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Abstract 

Detailed investigations performed for a standard 1,300 MW. PWR show that (Th,U)02 
and (Th,Pu)02 fuels can be inserted in 3 and 4 cycle operating schemes without modifi­
cations in the fuel assembly or core design. The most important aspects of the fuel cy­
eie have been covered. Ex-gel pelietizing of (Th,U)02 fuel making use of available LWR 
and HTR fuel manufacturing technology was demonstrated. The most promising appli­
cation for Th-based fuels at present was proved to be the use of recycle plutonium in 
extended burnup once-through fuel cycle. The program was performed in a coopera­
tive way between Brazilian and German partners. 
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o. Executive Summary 

0.1 Introduction 

The cooperative R&D Program on "Thorium Utilization in Pressurized Water Reactors" 
was carried out by NUCLEBRAS/CDTN on the Brazilian side and KFA-Juelich with the 
partieipating companies Siemens UB KWU and NUKEM on the German side. It was 
directed towards the improvement of knowledge in this field and actually aimed at ful­
filling the "Governmental Agreement on Cooperation in the Field of Seience and Tech­
nology" from 1969 and the "Memorandum of Understanding between KFA and NUC­
LEBRAS" from 1978. 

The program was motivated by the fact, determined in numerous R&D activities, in­
eluding those in Brazil and Germany, that thorium fuels can improve the resource utili­
zation in thermal reactors and may supplement conventional uranium-based fuels. The 
thorium cycle technology was, however, not so mature as to permit well-founded fea­
sibility statements in this area. 

The original objectives of the program running since mid 1979 were 

a) to analyze and prove thorium utilization in pressurized water reaetors; 

b) to design PWR fuel element and core for the Th-fuel cycle; 

c) to manufacture, test and qualify Th/U and Th/Pu fuel elements under operating 
eonditions; 

d) to study spent fuel treatment and to elose the thorium fuel cycle by reprocessing 
spent Th-containing PWR fuel assemblies. 

The transfer of R& D methodology for the PWR fuel cyele presented the other main ob­
jeetive of the program. 

The program was directed by the Coordinating Committee (CCM) consisting of two re­
presentatives from each participating country. The program managers, who met once 
or twice a year, jointiy formulated the working program and supervised the progress. 
Task managers were assigned by each participating organization and shared the tech­
nieal responsibility. 

The program was planned to run in three phases. In the program Phase 1 (1979 
through 1983) the technological basis for further work on (Th,U)02 fuel for PWR was 
established and the feasibility of the chosen fuel cycle concept was proven in princi­
pie. In Phase 2 the main objectives were the demonstrationof the feasibility of PWR 
(Th,U)02 fuel, nuelear core design and initiation of the development of (Th,Pul02 fuel 
and improving knowledge on spent fuel treatment. The demonstration of the (Th,Pu)02 
fuel was intended to follow in Phase 3. 

In the course of time, the objectives and scope of the program were adapted to the 
actual needs in the contributing countries. The eftort was concentrated more on the 
development of the fuel fabrication, its qualification and testing as weil as on the trans­
fer of R&D know-how in this area. The activity related to the spent fuel treatment was 



reduced, in particular when the advantageous features of the once-through Pu/Th fuel 
cycle with high burnup were confirmed. 

Phase 2 of the program was focussed on the intended irradiation of a pathfinder fuel 
assembly in a Brazilian power reactor. It was also recognized that the major benefits in 
the Th-PWR application result from the Th/Pu fuel. Since Brazil decided not to repro­
cess spent PWR fuel, the most beneficial Th application was no longer a short term is­
sue. Thus due to a Brazilian priority decision the partners agreed to terminate the pro­
gram at a pre-determined decision point in the middle of Phase 2. 

0.2 Technical Results 

Nuclear core design and strategy 

The program covered major portions of the PWR fuel cycle including the relevant parts 
of nuclear core design. The Siemens standard 1,300 MW, PWR was used as the refer­
ence reactor, also providing a good basis for the know-how transfer. First, Siemens' 
standard nuclear core design codes were adapted for the use of thorium and valida- . 
ted. The results of nuclear core design show that the present design Siemens-type 
PWR can accommodate Th-based fuels without any changes or restrietions in the fuel 
assembly or core design. Operation of the reactor in three and four batches was inves­
tigated in open and closed fuel cycles. Moreover, partial core load with Th-fuel and 
successive switch-over from U to Th fuel is also practicable. Beside the determination 
of optimum shuffling patterns, basic three-dimensional safety calculations also show 
sufficient safety margins. Th/Pu based fuels show a possibility of extending the burnup 
even beyond the 4-year cycle operation. 

In the strategy field beside the code development, the accompanying studies of thor­
ium cycle potential have also provided insight into the possible introduction of Th-fuels 
in the long-term reactor strategy in Brazil. 

Fuel technology 

The merging of the standard LWR pelletizing process with the chemical ex-gel pro­
cess developed for the HTR fuel was successful. The comblnation of a chemical ex-gel 
conversion process resulting in calcined unsintered (Th,U)02 kerneis, with a mean di­
ameter of about 0.3 mm, with standard pelletizing techniques using an adapted com­
paction pressure, provided (Th,U)02 fuel pellets with adequate homogeneity, micro­
struc.\ure and geometrical shape, satisfying the usual PWR specifications. These pel­
lets have been reproducibly manufactured in Germany and Brazil in kg charges and 
the results confirmed in a round robin test. In most steps of the production process 
standard equipment could be used. Thus, no major difficulties are expected for scale­
up from pilot scale to production capacity. 

The transfer of knowledge to the (Th,Pu)02 fuel production was performed on a labora­
tory scale using cerium as a substitute for plutonium. The dust-free ex-gel fabrication 
process is particularly attractive for this application. Results of a laboratory-scale in­
vestigation indicate that the master-mix fuel concept can also be realized. 

2 



Fuel design and modelling 

Data and models lor the thermal and mechanical luel rod design were derived from 
theoretical considerations and experimental results for the newly developed oxidic Th­
lu eis lor use in standard PWR luel design. Design values were successlully verified by 
predicting the luel behaviour in irradiation experiments performed in the FRJ-2 reactor 
at KFA, Juelich. Good agreement between predicted and measured values was 
reached. On this basis the design 01 a test luel assembly for the Angra-1 reactor was 
prepared including the licensing report for the experimental luel. 

Irradiation testlng 

The irradiation testing 01 the previously developed luel was performed in FRJ-2 reactor 
up to 10 MWd/kgHM under conditions covering the loads 01 a PWR. The ex-gel 
(Th,U)02 luel behaviour satislied the requirements. Extensive post-irradiation examina­
tion and evaluation 01 the se ries 01 experiments provided a comprehensive data base 
lor lurther development eftort and substantially improved knowledge on in-pile luel be­
haviour. 

On the basis 01 these experiments an irradiation program up to lour cycles lor lour 
segmented rods and one lull scale rod with burnups up to 45 MWd/kgHM was pre­
pared using a pathfinder luel assembly approach lor a commercial power reactor in­
cluding the preparation 01 the licensing documents. 

Spent luel treatment 

Computer calculations based on newly developed methods were performed in order 
to identify difterences between Th and U based luels in storage performance. The in­
termediate and direct final storage does not present additional problems in compari­
son with the standard U02 luel. 

Laboratory investigations on reprocessing spent thoria luel were locussed mainly on 
work with unirradiated luel. To a limited extent hot laboratory work on dissolution was 
performed. The application 01 presently known reprocessing techniques lor thoria lu­
eis to the luels developed in this program seems possible. 

0.3 Program Evaluation 

R&D progress 

The results 01 the program conlirm in detail that the newly developed thoria based lu­
eis can be used in present PWRs 01 Siemens design. No changes in the luel assembly 
and in the core design are needed. This holds both lor (Th,U)02 and (Th,Pu)02 luels in 
3 and 4 batch operation. The latter luel shows high burnup potential beyond the lour­
cycle scheme. In this case the inserted lissile Pu is strongly depleted and the once­
through put-away cycle becomes very attractive. 
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The luel manulacturing was developed on a pilot scale lor kg-amounts 01 (Th,U)O, us­
ing adequate spin-olf Irom lully established HTR and LWR luel manulacturing. Due to 
the understanding 01 the key process parameters and using mostly standard equip­
ment, lull-scale production seems leasible after a short development period. 

