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Abstract 

Enresa, the Spanish Radioactive Waste Management Agency was set up in Spain in 1984 as a state-owned 
company, in order to be responsible for management of this type of wastes in the country. 

The company is supewised by the Government, to whom is obliged to submit an Annual Repon of Activities 
and a Proposai for general Radioadive Waste plan on a yeariy basis. 
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+ Operation of a facility tor low and intermediate level waste disposal in El Cabrii (Cordoba) 
+ Develop a program for selection and canstruction of a repository (spent nuclear fuel) 
t Dismantling of nuclear instailations 

After creation of Enresa (1985) there was a change of strategy for HLW. LWR spent fuel is considered a 
waste. In different radioactive waste plans approved by the Government and in R&D programmes geologicai disposal is 
the only option. 

In 98/1/29 the government takes decision of delay up to 2010 the approval by the Parliament of the option 
more convenient for final disposal according with the state af the technology. 

The Research &Development programmes of Enresa linked to the generai radioactive waste management 
plans are based in: Financing and management by Enresa. Development and creation of experimental research 
exteinai nrouos iUniversities. comoanies. institutions. ... \. Closed linked to EU and international RDT Drourammes. 

From 1999 - 2002 ENRESA 4 ' % & ~  plan (99-2002) in force, linked to the 5 ' " ~  RDT programme, wili have as 
principal objective to deepening in knowiedge and applications and verifications of the technological infrastructure 
created in previous plans based in irradiated fuel as waste farm for disposai. The principal management option wili be 
the storage oi spent fuel in a repository. Partitioning and transmutation as way of decreasing volume ana radiotoxicity 
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1.1.2. lnlernalional collaboraflon 

ENRESA participated in two internationai projects as LOFT and PHEBUS on severe accidents. It 
was the beginning of the international cooperation. 

1.2. PdR&D Plan (1991-1995) 

1.2. l. General objective 

The principal processes and characteristics considered in the near field with respect to the second 
pian were: 

Composition and inventory (UOp. fission products, activation products, actinides) 
r Dissolution/alteration of U02 (dissolution mechanisms. redox conditions effect, pH effect, 

salinity and composition effect of leachants, SF physical state effect (such as flaws, cracks. 
distance between pellets and grin size) 

t Mobility of products dissolved (radiolisis effect, physical and chemical conditions effect, 
formation of complex and colloids, hydrodynamics conditions effect of environmental media. 

r Gas generation 
t Processes modelling 

The activities related with the fuel have been oriented to obtain basic information on the dissolution 
processes under conditions very close to the natural systems. The main studies carried out with 
unirradiated UO, were: 

r Dissolution mechanisms and models of UO, 
r Dissolution model 
t U02 dissolution in magnesium and sodium brines 
+ Dissolution tests in batch 
r Experiments with SIMFUEL and UO, under irradiation 

The studies carried out with SF were: 
r Theoretic analysis of radionuclides release 
r The main results of this plan were: 
r Creation of a group and laboratory in CIEMAT for SF characterization and dissolution in 

batch and seauential studies bv means of SIMFUEL and unirradiated U02 
r Consolioat on of me .)PC grojp .v 11, l o.%.lnro.grl tcsrs and JO; and Jran.nws s t ~ u  us :%m 
r Co uboret on u t TL ano FzX 10 onln n nala 011 SF 

1.2.2. lnlernalional collaboration 

Participation in the 3" EU Framework program: 1%' project on direct disposal of SF and 
collaboration with FzK. In this period started the collaboration with EU ITU JRC. 

1.3. Yd R&D Plan (1995-1999) 

1.3.1. General objecllve 

The principal objective of this Third Plan is connected with the support necessary to carry out the 
High Level Wastes Plan, which studies the integral management of those wastes. 

The generic objectives of this plan were: . 
r Verify the instrumental methodologies developed for the characterization of the geologic 

barrier and complete the necessary developments. 
r Veriiy the operability and the viability of the engineering barriers. under real conditions of 

scale, temperature and depth, in accordance with the early designs studied for three 
iithologies (clay, sait, granite) 

+ Obtain basic data about behaviour of IF, claddings and containers. 
r Obtain basic data on mobilizationlretention processes of actinides and fission products 

through the clay barrier and the geological barrier 



t Obtain basic data on radionuclide behaviour in biosphere 

The objectives and lines on IF were: 
t Dissolution mechanisms: redox conditions effects, pH effect, chemical composition of 

ieachants as a function of barrier materials, physical effect of SF as a function of burnup. 
t Mobility of products dissoived (physicochemical conditions effect, effect of environmentai 

thermodynamics conditions, complex and colloids formation, engineering barriers effect) 
t Gas generation 
t Modelling 

13.2. infernafional coliaborafion 

Regarding to the 4Ih EU Framework Program. ENRESA participated in different projects, between 
them one on management and storage of radioactive wastes. "Source Term'' and "SPA. In addition, 
ENRESA participated with other international organizations such as ITU (Karlsruhe), FzK and AEA (UK). 

