the dissolution of about 40 ç 
of hulls. The table shows close agreement between 
these 2 techniques. The average differences are les: 
than 30Z, so that direct correlation of 244 Cm with f 
unlike the FP, proves excellent, even at low concentr 
tlons (1 to 2 mg.kg - 1). It should be adaptable to 
the Industrial level without any particular problem, 
but Its accuracy is nevertheless proved by systematic 
prior measurements on the fuels whose residual conter 
1n the hulls are to be determined. The sensitivity 
of this technique naturally depends on the noise and 
counting time. 

Alpha activities 
The mean alpha activities calculated from the 

amounts of plutonium estimated by neutron measurement 
and from experimentally measured specific activities 
are rather high (Obrigheim - 12 mCl kg" , Stade - 20 
mCi kg' ). As for plutonium, they are higher than 
those determined after the dissolution of smaller 
samples (x - 7.1 and 9.7 mCl kg" ). The main alpha 
emitter Is plutonium 238 (40 - 45Z of total activity) 
and the local contamination of the samples Is often 
highly variable, clearly reflecting the heterogeneiti 
observed on a larger scale during neutron measure
ments on all the containers of the 2 batches of hulls 
Note that the alpha contamination of pieces such as 
grids and guide tubes, which are not in direct contac 



with the oxide during irradiation, is often just 
as high as for the zircalloy sections. 
Supple^ tarv hull rinsing tests 

These rinsing or leaching tests are very important 
and provided an insight into the source of alpna 
contamination of these industrial hulls. The tests 
were conducted by percolation with cold 3N nitric 
acid, with continuous recycle for 10 .o 12 hours 
(2 litres of acid per kg of hulls), and the operation 
was repeated twice for each fraction of 1 kg treated. 
The results of these tests can be illustrated in 
the typical cases shown in Figs. 4 and 5. 

Those leaching curves, and the activities of 
the fc-Jionuclides associated with them helped to 
shov; t :at: 

90 to 95Z o*7 th; alpha contamination of 
the hulls was labile; 
the fraction of FP removed (134 Cs, 137 Cs, 
144 Ce and 154 Eu) during rinsings was always 
very limited, from 15 to 50Z. After rinsing, 
the residual activities of these FP in the 
hulls still accounted for 0.15Z of the quan
tities formed in the reactor; 
only a small fraction of the ruthenium con
tamination is recovered by rinsing, but 
this FP is known to be relatively insoluble 
in nitric acid; 
the second nitric rinse failed to achieve 
further decontamination; 
the final plutonium contents of.the hulls 
are fairly low, 1 to 1.5 mg.kg (0.004 to 
0.005% of the plutonium formed in the reac
tor), and appeared to vary only slightly 
from one fuel to another. 

T;i2se leaching curves nevertheless show that the 
times for which the same degree of alpha decontamina
tion was achieved were 3 to 4 times longer for the 
Stade hulls than for the Obrigheim hulls, due to 
the abnormal and accidental contamination resulting 

from deposits of irradiated oxide powder on the Stadt 
hulls during the sampling operations in the La Hague 
plant. This explains why the decontamination rates, 
which are fairly high and identical for both batches 
during the first half-hour, then decrease for the 
Stade hulls and remain constant until around 6 hours 
have elapsed. This phase actually corresponds to 
the dissolution of the fuel powder deposited on the 
surface of the hulls. It is clear that this oxide 
would have been dissolved without any problem, had 
it been present during the initial dissolution carrie 
out at boiling in the plant. 

It is worth noting that, as for the Borssele 
and Uurgassen hulls which we characterized previously 
(3), the final.plutonium contaminations range betwee» 
1 and 3 mg.kg . These quantities appear to cons»> 
tute a threshold for which the contamination mecham 
are different and also incorporate mechanisms develo; 
during fuel irradiation (fission recoils for example) 
which are masked by the main contamination. The fact 
that the contamination of pieces such as springs, 
grids and guide tubes is often just as high as that 
of the zircalloy clads, and that this alpha contamina 
tion is fairly easily reversible, shows that it essen 
tially results from the reprocessirq conditions, and 
particularly the rinsing effectiveness, which is gene 
rally limited because of the static method employed, 
involving simple dipping. 