The status 01 the (Th,U)O, luel testing and modelling permits a design 01 pathlinder lu­
el test which can be subjected to licensing. This would be a necessary step belore in­
sertion 01 (Th,U)O, luel on a large scale. 

As lar as the technology development and transler lor the Th/U luel are concerned, 
the program objectives were accomplished. 

However, large scale demonstration 01 Th/U luel in apower reactor, labrication and 
qualilication 01 Th/Pu luel as weil as closing the luel cycle would require substantililly 
more elfort than presently desirable. 

For (Th,Pu)O, luel abasie knowledge considering the requirements lor the transler 01 
the (Th,U)O, luel labrication technology was developed. The assessment 01 the back 
end 01 the luel cycle shows that Zircaloy-4 clad PWR lu el can be handled in the 
storage regardless 01 the specilic ceramic luel included. 

Cooperallon and technology transfer 

The contents 01 the linal re port and numerous joint publications and reports conlirm 
that successlul cooperation and technology transler took place in the course 01 this 
program. 

In the lirst phase 01 the program the build-up 01 the research capacity in the nuclear 
luel technology area at NUCLEBRAS/CDTN resulted in steadily increasing Brazilian 
participation in the R&D elfort. In the second program phase each partner's contribu­
tion consisted in delivering his share 01 the work package in a balanced way. 

The technology transler is documented in the technical part 01 the re port. This transler 
was enhanced by the lact that in most areas techniques used lor a standard UO,-Iu­
elled PWR had to be modilied thus requiring an active understanding and assimilation 
01 the R&D know-how. 

So lar as the nuclear core design and the technology development and transler lor the 
Th/U luel are concerned, the original program objectives were accomplished. 

Conclusions 

The utilization 01 thorium in PWRs presents a long term option providing in some re­
spects interesting results. The most attractive application lor Th-based luels at pres­
ent is the use 01 recycle plutonium in an extended burnup once-through luel cycle. 

From the point 01 view 01 cooperation and technology transler, the program experi­
ence shows the importance 01 using hardware oriented goals, clear delinitions 01 re­
quired outputs and sulficient communication including joint work on interacting tasks. 
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1. Introduction 

1.1 Program Objectives 

The cooperative Research and Development program on "Thorium Utilization in Pres­
surized Water Reactors between Empresas Nucleares Brasileiras S.A. - NUCLEBRAS 
through its R & 0 center (Centro de Desenvolvimento da Tecnologia Nuclear - CDTN) 
on the Brazilian side and Kernforschungsanlage Juelich GmbH with the participation of 
the companies Siemens AG-Group KWU and NUKEM GmbH, sponsored in part direct­
Iy by the Federal Ministry for Research and Technology (BMFT) on the German side 
aimed at fulfilment in practice of the "Governmental Agreement on the Cooperation in 
the Field of Science and Technology of 1969" [1-1] and the "Memorandum of Under­
standing between KFA and NUCLEBRAS of 1978" [1-2]. 

The program was motivated by the fact known from numerous R & 0 activities among 
others in Brazil and Germany that thorium fuels can provide beUer resource utilization 
in thermal reactors compared with the conventional uranium based fuels. The thorium 
cycle technology was, however, not so mature as to permit weil based feasibility slate­
ments in this area. By using the standard Pressurized Water Reactor (PWR) as a refer­
ence plant an efficient way had been chosen for demonstration of the technological 
feasibility by concentration on the problems specific for the thorium fuel cycle, provid­
ing also a way for assimilation of PWR-fuel cycle know-how. At the same time, the pot­
ential of the standard PWR with respect to the advanced fuel cycles was demonstrat­
ed. 

The program work was initiated mid 1979 with the general objectives: 

a) to analyze and prove the thorium utilization in PWRs, 

b) to design the PWR fuel element and core for the different Th-fuel cycles, 

c) to manufacture, test and qualify Th/U and Th/Pu fuel elements under operating 
conditions, 

d) to study the closing of thorium fuel cycles by reprocessing of spent Th-containing 
PWR fuel elements. 

Technology transfer by joint work on these tasks presented another major objective of 
the program. 

Three phases were foreseen at the start of the program. In Phase 1 the main objective 
consisted in the adaptation of the existing methods and technologies to PWR thoria 
fuels. In Phase 2 the R & 0 effart should concentrate on demonstrating the behaviour 
of (Th,U)02 fuel behaviour in a current power reactor, followed by the demonstration of 
(Th,Pu)02 fuel in Phase 3. 

The program utilized as much as possible the existing technologies and the available 
know-how combining the techniques and equipment used for standard PWR with 
those developed for the High Temperature Reactor (HTR). In the area of the nuclear 
core design the incorporation of thorium relevant data and routines in the standard de­
sign codes had to be performed first. An advanced ex-gel fuel manufacturing technol-
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ogy has been developed utilizing the direct pelletizing of sol-gel derived mixed oxide 
kerneis. The irradiation testing provided data for modification of the standard thermal 
and mechanical fuel design code. In the back-end of the fuel cycle the original inten­
tion to verity and upgrade the available reprocessing techniques has been redirected 
towards a closer look at the storage related problems in the last program period. The 
program has covered nearly the entire scope of the nuclear fuel cycle. 

After confirmation of the feasibility of the developed fuel fabrication concept the pro­
gram eftort has concentrated on the application of the results to a standard KWU 
1,300 MW, PWR similar to the Angra-2 nuclear power plant under construction in Bra­
zil. This objective has permitted clear and weil measurable goals in all working areas 
being set. 

This also enhanced the know-how development and the assimilation of the R & D tech­
niques for the PWR fuel cycle by NUCLEBRAS. 

The R & D activity included the modification of the processes and methods for an ad­
vanced type of fuel which had to satisty the weil known requirements of an existing 
reactor system. 

The close cooperation between the program partners strongly contributed to the pro­
gram success. In the initial phase the major flow of know-how was directed from Ger­
many to Brazil mostly in connection with long term Brazilian delegations to Germany. 
Later, each partner has been contributing the results of his eftective utilization of re­
sources and balanced know-how flow had been achieved. 

The program results proved that thoria based fuels can be inserted in unmodified fuel 
assemblies into a standard 1,300 MW, of KWU type. Potential use of thorium contain­
ing fuel in a standard PWR appears particularly attractive in case of insertion of high 
burnup (Th,Puj02 fuel in once through mode. 

The advanced fuel fabrication process provides in a reproducible way fuel satistying 
the PWR specifications. Its behaviour has been tested with good results up to 
10 MWd/kgHM in a research reactor (FRJ-2, in Juelichj providing also a basis for plan­
ning of power reactor testing aild validating the Th-related design codes. The spent fu­
el storage does not need any change in the treatment compared to standard U02-fuel. 

The program was terminated by mid 1988 after 9 years of successful cooperation be­
fore ente ring the pathfinder demonstration phase with a (Th,Uj02 fuel bearing test as­
sembly in a commercial PWR. This major goal has not been achieved due to changes 
in R & D priorities within NUCLEBRAS. 

1.2 State of the Art on Thorium Use in Power Reactors 

The assessment of the worldwide activities on the Th-based nuclear fuel is based in 
part on the results of the IAEA Technical Committee Meeting discussing the current 
status and perspectives in this field [1-3]. 

1.2.1 General objectives 

Conventional nuclear power plants can be designed for operation either in the u/Pu 
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eyele, in Th/HEU' eyele or in Th/Pu eyele. The main advantage of the Th-based fuel ey­
eies in thermal reaetors is that it has a higher neutron yield 01 '33U, in eomparison with 
the neutron yield of 23'PU in the u/Pu eyele. Those benefits may be equalized byeom­
mereial disadvantages, due to the requirement 01 HEU and the problems related to re­
proeessing and relabrication in a closed fuel cycle since full remotization is needed. 
The once-through put-away cycle by the use 01 Th/Pu fuel olfers the possibility, when 
applied to PWR systems, to avoid these problems. 

1,2,2 Overview on major national programs 

In the following the status and results 01 the major national programs will be summa­
rized shortly (see also Tab.1.1). 

FRG [1-4) 

The development of thorium lueled reactors has been closely connected in the Federal 
Republic of Germany with the activities related to the High-Temperature Reactor. The 
15 MW, AVR-Reactor has been successfully operated since 1967 with graphite based 
coated-particle oxidic thorium fuel. Burnups 01 15-20% fima have been reached lor a 
signilicant portion of the fuel showing good structure and hardly any defects. Up to 
now about 2,000 kg of thorium heavy metal have been fabricated and inserted in the 
reactor. The 300 MW, demonstration THTR plant in Schmehausen also using thorium 
based coated particle (Th,U)O, fuel has been in operation since 1986 showing good fu­
el behaviour under irradiation. Related to this reactor program, activities directed to 
spent fuel treatment concentrate presently on the intermediate and direct storage of 
the (Th,U)O, fuel. 