1.4.1. General objective 

The obiectives and activities considered in the oresent Plan are to make a decisive contribution to 

required for the management of low. intermediate andhigh levei wastes, including dismantling, radiological 
protection or environmental intervention in the event of radioactive contamination. 

The areas of research included in the present Plan have been selected with a view to ensuring 
better compliance with the new directives included in the 5 'keneral  Radioactive Waste Plan (GRWP) 
approved by the Government in July 1999, and are the followings: 

t Basic technologies of waste characterization and behaviour, applicable to various fields of 
management underlaken by ENRESA. 

t Separation and transmutation 
* Disposal 
r Periormance and Safety assessment 
t Support of facilities: low and intermediate level wastes, dismantling and radiological 

protection 

The principal objective in SF is the study of radioiytic effect on spent fuel corrosion (a, P and y) by 
means of alpha doped pellets dissolution studies, and external beta and gamma sources on SF matrix. The 
studies on real spent fuei were made in collaboration with ITU JRC, by means of a collaboration contract on 
SF research signed in October 2000. The research on SF in the past was based principally in studies of 
analogues of spent fuei. as: uraninites, SiMFUEL (U02 matrix with stable nuclides simulating radioactive 
isotopes), and natural U02.The research on spent fuel was carried out by means of international 
coliaboration. 

The instantaneous release of RN on real spent fuei dissolution and finally the studies of 
alterationldi~solution of real spent fuei in dynamic tests for develop a modei of behaviour of SF in repository 
conditions. 

A research collaboration agreement was signed with ITV-JRC (KA). In July 2000 and a special 
contract on spent fuel research in October 2000, focused mainly in studies on real irradiated fuei. In Ciemat 
and UPC research continue to be based in studies on irradiated fuei analogues. 

In separation and transmutation the principal objective is creation of research groups in Ciemat for 
separation and consolidation of the group In Transmutation.. for development of the scientific and 
technological bases for all possible options and management techniques that will facilitate decision - 
making at that time regarding the best option to be adopted for the management of this type of wastes in 
Spain. 
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Up to the moment was created two groups in Ciemat for research on separation by 
hidrometallurgicai and pyrometallurgical processes. The hydrometalurgical group has joined to the EU 
projects Calixpart and Partnew which objectives are separation of long life RN originated in the Purex 
process of the reprocessing plants, by extraction with calixarenes and malonamides respectively an create 
laboratories infrastructure for carry out this works. Extraction wit borated compounds will be explored in 
near future. Collaboration Ciemat - UAM, by which UAM synthesised organic molecules adequate for the 
extraction processes, has been signed. 

in Pvrore~rocessina the obiective is studv aoolications of ~vrometalluraical orocesses to the . . . , .  . . " .  
;;parat on of .n alla An by mo tdn sa is (CiJr des ano clectrochcmca procisscs Collaborabon n El 
: r um  -'/ror:p n nL p lo ga 11 d*per.encc. In ins  l c a o) partc pal on in III s prqeci Arl agreerncm C em?! 
. "'vA anu C wnal - CFA nas occc sgne, tor co lauorai on n in  s f r lo  An agreement fur CO anorawn on 
Separation is in negotiation with JRC-I?u. 

in  the following point, resuits on PIE studies on real irradiated Spanish PWR rods, stored in dry for 
more than 20 years at different cooling times are presented 

2. Research and Development Program on special fuel rods 

This Program was proposed to demonstrate in a commercial PWR the reliability of improving fuei 
rod designs for high-power and high - burnup application and evaluate fuel integrity aiter more of twenty 
vears of d~ stora~e. All sDecial test fuel rods utilized Zircalov - 4 claddina. As Dart of the fuel imoroved 
iesion. some of the rods were fabricated with internal oressur&ation to minrmize clad strain durino lietime. ,~ ~ 

~ ~ - ~ 

lila!.; if :ness roas cere labr~cateo etIh sp.au (n gn, enrcnnlenls to act, eve the dcsfred exlenacb b..rm.p 
dno n gnpor,cr eves cxpecteu n .3otaocen PWR cores Tnc v h y s ~ ~ d l  characler S1 CS IOJW-P, enrchment 
internal pressure, etc.) of the rods tested are showed in Table 1 