CONCLUSIONS 
In addition to the analysis of the radionuclides 

bound to the industrial hulls sampled in the UP? plan 
at La Hague, the characterization studies served to 
highlight a number of important points : 

1) these hulls were severely damaged, and cons 
quently quite different from those normally 
used in packaging simulation experiments; 

2) their cobalt 60 activity is highly variable 
and this factor must be taken Into account 
in packaging shielding calculations; 

3) ?1nha contamination is rather high (12-20 u 
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Fig. 4. Behavior of alpha and beta gamma emitters 
during the complementary rinsing of Obrigheim 
hulls by cold HN0 3. 

Fig. 5. Complementary rinsing of Stade hulls by cole 
nitric acid 3N. 



kg ). but is essentially labile and can 
be largely eliminated by simple rinsing; 

4) unlike gamma scanning measurements, direct 
neutron counts help to quantify the masses 
of plutonium entrained with the hulls fairly 
accurately. 

The overall results and observations compiled 
during Operation Coquenstock enabled us to distinguish 
3 possible sources of alpha contamination of the hulls. 
The first, which is certainly the most important, 
includes causes of mechanical origin, associated with 
chopping and with the powdery state of the irradiated 
oxide dislodged during this operation. Among these 
are: 

_ sections blocked during chopping; 
_ rod ends containing oxide, whose angular 
position during acid attack is unfavorable 
and prevents the normal progress of dissolu
tion (4); 

-deposits of oxide powder during the steps 
after dissolution (handling of baskets, rin
sings, drainage etc). 

The second includes chemical causes: 

. rinsings (method, acidity, flowrate, tempera
ture); 

. redeposition by hydrolysis, due to a local 
deficit of nitric acid (2); 

- preferential adsorption of certain elements 
on the zirconia layers (particularly valency 
4 elements). 

The third, which depends on mechanisms developed 
during irradiation, concerns migration by thermal 
effect and by fission recoils, as well as the activa
tion of zircalloy impurities (U and Th) (5). 

Given the lack of experimental data, it Is often 
difficult to determine the share of each of these 
processes in the total alpha contamination of the 
hulls. The Coquenstock experiment nevertheless seems 
to demonstrate that the first 2 are the most Important. 
In fact, deposits of irradi?ted oxide powder and rin
sing defects were certainly the 2 main causes of con
tamination of the Obrigheim and Stade hulls. The 
third process remains at a relatively low level, that 
we estimate at 1-1.5 mg Pu per kg, contents which 
may partially include the redeposition and adsorption 
mentioned above. 

Hence the reprocessing conditions appear to 
be decisive for hull contamination. Thus, to reduce 
the alpha activity of these wastes significantly, 
it is important to carry out effective rinsings, 
and we believe that the continuous chopping, dissolu 
Uon and rinsing technique to be applied in the UP3 
plant (6) will help to achieve this aim. Yét the 
lowering of fission product contamination will alway 
remain quite limited. 

REFERENCES 

1. G. Cottone, "Production de gaines de combustibles 
nucléaires dans la communauté européenne", EUR 5969 
EN.FR. 1978. 

2. I. L. Jenkins, et al, "The characterization of 
activities associated with irradiated fuel element 
claddings", AERE R. 9856. 

3. J. P. Gue. M. Isaac and P. Miquel. "Measurement 
of the radioactivities bound to LWR fuel hulls", 
EUR 8250. 271-290, Vol. 9. 1982. 

4. W. S. Groenier. 0RNL. DWG 732532. 

5. R. L. Dillon, "Decontamination and melt densiflca 
tlon of fuel hull wastes". Technical Seminar on r* 
processing, packaging and storage of solid wastes 
and cladding hulls. Paris, December 1977. 

6. P. Auchapt. L. Patarln and M. Tarnero, "Develop
ment of a continuous dissolution process for the 
new reprocessing plant at La Hague", ANS Interna
tional Meeting on fuel reprocessing and wastes, 
Jackson, Wyoming, 26-29 August 1984. 

7. W. Hebel, "CEC research programme for treatment ai 
conditioning of spent fuel hulls". 
ANS typical meeting on Waste Management and Decontam 
nation and Decommissioning, Sept. 14-13, 1986. 
Niagara Falls, N.Y. 

8. J.P. Gué et al., "Détermination de la composition 
et de la radioactivité des coques provenant du trai
tement industriel des combustibles des réacteurs à e. 
légère - Opération Coquenstock", EUR 10923 (1987). 