Based on the fabrication techniques developed for HTR-fuel the technology used for 
the production 01 the presslit kerneis used in the present program has been derived. 

Another elfort in FRG has been concentrated on the development 01 the heavy water 
moderated Thorium Breeder Reactor. This activity incorporated beside nuclear core 
design and fuel development also an irradiation program, in the course of which vipac 
(Th,U)O, fuel was irradiated up to 5% lima showing good luel behaviour. Some of the 
results have been utilized in the present program. 

The recycling 01 plutonium and thorium oxidic fuel was investigated in a few fuel as­
semblies in the Lingen BWR in the early seventies. The task was terminated in 1973 af­
ter changes in the boundary conditions. 

USA [1-3) 

Three extended thorium-fuel reactor programs have been undertaken in the USA. 
These are the Molten Salt Breeder Reactor (MSBR) and the Light Water Breeder 
Reactor (LWBR). A third, the High Temperature Gas Cooled Reactor, has utilized thor-

'HEU - Highly Enriched Uranlum - uranium enriched e.Q. to 93. w/o 2JSU. 
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ium since 1976 in the 300 MW, Ft.St.Vrain power plant. The behaviour of the graphite 
based coated particle fuel with (Th,U)C2 is good. Because of problems with some 
components the Ft. St. Vrain reactor did not reach a satisfactory performance until 
now. 

The study and development of molten-salt reactors was begun in the USA at the Oak 
Ridge National Laboratory in 1947. The potential of MSBR for civilian power production 
was recognized and a development program was established in 1956. The Molten Salt 
Reactor Experiment was operated from 1969. It was fueled with a '''U-''8U mixture 
during the initial two years of operation and with ,"u during the remaining 1.5 years of 
operation. The successful operation of the molten salt reactor and the favourable pro­
jected system characteristics attracted significant US industry and utility interest. The 
development of molten-salt reactors was interrupted in 1973. The program was re­
sumed briefly in 1974 but finally terminated in mid 1976. 

The second major reactor concept utilizing thorium was the Light Water Breeder 
Reactor. The concept, then called seed-blanket, was originally introduced in 1951 as a 
means of minimizing the separative work required for the fuel of a light water reactor. 
The seed-blanket concept was employed in the design of the first commercial PWR 
plant at Shippingport. 

It was long thought to be impractical to breed with light water however, since the eta 
value of "'u is only slightly lower in the epithermal region, while that of 235U and "'Pu 
are greatly reduced, the thorium cycle appeared to be most attractive for a thermal 
breeder. After preliminary work in the early 1960s indicated the feasiblity of breeding in 
a light water seed-blanket core on the thorium cycle, the US- Atomic Energy Commis­
sion authorized a demonstration in the Shippingport plant. Full-power operation of the 
demonstration cores began in December 1977. 

The reactor operated on thorium and ,,'u cycles until 1982 at which time it was shut 
down. It is understood that the spent fuel is presently being reprocessed to provide an 
accurate check of theoretical predictions. 

France [1-5] 

For so me years Electricite de France (EDF) has been carrying out studies concerning 
the thorium cycle. These studies began in 1969 in relationship to the High Temperature 
Reactor and have been performed jointly with the Commissariat a l'Energie Atomique 
(CEAJ, the Nuclear Studies Center at Saclay for theoretical studies concerning de­
signs and code developments, the Nuclear Center at Cadarache for the integral exper­
iments made necessary by the search for improvements in the accuracy of the basic 
nuclear data. These studies were completed in the field of molten salt reactors from 
1975 and more recently in the field of light water reactors. 

With regard to the PWRs, the studies were first concerned with the use of plutonium 
with thorium to start the cycle. A satisfactory solution has been obtained by recycling 
the plutonium with thorium as from the first core loading. The solution proposed con­
sists of loading the whole reactor with Th/Pu assemblies from the first core and no 
longer using the standard checker-board loading scheme where the fuel assemblies 
are loaded in rings. Two positive aspects appear: burnable poisons are no longer ne­
cessary and the fuel assemblies are no longer divided into several zones (as with plu-
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tonium recycle together with uranium in reloadings). There are two rather negative 
characteristics: the second generation plutonium may be used only in fast breeder 
reactors (FBRs) and the conversion factor is rather small. Nevertheless the proposed 
solution gives acceptable pin power peak and temperature coefficients. 

Satisfactory solutions have also been obtained for cores loaded with Th-"'U assem­
blies. The main problem is, in this case, the moderator temperature coefficient. 

Japan [1-6] 

No thorium fuel reactor is currently planned to be built in Japan, but basic R & D works 
are under way to pursue the possible diversification of nuclear fuel resources through 
thorium utilization in the future. 

The Japan Atomic Energy Research Institute started in 1975 basic R & D works on 
thorium and thorium-uranium mixed oxides to develop laboratory scale fabrication 
methods, examine irradiation behaviour and to measure physico-chemical properties 
of these fuels. 

Microsphere and pellet-type fuels have been investigated taking into account potential 
applications of the acquired data for the fabrication and performance analyses of both 
types of nuclear fuels. The main accomplishments are the following: 

a) development of new sol-gel process to prepare crack-free kerneis fuel with better 
sphericity aiming at HTGR applications and to prepare starting material for making 
high-density pellets with varying Th/U ratios; 

b) measurement of fission-gas release/irradiation-induced damage and data analyses 
to predict irradiation stability and densification mechanism; 

c) measurement of new data on equilibrium oxygen potential/stoichiometry and its ef-
fect on chemical behaviour of burn-up simulated (Th,U)02' 

The Research Program on thorium fuel has been continued since 1980 on the universi­
ty basis, under the support of Grant-in-Aid for Energy Research of the Ministry of Edu­
cation, Science and Cullure of the Japanese Government. The main resulls have been 
published in the English report "Research on Thorium Fuel (SPEY 9, 1984)' [1-6]. It 
covers nuclear data evaluation, reactor physics experiments, fuel fabrication, irradia­
tion, actinides production/separation and down-stream process development, and 
mollen salt reactor engineering. 

USSR [1-7] 

The use of Th is regarded in the USSR as a contribution to assure the fuel supply to its 
extended nuclear power program. The conclusion is as folIows: the most radical 
means for solving the fuel problem is the application of fast breeder reactors in combi­
nation with improved fuel utilization characteristics of the thermal reactors. Among the 
ways of realizing the improved fuel balance in the thermal reactors emphasis should 
be placed on the use of the "'U/Th cycle. The available estimates of fuel utilization by 
the thermal reactors on U/Th cycle are indicative of its attractiveness. 

The USSR investigations confirmed that thorium utilization contributes noticeably to 
the extension of the nuclear fuel resources. Combination of the uranium-plutonium 
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and thorium cycles ensures long-term fuel supply, makes the nuclear energy produc­
ti on more flexible and, at realistic requirements with regard to the level of fast reactor 
breeding, enables the self-sustaining regime to be realized in the future. 

Indla [1-8] 

For India which has rather limited known reserves of uranium and a vast reserve of 
thorium, its special interest in utilization of thorium in its reactors is obvious. Studies 
have shown that Th in radial bl anket region of FBRs has only marginal neutron econ­
omic penalty compared to complete uranium cycles. 

Therefore fabrication and supply of blanket assemblies containing thorium oxide pel­
lets of the required quality for full core of the Indian Fast Breeder Test Reactor, is one 
of the important tasks of the Nuclear Fuel Complex at Hyderabad. Performance test of 
these assemblies under actual operating conditions of FBRs, followed by reprocess­
ing studies, will be of great value for the Indian program of utilization of thorium in the 
envisaged FBRs. 

Brazll 

In the period 1965-1970 technical and economic studies were conducted in the coun­
try aiming at the conceptual development of a heavy-water cooled and moderated 
pressurized reactor, with prestressed concrete reactor vessel, fueled with thorium-plu­
tonium [1-9, 1-10]. In support of the theoretical studies a subcritical heavy water facili­
ty was constructed as weil as a thermal-hydraulic test loop. 

This program was closed in 1970 due to the Brazilian Government's decision favouring 
the pressurized light water reactor (PWR) concept. 