This paper shnmarizes the results of the Research and Development Program, which was 
peiforrned between Westinghouse. Junta de Energia Nuclear and Union Electiica, S.A., between 1968 and 
1977. The results of the nonldestructive and destructive examination program of dry-stored rods agreed 
between AEA Technoloav and ENRESA between 1997 and 1999 and the results from aareement between 
the UKAEA and ~estinahouse Corooration. Subseauentlv. AEA Corooration on behalf ~~CRIEPIINFI. have - ~ , , ,~ 
commsionc3 a prog& of f.nner examnnlon of f>e roos Sasequcnl y.  S~mml l  AEA ~or~c ' ra l .on  
.apav on ochalf of CRltPl NF oats comw ss onca a Iwlner ovam nallon Lrogrammc G ~ I  tnese coos a1 

AEA Technology Windscale 

Foilowing irradiation the rods were transferred to JEWS (at present CIEMAT) postirradiation 
examination facilities in September 1976, where a program of non-destructive and destructive examination 
was carried out. The rods were stored, from that time. in a specially designed transpolt cask (see the 
foilowing figure l ) ,  in which each rod was contained in a stainless steel capsule in air until they were 
shipped to AEAT (UK) in 1990. 



Figure 1 Transport cask. 

Special test assemblies were irradiated in a PWR at different number of cycles, until a maximum of 
five cycles. There were two major design variables among the test rods: power level (as a function of fuel 
enrichment), which varied from 2.4 wio to 6.60 w/o 2 3 5 ~  (internal pressurization air at atmospheric pressure 
or He at 34.48 bar), and sintering temperature, which varied from 1492 to 1750°C. 

Table 1 

2.1. Post irradiation Examination performed on fuel rods for PWR 

Rod 

L( 

C 
D 
E 
F 

2.1.1. Non destructive tests 

21.1 . l  Visuai appearance 

A 1 11.6 1 I I 
8 .. - 

Burnup 
MWdWg U 

1 1  3 

31 2 
49.6 
57.2 
58.2 

The rods were examined for overall integrity, surface deposits, condition of the plug welds, grid 
contact marks. etc. Some of the rods were sampled for crud analysis. There were no significant anomalies, 
such as excessive corrosion at the end plug welds, fretting on grid locations, fuel rod bowing, plenum 
collapse, etc. The major surface feature on spiked enrichment (high power) fuel rods was local deposits of 
tenacious crud which could appeared first in Cycle 1 and did not change significantly in appearance during 
the next two cycles. 

Rods A. B, C, D, E and F were covered in a thin base oxide layer The intensity of this corrosion was 
seen to vary with the burnup of the rods, i.e. lighter on rods A and B (=l1 MWd/kg U) but heavier on the 
higher burnup rods, in particular rod D (= 50 MWdIkg U), which exhibited a much thicker. coalesced area 
rod corrosion. The typical appearance of rod D is shown in the following Figure 2. 

Fuel enrichment 
2 3 5 ~  (W%) 

2.90 (Standard) 
4.14 (Spiked) 
3.60 (Standard) 
3.91 (Standard) 

Nominal internal pressure 
bar (gas) 

34.5 (He) 
34.5 (He) 

l (air) 
34.5 (He) 

Sintering temperature 
*C 

1560 
1550 
1492 
1492 
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Figure 2 Typical appearance: a) rod A (On), b) rod B (O'), 

Nodular corrosion was slightly increased on all rods around the grid band region, and it is seem as 
lighter circumferential bands on the inspection tapes. See figure 2, which shows the appearance of rod B. 

2.1 1.2. Oxide thickness measurements 

Cladding outer oxide thickness measurements were performed on each six rods sent to AEA 
Technology plc, using a Fischerscope Eddy T3-D07 high frequency induced currents probe, with a 
minimum test area of 3 mm on the rod outer surface. The measurements were made along 4 axial lines = 
90%patf, with continuous probe contact with the oxide surface. As an example the results from rod F is 
iilustrated araohicallv in Fioure 3. Initial measurements vielded data. which were considered to be verv - .  > ~. 
no S/ TII  s ,%as allr o.1lc0 lo o n  ann crud plckdu JP b, me rods oJr ng transport slorayc and nsna .n'J A 

l e c  i on Y ~ R S  lncretore maoe 10 ght) o r ~ s h  all slx rods lo remove th s a if an0 cr-d Tne res. 1s of oxlce 
thickness measurements are in the expected range for rods of these burnups, and are in good agreement 
with previous measurements on similar rods from the same reactor. 