1.2.3 Technical summary from the current programs 
Th-resources [1-11] 

Thorium occurs in association with uranium and rare earth elements in diverse rock 
types. It occurs as veins of thorite, uranothorite and monazite in granites, syenites and 
pegmatites. Monazite also occurs in quartz-pebble conglomerates, sandstones and 
fluviatile or beach placers. Til0'ium occurs along with rare earth elements in bastnaes­
ite and in the carbonatites. 

Present knowledge of the thorium resources in the world. is poor because of inade­
quate exploration etlorts arising out of insignificant demand. The total known world re­
serves of thorium in reasonable assured resources category are estimated at about 
1.16 million tonnes. About 31 % of this (0.36 million tonnes) is known to be available in 
the beach and inland placers of India. The possibility of finding primary occurrences in 
the alkali ne and other acidic rocks is good in India. The other countries having sizeable 
reserves are Brazil, Canada, China, Norway, USSR, USA, Burma, Indonesia, Malaysia, 
Thailand, Turkey and Sri Lanka. 
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Fundamental investigations: 

In general fundamental investigations are eoneerned with preparing the base for study­
ing the physieal properties of nuelear reaetors, with either mixed uranium-thorium fuel 
eyele or Th-based fuel. The dependeneies of "'U, "'U, "'Pa and fission produet build 
up upon integral thermal neutron fluxes have been studied in the high flux Epithermal 
Thorium Reaetor (ETA) [1-12], ineluding detailed eorrelation between above men­
tioned values and fast to thermal flux ratios in wide range. These results are helplul in 
assessing breeding potential of Th-based fuel for different reaetor types. The evalua­
tions of nuelear cross seetion data are still important in optimization and eomparison 
studies for thermal and fast reaetors. Freneh work [1-5] on revising and reevaluations 
of 232Th and 233U data revealed that the value of 232Th absorption in thermal range is ap­
parently weil known, though absorption cross seetion seems to deerease more rapidly 
than the l/v-law. Accurate experimental values are desirable to improve temperature 
eoeffieients fore cast. The most desirable future work is in the high energy range. The 
knowledge of 233U cross seetion is presently not as good as that of "'Th. 

Reaetor eore and blanket eoneepts regarding Th-based fuel reaetors strategy investi­
gation, reaetor eere and blanket design are still important for sueeessful development 
of Th-based fueled reaetors [1-5 to 1-7, 1-13 to 1-17]. 

The eurrent state of the reaetor and fuel eycie faeility development suggest in the 
USSR the eombination of the uranium-plutonium and uranium-thorium eyeles for nue­
lear power. Transition to the U/Pu elosed eyele, development of spent fuel regenera­
tion and plutonium aeeumulation paves the way for introduetion of fast breeder reae­
tors whieh are to be the basis of future nuelear luel breeding [1-7, 1-8]. In ease 01 
aeute need fuel supply problems eould be eased by transition of the thermal reaetors 
to utilization of the 233U aeeumulated in the fast breeder reaetor blankets [1-7]. This 
idea is supported by Indian plans [1-8] for "'Th investigations in blankets of fast test 
reaetors. Another possibility [1-5, 1-13 to 1-18] is to use Pu/Th eyele in unmodified 
PWRs as an aetive Pu-store. The main goal of this work is to find areal way for open­
ing the Th-eyele in present reaetors. The solution proposed eonsists of initial loading 
the whole PWR-type reaetor with Th/Pu assemblies. Besides, it is an attraetive way for 
storage 01 plutonium in ease of rather slow development of FBRs. 233U ean also be 
used in Speetrum Shift Control Reaetors. Corresponding optimizing neutronies ealeu­
lations are made, ineluding pin power peak, moderator temperature eoeffieient, ete. 

The results of the program presented in this report show that standard PWR may use 
(Th,U)02 luel and even (Th,Pu)02 fuel without any ehanges in the luel assembly as weil 
as within the reaetor system. A favourable strategy to avoid the need of early repro­
eessing and to strive for worthmentioning savings in uranium might be the use of 
(Th,Pu)02 fuel in the onee-through put-away-eyele with strongly extended burnups. 

Status 01 thorIum luel fabrication technology: 

Pelletizing Th02-based luel pellets out of ealeinated kerneis seems to present the 
most attraetive fuel fabrieation proeess at present. It has been under development 
sinee the late seventies [1-20 to 1-28]. 

For fabrieation of thoria kerneis the sol-gel proeess has been developed. On the basis 
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of this technology a procedure for production of pelletized fuel for water cooled reac­
tors has been developed. 

External gelalion of thorium sols is used in order to produce gel kerneis wh ich could 
be calcinated suitable for pelletization and sintering. Heavy metal nitrate feed solutions 
of lower molarity were found to be more suitable. Calcium nitrate was added to the 
feed solution in order to have around 0.4 wlo CaO .sintering aid". Also carbon black is 
added to the sol prior to gelation. The pores formed in the sol-gel kerneis after burning 
off the carbon black particles reduce the crushing strength of the kerneis and facilitate 
pelletization. 

The pelletizing of ex-gel-kernels not only avoids dust generation and is easy to remo­
tize but also produces high density pellets of desired microstructure at compaction 
pressures and sintering temperatures, which may be even lower than for the conven­
lional U02 manufacturing. 

Th02-peliets can also be manufactured by the classical pelletizing process extruded 
from adequate pretreated powder. The relevant experience is described in detail in the 
open literature. All Th02-based fuel in the US-programs since the early fifties had been 
produced by pelletizing from different powders until 1978. Other sophisticated ap­
proaches such as duplex pellet manufacturing were exercised in the laboratory scale. 
The necessary powders have been produced by nearly all known and applicable pro­
cesses. The experience from India in fabricalion of thoria-pellets ex-oxalate powder 
was concentrated on powder granulation and on pressing parameters as weil as on 
sintering by the use of Mg-dopant (approx. 500 ppm) as a sintering aid. The objective 
of this work was to improve the fabrication reliability for fast breeder blanket elements 
for the fast reactor at Kalpakkam, India. . 

The extrusion processes were also investigated. However it seems that this approach 
is not very promising. 

An economic and viable recycling method for rejected sintered pellets and pellet scrap 
needs to be developed for pellet production. 

ln-pile performance: 

A number of irradiation tests was performed in water-moderated reactors to evaluate 
the in-pile behaviour of various (Th,U)02 containing fuel rods fabricated by either pel­
letizing, vipac or sphere-pac. 

Fuel performance was extensively studied within the Oak Ridge National Laboratory ir­
radiation program which started in 1961. The first initial results on the performance 
characteristics were found to be favourable [1-29, 1-40]: 

a) all thoria based fuels in general performed beUer compared to urania based fuels; 

b) sol-gel derived (Th,U)02-fuel meets the basic performance requirements of a nuc­
lear fuel; 

c) vibratorily compacted (Th,U)02-fuel rods perform as weil as those containing 
pressed-and-sintered pellets at moderate heat ratings up to 300 W/cm and burnup 
levels about 40,000 MWdit HM. 
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The work was continued by investigating the pertormance 01 (Th,U)O, lu el under differ­
ent test conditions such as: 

a) high burnups and moderate heat ratings [1-30, 1-31]; 

b) high burnups and intermediate heat ratings [1-32,1-33, 1-35]; 

c) moderate burnups and high heat ratings [1-30, 1-32,1-35,1-36] 

d) processing variables affecting the irradiation pertormance [1-30, 1-32, 1-36]. 

Additionally, special irradiation test programs had been pertormed under the Light-Wa­
ter Breeder Reactor program and in the Halden Boiling Heavy Water Reactor and in 
power reactors: 

a) LWBR-irradiation program [1-37, 1-38]; 

b) Halden Boiling HeavyWater Reactor [1-39]; 
c) (Th,U)O, and (Th,Pu)O, luel element pertormance in power reactors [1-30, 1-32, 

1-34, 1-37, 1-38, 1-40, 1-42]; 

All these tests demonstrate that the in pile pertormance 01 thoria luel is satislactory 
under water reactor conditions. Assessing the use 01 thoria luel e.g. in PWRs other 
parameters than the in-pile pertormance are 01 decisive inlluence. 

Interim storage 01 spent ThO,-based nuclear luel: 

There are no reports available in the open literature ab out results on ThO,-based spent 
luel storage pertormance 01 LWR-type luels. However it is known that the end-ol-lile 
condition of a ThO,-based spent fuel rod corresponds to that 01 a UO, fuel rod. There­
fore no spent fuel problems should arise [1-43]. 

Reprocessing [1-3, 1-13, 1-19]: 

There is a lot of experience available on thorium based fuels reprocessing extensively 
described in the open literature. Under the aspects of thorium use in PWR, the repro­
cessing of Zircaloy-4 cJad spent thoria fuel is of special interest. The available experi­
ence of this issue is limited. 

The results 01 the present program show that the reprocessing of Zircaloy clad spent 
LWR-fuel with (Th,U)O,-fuel is principally feasible using reprocessing schemes derived 
from experience gained in the context with HTR work and in combination with a chop­
leach technique using the THOREX solvent. Cold dissolution experiments have shown 
that in the dissolution of (Th,U)O, fuels by THOREX solution, the Zircaloy clad is also 
dissolved to some extent and, besides this the dissolution time is 30% increased if Zir­
caloy cladding is present. However work with irradiated luel shows that the dissolution 
time may be decreased with increasing burnup by about 50 %. For an optimization of 
the solvent extraction processes, distribution data covering the whole range of inter­
est have been evaluated, interpolations and extrapolations are possible by a computer 
program. Considerations about the radioactivity 01 reprocessed "'u fuel Irom power 
reactors on the one side and the experience gained so far with the THOREX process 
variants on the other side lead to the proposal 01 a single-cycle THOREX process for 
PWR application. 
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Relabrlcation: 

For refabrication of 23'U bearing HTR fuel kerneis, the sol-gel process has been de­
veloped. The process starts with a solution containing Th(NO,). and U02(N03),. The 
kernel production is completed in a lew steps and besides ammonia and water no 
other chemicals are necessary. In conjunction with the chemical process, equipment 
for continuous and remotely controlled operation was developed [1-44, 1-49]. 

Beside the fabrication of LWBR core the only refabrication experience with pelletized 
Th/U fuel is available from a former program in the ITREC plant in italy. The hot opera­
tion star ted in July 1975, with the reprocessing of 20 Th/U spent luel elements, irradiat­
ed in the Elk-River (USA) reactor. For this first campaign the maximum cooled and 
less irradiated elements were chosen. The relabrication had to be carried out in a hot 
cell fitted with adequate shielding, using remotely-operated equipment and tech­
niques. All equipment of the main chemical processing was installed in modular units 
(the Rack Removal System), an arrangement wh ich provides for the remote-controlled 
removal (after appropriate decontamination) of the individual mobile unit (rack) for 
maintenance work and modification of components and equipment. 

The pellets were fabricated ex Th-U-oxalates powder, green pellets were obtained by 
cutting extruded cylinders into pellets. Sintering was performed in H21 Ar atmosphere 
between 1,600 and 1 ,700°C. About 90% ofthe pellets met the specification. After load­
ing the pellets into the Zircaloy-4 cladding the second end plugs were rElmotely TIG­
welded. All welds were routinely X-rayed. The fuel pins were assembled into aHaiden 
type fuel element. 

. 1,2,4 Special experience in former FRG-program used in the present 
joint activities 

(Th,U)02 kernel labrication: For the preparation of spherical particles, powder and 
wet-chemical processes can be employed. Wet-chemical processes have proven to 
be very suitable lor the production 01 luel kerneis lor HTR luel elements. A special wet 
chemical process using the gel precipitation has been developed at NUKEM/HOBEG 
up to the production scale, according to which all current types of spherical nuclear 
mixed-oxide leed and breed particles (mostly called kerneis). containing high melting 
uranium and thorium oxides or carbides, respectively, can be labricated by only slight 
changes in the composition of the leed solution and 01 some process parameters. 

Pellet labrication 01 standard U02 : The labricatioh 01 U02 pellets from the leed materi­
al uraniumhexalluoride (UF6) and aqueous solution 01 uranylnitratehexahydrate (UNH) 
consists 01 two processing areas: 

a) the production 01 U02 powder by a chemical process, called conversion, and 

b) the labrication 01 U02 pellets from U02 powder by powder metallurgical methods, 
called pelletizing. 

For the conversion there are three alternatives of industrial manufacturing processes. 
Two 01 them are wet conversion processes, where intermediate products are precipi­
tated lrom aqueous solutions. These uranium compounds are ammonium diuranate 
(ADU) or ammonium uranyl carbonate (AUC). The third class of such processes is the 

14 



dry conversion where UFo is directly processed into UO, powder. The lalter processes 
can only start with the feed material UF., whereas the wet conversion processes can 
start either with UFo or UNH. 

There are also three alternatives for the pelletizing which are combined with the dis­
tinct conversion processes. Two of them use dry granulation and prepressing meth­
ods with ex-ADU and ex-dry conversion powder. In the third process direct pelletizing 
with ex-AUe powder is used. In this process no intermediate product during the pelle­
tizing step and no granulate are necessary. Additionally, with the direct pelletizing pro­
cess the scrap recycling (UsO.) can easily be integrated. 

At Siemens/ABU, the UO, powder is produced by the AUe conversion route, and con­
sequently the direct pelletizing process is applied for pellet production. 

(Th,U)O,-peliet labrication by standard procedures: Within the D,O-Th-program, in 
addition to fabrication of vibratorily compacted mixed-oxide fuel, 250 kg (Th,U)O,-fuel 
was manufactured in 1964. The fuel was needed to perform a critical experiment. The 
fuel consisted of pellets having the dimensions of 10.0 ± 0.1 mm in diameter and 
13.0 ± 0.1 mm in length, with 97.5% ThO, and 2.5% UO,. The uranium was 93% en­
riched in '''U. The specified pellet density was 8.8 ± 0.2 g/cm'. 

The fuel was manufactured in the normal production lines of UO,. The fabrication pro­
cess comprised the steps powder mixing, pressing and sintering in hydrogen atmos­
phere. The defined specifications could be reached. However, the homogeneity, the 
structure and the geometrical shape were inadequate under the aspect of using this 
fuel as reactor fuel. Nevertheless, the manufactured fuel could be used because it was 
only applied to a critical experiment. 

Irradiation testing 01 vipac (Th,U)O, luel 01 the D,O-Th-program: The objective of the 
irradiation program using the experience from out-of-pile studies can be summarized 
as folIows: 

a) investigation of the irradiation behaviour of vibro-compacted luel up to 
60,000 MWd/t HM 

b) influence 01 the rating, power cycling and ramping on the performance of vibro­
compacted luel; 

c investigation ollission gas release Irom vibro-compacted fuel; 

d) investigation 01 the relocation behaviour 01 vibro-compacted luel especially under 
the aspect 01 restructuring the virgin luel columns and 01 equilibrium structure; 

e) investigation of redistribution 01 uranium in the mixed oxide fuel; 

I) investigation 01 the thermal conductivity of restructured vibro-compacted luel; 

g) to check il there is any evidence for luel rod failure mechanisms being typical lor vi­
bro-compacted luel; 

h) to provide spent luel to investigate the dissolving characteristic and the relabrica-
tion feasibility of Zircaloy clad vibro-compacted Th/U mixed-oxide lu el. 

The irradiation program was performed up to 50,000 MWd/t HM. During the irradiation 
of the seven experiments (each with two test rods) heat ratings up to 680 W/cm, pow­
er ramps between 520 and 650 W/cm and special cycling programs could be realized 
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without typical luel rod failures. Failures occurring could be attributed to the formation 
01 deposits due to impurities in the capsule. 

During post-irradiation examination, none of the fuel rods showed significant diameter 
changes or luel swelling. The gamma-scan values agreed with those calculated for the 
power distribution prior to the experiments. The fission gas release rate was between 
25 and 61 %. The characteristic luel structures i.e. the non-relocated outer luel region, 
the sintered kernel region, the fully restructured inner luel zone and possible lormation 
of central voids will appear within a lew days 01 irradiation. Afterwards the changes in 
the luel columns are very small. Relocation 01 the fissile uranium towards the cooler 
outer fuel zone was verified during the post-irradiation examination. 