Figure 3 shows for comparison the "unbrushed data obtained from rod F. The effect of brushing 
(compare Figure 4), aforementioned. is seen to be a reduction in the coating thickness of = 5 wm, and a 
significant reduction in noise level. The reduction, after cleaning, of about 5 pm in the thickness layer 
suggests that there was a uniform covering of loose deposit on ali of the rods, as well as any debris picked 
up during storage and handling. 
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Figure 3 Unbrushed oxide thickness measurements from rod F (a = On, b = 90°, c = 180' and d = 
2707 
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Figure 4 Oxide thickness measurements form rod F (a = Oo, b = 90D, c = 18O0and d = 270') 



2.1.2. Destructive tests 

2.1.2.1. Ciad-fuel interaction 

it should be noted that unpressurised high-power rods showed more extensive fuel-clad I.D. 
bonding at end of Cycle 2 than their pressurised sister rods. This is probably a consequence of greater clad 
creep down of the unpressurised rods at both firmer and longer contact with the fuel. 

Electron images of the fuel-ciad interface region corresponding to rod E are shown in Figure 5 for 
the 1091 mm sample position. The micrographs clearly show a bonding layer = 10 pm thick. Several small 
area (= 5x5 pm) analyses were made in this region for each sample. The results of these composition 
measurements are given in Table 2. 
Table 2 Elemental analysis of fuel cladding interface region (weight of percent, rod E). 

2.1.2.2. Metallography and ceramography studies 

At low magnification, in rod E (after cycle 5), a central "core" became apparent, as shown by the 
macrograph in Figure 6. Further examination at higher magnification revealed a marked transition of 
microstructures across the fuel pellet radius: 

t At the pellet rim of rod E there is a very porous zone, where no grain boundaries could be 
discerned (Figure 6) the depth of this rim was in the range = l00  - 140 pm. 

t Inwards from the rim of rod E to the edge of central zone (Figure 6) the f3uel is very fine 
grained. The matrix had a mean linear intercept grain size of 5 Wm. with patches of even 
smaller grains (= 2 pm, Figure 7). In this zone there were very few intragranuiar features. 
From the cross section of the sample at 1632 mm of rod was observed a fast transition from 
inter to intragranuiar features at the edge of the central core. Again, in the central region the 
grain boundaries were difficult to etch up, although there appears to have been some 
equiaxed grain growth (by a factor of = X2, Figure 8). 

t Overall there were many rounded macropores, generally in the size range 20 to > 100 pm in 
the samDles of rod E. 
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Cladding 

- 
from the boitom end. ~ 1 0 &  etched 

Polished, b) X6 etched (note central core) 

Figure 7. Low power view of fuel microstructure: a) porous outer dm (no visible grain boundaries). b) = 
mid-radius. (X168 etched) (rod E) 

Figure 8 Microstructure at 1632 mm from bottom end. a) = radius note region of very small grain; 
etched). b) just inside of mid-radius position. c) fuel centre well developed intragranular 
pores. (X1000 etched) (rod E) 



Radiai composition profiles for certain elements (Pu, Nd, Xe. CS, MO and I) are shown graphically in 
Figure 9 for rod E at 1091 mm sample position. Nd and Zr in the case of rod E show similar, burnup related 
profiles. The Zr profile for the 1632 mm sampie position does, however, exhibit a slightly decreasing 
gradient away from the rim, compared to the others; the Zr level measured at the rim for the sample at 1632 
mm shows an "unexpectedly" high level of 26.12 %. which is due to the area being sampled having 
encompassed part of the fuel-cladding bonding iayer. 

Xe concentrations in both samples show a characteristic drop towards the rim associated with 
enhanced porosity in this region. The CS concentration profile for the 1632 mm sample position shows the 
same constant ievel and rim enhancement as for Pu, Nd, and Zr. This suggests that very little redistribution 
has occurred. The corresponding profile for the 1091 mm position shows the same general trend, but with 
several enhanced concentration "spikes" across 'the radius. This would suggest some degree of CS 
redistribution. MO and Ru profiles for both samples again showed the same fairiy constant ievel across 
most of the radius with enhanced concentration close to the rim. This suggests that these elements are 
present primarily in the fuei matrix, rather than as discrete metallic particles. 