Reprocesslng: For reprocessing studies, seclions 01 a D20-Th-Breeder -Reactor luel 
rod (RBE-30) were supplied to HOECHST. The fuel rod contained vibratorily compact­
ed (Th,U)02-kernels in a Zircaloy-4 cladding. The luel rod achieved a burnup 01 
2,660 MWd/t HM and was cooled lor dissolution tests up to 96 days and lor extraction 
158 days. The fuel rod was cut at KFA into about 10 mm long sections. Fuel ranging in 
size from approximately 0.5 mm to 5 mm could be poured Irom the cut luel sections. 
The size 01 kerneis before irradiation had been smaller than 0.8 mm. Therelore, the ir­
radiation apparently produced only localized sintering 01 the luel near the axis 01 the 
rod. However the general experience has shown that most luels cannot be poured 
freely Irom the sheared cladding sections but must be dissolved out by THOREX-rea­
gent. Therelore, the Zircaloy-4 cladding was placed into the dissolver solution together 
with the fuel in order to investigate the amount 01 Zircaloy being dissolved. The repro­
cessing tests showed that the dissolution of the luel took 40-50 hours during which 
17% 01 the Zircaloy-4 were also dissolved. The leed adjustment and extraction using 
the acid THOREX process with an acid deficient leed solution were performed without 
problems. 
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Table 1.1: List of major activities worldwide in the area of Th-based nuclear fue/s 

Program Direcled towards Areas of Rand D 

Country 
terml; I run- HTRIHWRI LWR IFBRIOIher Basic II ~lra~11 Coro,1 rTeCh-(I< Irra- nl ReprO-

1 
I Refabri-

nated ning research tegy design nology diation cesslng cation 

ARGENTINA X X X X X 

Dynamic 
System 
Analysis 

AUSTRIA X X X X X Fuel X 
cycle 
(by lila-
rature) 

AUSTRALlA 1980 X X 

BRAZIL' 1970 X X X 

CANADA X X X 

CHINA 1971 X X X X 
X X X X X 

FRANCE 1979/82 X X X X X X X 
X X X X X X 

FRG' X X X X X X X X 

FRG/BRAZIL 1988 X X X X X X 
JOINTLY 

INDIA X X X X X X X X (Planned) 

ITALY 1974 X X X X 

JAPAN X X X X X X X X 

PAKISTAN 1983 X X 

ROMANIA X X X X X X 

USA 1982 X X X X X X X X X X X 

USSR X X X X X X X 

• See below FRG/BRAZJL Jointly 

21 



22 



2. Technical Results 

2.1 Nuclear Core Design and Strategy Calculations 

Utilization of thorium-based fuels in thermal reactors is aimed at the production and 
fission of 233U. The purpose of this study is an assessment of the most economic way 
to make use of the attractive properties of all possible thorium-based fuels in present 
commercial PWRs. With unchanged PWR geometry related to fuel assembly and co re 
the present optimum in power generating costs can be achieved in following the trend 
for' maximum burnup and minimum etlorts for fuel supply and for reprocessing. The 
KWU PWR of 1,300 MW. of Angra-2 type was the reference reactor for the study. Its 
design data are presented in Table 2.1.1. 

The utilization of thorium as fuel implies the need for initial fissile materials. This may 
be 235U as natural fissile material or the artificial nuclides 239PU and 2"PU extracted dur­
ing reprocessing of burnt uranium-based fuels. 

The use of thorium mixed with high enriched uranium (Th/HEU) and thorium-plutonium 
(Th/Pu) mixed oxide fuels in an unmodified pressurized water reactor (PWR) were 
studied. The choice of Th/HEU was established because of its high potential to breed 
233U. 

Reactor core nuclear design calculations for the following options were periormed: 

Once through 
fuel cycle 

Recycle option 

Insertion of Th fuel 
assemblies in a U-core 

Th/HEU fuels 

3 and 4 batch cores 

Recycling of 233U and 235U 
3 and 4 batch cores 

3 batch core 

Th/Pu fuels 

3 and 4 batch cores 

Recycling of 233U and Pu 
3 and 4 batch cores 

3 batch core 

To prepare the insertion of first thorium-based fuel assemblies into apower reactor it 
was seen necessary to design a special irradiation test uranium fuel assembly includ­
ing some thorium-based test rods. It was planned to insert this assembly in the power 
reactor of Angra-1. 

The results on nuciear core design were finally used to study the economic chances of 
the various Th-fuels to penetrate the future market of fuel assemblies and to improve 
the uranium resource utilization. Additionally, the question at wh ich time Th-fuelled 
reactors should be introduced into a nuclear grow1h scenario was answered by these 
strategy calculations. 

2.1.1 Nuclear design programs 

The computer programs of the nodal reactor analysis system SA V79A [2.1-1 J were 
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used lor the design 01 co res containing Th/U and Th/Pu luel. The main constituents 01 
the SAV-system are: 

a) FASER is a one dimensional spectral depletion code 01 MUFT/THERMOS type 
based on LASER [2.1-2]. From an 85 energy group library (50 lor the last region 
and 35 lor the thermal) effective lew group cross sections (2 to 10 energy groups) 
can be calculated as a function of burnup, boron concentration, luel and moderator 
temperature and moderator density. For the application to thorium a new version 
was established called Th-FASER. Within this version the basic cross section lib­
rary was extended by the nuclides of the thorium chain. The resonance calculation 
was adjusted to thorium treatment. 

b) MULTIMEDIUM is a two dimensional transport depletion code (up to 10 energy 
groups) for fuel assembly calculations in a homogenized pinwise representation. In 
the frame of this work it is used lor neutronic fuel assembly design and to calculate 
heterogeneous form functions. 

c) MEDIUM is a multidimensional nodal reactor depletion code. The diffusion equation 
in 2 energy groups is solved by a burnup corrected variant 01 NEM (Nodal Expan­
sion Method). Feedback 01 the fuel temperature, moderator density and xenon is 
applied to the neutron flux solution. 

d) PINPOW calculates the pinwise power, burnup and Ilux distribution from the nodal 
reactor solution by using a modulation technique. 

For salety analysis the PANBOX code system [2.1-3] is used. The system consists of 
the following codes: 

a) DIEB processes a liIe prepared by the depletion program MEDIUM and generates 
an input liIe for BOXER and IQSBOX. 

b) BOXER is a multidimensional nodal two-group diffusion program especially suited 
lor the calculation 01 quasi-stationary power distributions under transient xenon 
conditions and the analysis of load follow behaviour. 

c) IQSBOX is a coupled neutronicslthermal-hydraulics space-time kinetics program 
for the analysis of stationary and transient power distributions under off-nominal 
core and boundary conditions. 

d) PANDA processes an output file produced by IQSBOX and generates data for 
comparison with experimental results or lor use in core simulators. 

In this study the codes DIEB and IQSBOX were used for the analysis of a steam line 
break accident. IQSBOX is fully consistent to MEDIUM under normal operating condi­
tions if the same options are used. For the analysis of off-nominal conditions more so­
phisticated thermal/hydraulic models are provided. The calculations of DNB's and cen­
terline luel temperatures are based on pinwise power distributions reconstructed from 
the interpolated nodal solution modulated by heterogeneous assembly functions pre­
calculated by MULTIMEDIUM. 

2.1.2. Nuclear tuel cycle studies 

In all once-through options it was admitted that the first core would be designed with a 
fuilload 01 thorium fuel. For the re loads, the make-up fissile material is made by the ad-
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dition of new HEU, in the case of Th/HEU cycle, or by the addition of Pu from a PWR 
operating in the uranium once-through mode in the case of Th/Pu cycle. For the recy­
cle cases the recycling started at the beginning of cycle 4 with fissile material un­
loaded from the first cycle of the same reactor. It was assumed aperiod of 2 years for 
spent fuel to be cooled, reprocessed and refabricated. The complement of fissile ma­
terial in the reloads was done with new HEU, in the case of Th/HEU cycle, or with Pu 
from PWR operating in the U once-through mode in the case of Th/Pu cycle. Calcula­
tion was done cycle by cycle. The fuel balance took into account los ses of 5 w/o for 
the first recycled batch and later on 2.5 w/o of losses. 

Thorium/Uranium fuel cycles 

In the Th/HEU cycle only a small part of the reloads had to be completed with make-up 
lissile material. That is the reason why it was decided to mix reprocessed and fresh fis­
sile material and to labricate only one type 01 fuel for the recycling reloads. 

In each case the enrichment in lissile material lor the reloads was determined in such a 
way that the cycle lengths were 01 approximately 280 EFPD (equivalent lull power 
days). As an example, Figure 2.1/1 presents the loading pattern in the equilibrium core 
and the power distribution at BOC obtained. The preliminary density 01 the mixed ox­
ide luel considered was 9.4 g/cm3. The use 01 the experimental pellet density equal to 
9.5 g/cm3 and of Zircaloy-4 lor guide tubes caused an extended cycle length 01 more 
than 300 EFPD in the linal calculation 01 the Th/HEU luel cycle options. 

Table 2.1.2 summarizes the main results at equilibrium 01 Th/HEU cycles analysed. The 
calculations were done looking lor an acceptable BOC power distribution wh ich how­
ever can be improved without great effort. It was found that the desired cycle length 
can be achieved with reasonable enrichments. Substantial savings 01 natural uranium 
resources can be obtained only with the recycle option. 

The high concentration 01 soluble boron at BOC-l causes a positive moderator tem­
perature coefficient indicating the need 01 a burnable poison. This may be avoided by 
gradually switching over Irom a U- to a Th/HEU-core by successive Th-Iuel reloads. In 
the beginning 01 equilibrium cycles the moderator temperature coefficient is slightly 
positive at hot zero power in the mixed recycle mode only. This is of no signilicance, 
because with increasing coolant temperature and decreasing boron concentration the 
coefficient so on assurnes negative values. Table 2.1.3 shows the relevant reactivity co­
efficients lor Th/HEU-cores at the beginning 01 equilibrium cycles under hot zero pow­
er conditions. The results 01 reactivity balance calculations lor equilibrium cycles have 
shown that there is always sufficient reactivity shutdown margin (Figure 2.1/2) lor a 
moderator temperature decrease up to about 100°C. In case of a main steam line 
break accident even a lurther reduction 01 coolant temperature has to be assumed. 
The analysis 01 this accident therelore requires more detailed investigations. These 
have been made in this study lor the Th/Pu core which regains criticality al ready after a 
decrease in coolant temperature 01 about 50° C. 

Thorium/Plutonium fuel cycles 

Also in the case 01 Th/Pu luel cycle it is possible to achieve the desired cycle length 
with reasonable enrichments in lissile material. Figure 2.1/3 presents the loading pat­
tern and power distribution 01 equilibrium core obtained. Table 2.1.4 summarizes the 
main results 01 the burnup calculations. 
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The boron concentrations at BOC are similar to those calculated in the Th/HEU cycle, 
except for the first cores of all options analysed, when these concentrations are higher 
due to the high Pu content of the fue!. The presence of the 233U at the beginning of 
subsequent cycles results in lowering the values for the critical boron concentrations. 
The calculations of moderator temperature coefficient (Table 2.1.5) indicate that, at hot 
full power conditions, this coefficient is always negative, from the beginning to the end 
of all cycles (including the first core) in all options analysed. Results of reactivity bal­
ance calculations (Figure 2.1/4) indicated a potential return to criticafity for a decrease 
in the moderator temperature in the range of 50° C. As mentioned above, this case 
therefore was adopted for a detailed steam fine break analysis. 

The analysis demonstrates that the accident is controlled and that the core is at no 
time endangered, as safety-related parameters do not exceed permitted limits. In all 
calculations including even simultaneous extreme variation of all thermal - hydraufic 
parameters in the most adverse direction - the minimum DNBR remains markedly 
above, the maximum fuel central temperature markedly below the respective value 
reached during normal operation. 

This result was obtained under a lot of conservative assumptions which lead to maxi­
mum core subcooling, minimum shutdown reactivity and maximum reactivity release. 
Thus it can be concluded that similar results hold for other Th-designs. 

Insertion ot thorium tuel assemblles In a U-core 

It is to be anticipated that the realistic way of introducing Th-fuel to a PWR would be 
via a partial and later on complete Th-fuel assembly reload [2.1-4, 2.1-5]. Results 
gained so far in the cooperative program show that no changes of the Th/HEU fuel as­
sembly (FA) design - in comparison with the standard U-fuel assembly - to be loaded 
into a U-core are necessary. The use of Pu instead of HEU also reveals so me interest­
ing features. Figure 2.1/5 shows the relative energy production of Th/Pu-isotopes in­
serted in a standard PWR core. However, the high fission cross sections of Pu com­
bined with a high thermal flux of neighbouring U-fuel assemblies would cause unac­
ceptable power peaking [2.1-4, 2.1-5]. Thus Th/Pu-MOX fuel assemblies - as used for 
Pu recycling via U/Pu-MOX assemblies - need 2 to 3 types of fuel pins with a different 
fissile material content as shown in Figure 2.1/6 to avoid local power peaking when 
loaded adjacently to U-fuel assemblies [2.1-4,2.1-5]. 

Figure 2.1/7 shows pinwise power distribution in 1/8 of a Th/HEU and a Th/Pu fuel as­
sembly calculated surrounded by U-fuel assemblies at beginning of the irradiation. The 
power peaking factor is lower than 1.15. 

Figure 2.1/8 shows a possible loading for 16 Th/Pu assembfies per cycle in a U-core 
and the average power in each fuel assembly at the equilibrium cycle. The maximum 
average power of the Th/Pu FA is less than in the U FA. Table 2.1.6 shows main results 
until equilibrium cycle. As seen in this table the main characteristics of the uranium 
core remain unchanged. 

Figure 2.1/9 shows power history of Th/Pu rods for the equilibrium cycle. As it can be 
seen, the rod with the maximum linear power over the whole period of irradiation is 
lower than the design value. 
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2.1.3 Nuclear design of an irradiation testing in the power reactor 
Angra-1 

With the objective of verifying the performance of the Th/U fuel in apower reactor, it 
was planned to irradiate 4 segmented rods and 1 full scale rod in a fuel element re· 
loaded in the Angra-1. With this test a realistic burnup can be obtained and because 
the neutronic spectrum in the Angra·l core is weil known, the nuclear design (relative 
to power density and burnup) of the Th/U fuel can be checked, too. 

As it is common at KWU for such irradiation tests the top end piece of this fuel ele­
ment should have a cross-shaped cut-off. This allows fuel rod examination during shut 
down without problems. In a general way, the whole design of the Th/U test rod fol­
lowed that of the uranium rod of Angra-l: the outside diameter, the active length and 
the same average linear heat generation were kept. 

The test rods were planned to be inserted in areload fuel assembly of Angra·l (Figure 
2.1/10), at the beginning of cycle 4. At the end of each of the following cycles one Th/ 
U rod would be withdrawn and in its place inserted a dummy rod of aluminum oxide (a 
fuel rod of Angra-l with AI20 3 pellets) to restrain power peakings in the surrounding 
positions. 

The design of the test rods was made in a way to keep pinwise and assemblywise 
power distribution and reactivity the same as in the fuel assembly containing only U02 

rods. 

Firstly the Th/HEU fuel was investigated because it leads to higher breeding of 233U, 
which is a better fuel than the other fissile isotopes in the thermal spectrum. After­
wards an alternate fuel had to be chosen as its substitute due to difficulties in obtain­
ing HEU for the manulacture 01 the test rods. Two types 01 luel were considered: one 
mixing thorium with MEWI and the other with LEU+I. 

The rods with Th/HEU luel were designed and a conte nt 01 4.1 w/o 01235U in the heavy 
metals was lound. Figure 2.1/11 shows a comparison 01 Koo's of Th/HEU and U02 (3.3 
w/o 01 235U) cells 01 Angra-l the U-cell is more reactive until 520 EFPD and Irom this 
point on, less reactive. A calculation 01 the re load luel assembly with and without test 
rods has shown no signilicant difference in reactivity. 

A comparison 01 corresponding power distributions in both luel assemblies was made 
(Figure 2.1/12). The tendency is to lower the power in a maximum 01 7% in the posi­
tions 01 substitution. At the end 01 irradiation this test rod reaches a burnup that com­
pared to the U-rod deviates only in 4.0%. Therelore the inlluence of the Th/HEU rods 
may be considered as negligible. 

Two alternatives lor reloading the test luel assembly were investigated for different le­
vels 01 power and are shown in Figure 2.1/13. The power histories 01 the correspond­
ent hot rods are shown in Figure 2.1/14 their maximum linear power is lar away to offer 
any risk to such rods. 

'. MEU Medium Enriched Uranium, uranlum enriched up to 20 wlo 235U 
+) LEU Low Enrlched Uranlum, uranium enriched 9.g to 3.3 w/o 235U 
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The alternative fuels were investigated too. The Th/LEU was discarded at the very be­
ginning because of the low burnup reached at the end of irradiation. Then, calculations 
were done to determine the content of MEU in the mixture (Th,MEU)02 in a way to get, 
as close as possible, the same burnup as U rods. The result obtained was a mixed fuel 
made of Th02 and U02, having 17.8 w/o of MEU in heavy metal. At 900 EFPD of irradia­
tion it presents an insignificant burnup ditterence when compared to U02 fuel. 