2.1.2.3. Fission gas reiease 

TWO Strong trends are apparent on the fission gas data: power history and burnup effects. The low- 
power rods from groups C and D (standard enrichment) have consistently low gas releases (< 2 %) up to 
burnups of = 40 MWdikg U. By contrast, the high-power rods (high enrichment) show significantly higher 
gas releases (= 7-13 %) at comparable burnups of 35 - 40 MWdikg U. Significantly. the higher power fuel 
microstructure show higher levels of grain growth and gas bubble formation along grain boundaries than 
the iow-power fuei that operated at lower temperatures. 

The burnup factor is shown most strongly by the generai trend apparent in the Group A and B data 
for high-power rods. The gas reiease increases from 1 - 5 % at iow burnups of = 30 MWdlkg U to 13 - 27 
% at high burnups of = 55 MWdikg U. Fission gas sensitivity to burnup is evident only in the high-power 
rods. The fuel rod design parameters of pre-pressurised with He and differences in initial fuel density have 
little apparent effect ongas release (Figures 10 & 11). 

Table 3 lists the results of the mass spectrometric gas analysis, along with the voidage, internal 
pressure and gas volume for rods D (burnup 49.6 MWdlkg U), (burnup 57.2 MWdlkg U) and F (burnup 
58.2 MWdIkg U) after cycle 5. 

For rod D, the composltional anaiysis appears higher than expected for a He fiiled. pressurised rod, 
with the voidage and gas volumes being close to anticipated. For rod E, however, which is reported to be 
an air-filled, non-pressurised rod. the results are not as expected. The low volume, high He content and 
higher than expected air content, are suggestive of a leak somewhere in the system andior contamination 
of extracted gas sample. 

Other postulation is that there may have been a smaii leak present in the rod end- cap which 
allowed ingress of the during pressure testing. However, if such a leak should existed, the levels of fission 
gas observed for rod E wouid not have been expected. 

Table 3 Fission gas analysis results following puncture of rod D, rod E and rod F 



......................... 
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d~stance from rim (mm) 

Figure 9 Concentration profiles for 1091 mm sample position (rod E) 

Figure 10 Fuel swelling as a function of burnup Figure 11 Fission gas release vs. fuel burnup 

l 
Rod vo~dage (m1 at NTP) / 24.13 19.08 112.76 
Rod internal pressure (bar abs.) 145.62 19.45 145.77 
Gas volume (m1 at NTP) I1101 186 / 583.0 



Following this result, the end-cap 
region was re-examined visually, and no defect 
was observed. The integrity of the end cap 
region was also tested by pressurisation, and 
found to be sound. It may therefore be 
concluded that the rod was sound. 

The measured rod voidage was aiso 
iower than expected. This was re-measured, 
however, and the result confirmed. 

2.1 2 4 .  Clad mechanical testing 

Clad samples from three-cycles were 
mechanicaily tested. Closed burst tests were 
performed at 315.5 'C on 203 mm clad 
sections with fuel left intact. The samples were 
pressurised with hydraulic fluid at a rate of = 
138 bar per minute. Tensile tests were 
performed at 315.5 'C on 152.4 mm long tube 
sections with most of the fuel mechanicaliy 
removed. The relative strain rate up to yield 
point was 8.33 l@ S '  and 8.33 l@' 5.' for the 
remainder of the test. 

Table 4 Summary of dimensional measurements on rod E cladding samples 
Sample Position Test type Outer diameter Inner diameter 
Identity (mm) Lmm) 
1 0857-1057 Tensiie 9.32 9.25 
2 1405-1605 Tensile 9.32 9.25 
3 0657-0857 Burst 10.74 10.74 9.32 9.32 
4 1110-1310 Burst 10.77 10.77 9.30 9.30 
5 1405-1605 Burst 10.77 10.77 9.37 9.35 

Mean = 10.76 Mean = 9.31 

Table 5 Tube burst test result from rod E 
S a m e n l i t y  Posltion (mm) ,Burst Pre_ssure (M-PL - 
T112-, v..: '13t.4 - 
D2337=,. . 110-IJ:? F-'. . . , , , -- 
D2338 (50) 1405-IGCJ 1152 

Table 6 shows the mechanicai properties of Zry clad in function of number of cycles 
Table 6 Evolution of the clad mechanical properties as a function of number of cycles. 

The overall mechanical test results indicate that rods cladding retained adequate strength (yield 
stress) and ductility (uniform elongation) through three cycles of exposure to fast neutron fluency in excess 
of 5 10" n/cm2. 
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3. Conclusions 

After more than twenty years of dry storage the PWR rods not present a signify anomalies 
comparing it with the tests carried out before its storage. 
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