2,1,4 Strategy assessment of possible contribution of Th-fuel for 
PWRs in Brazil 

Objectives, Intentions, methods and main result 

Strategy studies aim at ottering the optimal allocation of power plants to meet a coun­
try's electrical energy demand. Within the program ettort centered in searching the 
"best" Th-bearing Angra-2 type unmodified PWR option to penetrate in a forecasted 
Brazilian nuclear power demand, otherwise fulfilled by U/Pu fuelled Angra-2 type 
PWRs. For this purpose the following questions should be answered: 

a) which of the Th-fuel cycle options is most advantageous in relation to actual boun­
dary conditions; 

b) how do Th-fuel cycles compare to usual U-fuel cycles in a system of PWRs with re-
spect to resource utilization and economics; 

c) at which time is the introduction of Th-fuel cycles possible or advantageous? 

For clear answers a sound basis of results is necessary. The promising nuclear design 
results have been used to support the efforts on the other tasks of the program, and, 
in particular, the strategy studies. In the same way, for example, the technically feasi­
ble fuel data influence the nuclear design and enable in part the needed cost esti­
mates. 

Nuclear reactor strategy analysis - as part of the more general problem of energy plan­
ning - is concerned with determining optimum reactor mixes required to meet electri­
cal energy demand. Figure 2.1/15 shows a forecast of the future development of nuc­
lear capacity in Brazil over aperiod extending up to the middle of the next century. Up 
to the year 2000 the fore cast is based on the (then) official nuclear implementation 
program. In the following decades it is characterized by moderately increasing growth 
rates assuming that nuclear energy will play an important role in the economic devel­
opment of Brazil. 

Most of the strategy programs are based on a linear programming model (LP model). 
In the FUKOMA code [2.1-6, 2.1-7J - utilized in strategy studies - an objective function 
that represents the present worth of the electrical energy costs is minimized subject 
to a set of linear restraints. The reactor strategy which provides the lowest costs is se­
lected by the LP model APEX. FUKOMA then proceeds to calculate the material re­
quirements of the optimum strategy. 

In Phase 1 of this program the work under strategy studies was devoted especially to 
improve and to test the use of the strategy analysis procedure of FUKOMA, which had 
to be changed to treat the complex possibilities of Th-based fuel cycles [2.1-8J. 
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In the present report, results of strategy calculations done with the FUKOMA code are 
presented. They include a comparative analysis on competition of different plants in 
meeting nuclear demand as assumed in the adopted scenario in the U/Pu and in the 
Th/Pu fuel-cycles, and on cumulative demand for natural uranium and separative work. 

Calculations made use of updated results from the program's nuclear core design 
[2.1-8]. These results include plants operating in the thorium-plutonium (Th/Pu) fuel 
cycle, with Pu- and Pu+ 233U-recycling modes, in the 3- or 4-batch reload schemes. For 
plants operating in the U/Pu fuel cycle the best available data from literature were uti­
lized. 

The main results from the strategy studies are given in Table 2.1.7 and can be summar­
ized as follows 

a) To profit from the real resource-savings advantages of thorium utilization in unmod­
ified present day PWRs - with respect to the Th/Pu fuel option - one has to close 
the Th-fuel cycle and recycle the generated 233U along with the residual Pu. If this is 
done, significant economies both in natural uranium and in separative work are ob­
tained when compared to the once-through PWRs of the present time: approx. 33 
% economy in U30., approx. 20% economy in SWU·. 

b) Should the alternate option of not closing the Th-fuel cycle be chosen, the utiliza­
tion of Th together with recycled Pu in present day PWRs offers sound economies 
approx. 29 % in U30. and approx. 15 % in SWU - when compared to once-through 
PWRs the U30. economy is yet somehow superior, while the SWU economy inferi­
or, when the self-generating Pu recycling PWRs are used for comparison. 

The relative savings are independent of the absolute consumption. This is also evident 
from Table 2.1.7. 

2.1.5 Conclusions 

The fuel assembly and core design studies of all foreseeable combinations of fissile 
materials with thorium show that 

a) fuel assemblies of such fuels can be inserted in cores of present time PWRs: par­
tial reloads of Th-based fuel assemblies can finally result in complete Th-cares; 

b) standard PWR fuel assemblies and core configurations are to be foreseen to esta­
blish complete cores of such thorium based fuels including recycle fuels using the 
reprocessing fissile and fertile materials; 

c) the safe and unrestricted operation under normal conditions can be demonstrated 
for the actualloadings. No evidence was found that the requirements for safe shut­
down could not be fulfilled by a proper adjustment of the stored amounts of boron 
compensating for the reduced reactivity worth especially connected to the use of 
plutonium . 

• swu - Separalive Work Units 
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d) Th/Pu fuel provides a potential for extended burn-up under the aspect of nuclear 
core design. 

The overall conclusions of strategy studies on nuclear power implementation in Brazil, 
in the frames of the present program, are: 

a) though the adopted nuclear power demand scenario excludes any suggestion with 
respect to the introduction date of Th-fuelled reactors the results of the strategy 
calculations clearly demonstrate that substantial savings in natural uranium and se­
parative work units can be achieved in comparison with PWR once-through scenar­
ios. 

b) Evenso, if the Th-fuel cycle could not be closed in the near future a symbiosis of 
PWRs operating in U-mode and once-through Th/Pu-reactors seems to be at least 
competitive to self-generated Pu recycle PWRs. 
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Table 2.1.1: Design data of a KWU standard PWR of 1.300 MWe 

Fuel Rod Diameter (mm) 10.75 

Lalliee Piteh (mm) 14.30 

Number 01 Fuel Rods per Fuel Assembly 16x16-20 (= 236) 

Fuel Assembly Piteh (mm) 231 

VH2o/Vluel (ceII) 1.74 

VH20/Vluel (core) 2.05 

Fuel Rod Linear Power rN / em) 211 

Number 01 Fuel Assemblies 193 

Fuel Rod Aelive Length (mm) 3.900.0 

Cladding Wall Thiekness (mm) 0.725 

Volume 01 the 8paeer Grids per Fuel Assembly (em3) 831.62 

Cladding Material Zirealoy-4 

Control Rod Guide Tube Material 88-4550 Zlrealoy-4° 

8paeer Grid Material Ine-718 

Heavy Metal Mass per Fuel Assembly (kg) 485.365 

Coolant Average Temperature ("C) 310 

For the Present 8tudy 

Mixed Oxide Density (g/em3) 9.4 (Th/Pu) 
9.5 (Th/HEU) 

HEU Isotopie Veetor (w/o) 235U1239U = 93.0/7.0 

Pu Isotopie Vector (w/o) (Iresh PWR-Pu) 239pu , 240pu J241pU t242pU 

60.1/23.4/12.4/4.1 

°improved FA 
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Table 2.1.2: Main resufts of equifibrium Th/HEU fuel cycles 

3-batch core 4-batch core 

unit once-through with recycling once through with recycling 

Retoad Batch 
(no. of FAS) 1 64 64 48 48 

Reload Enrichment w/o 4.2 3.9 4.8 4.5 

Boron Concen-
tration at BOG ppm 1013 1138 988 1038 

Cycle Length d 319 306 310 293 

Max. Average Power 
Form Factar BOC 1.29 1.44 1.30 1.28 

EOC 1.33 1.35 1.24 1.23 

Core Burnup BOC MWd/kg 10.7 10.5 16.6 16.2 
EOC 21.7 21.1 27.3 26.3 

Average Burnup 
of Unloaded Batch MWd/kg 33.7 32.0 43.8 42.4 

Max. Average 
Burnup of 
Unloaded FA MWd/kg 41.2 39.7 51.7 52.4 

233U + 225U Loaded g/kg 42.0 39.0 48.0 45.0 

233U + 233Pa + 
235U Unloaded glkg 24.7 24.4 24.3 24.1 

Table 2.1.3: Reactivity coefficients for Th/HEU cores at HZP and at the beginning of 
equifibrium cycle 
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Moderator T emperature 
Coefficient (ppm/"C) 

Reciprocal Boran Worth 
(ppm/%ll") 

Fuel Temperature 
Coefficlent (pcm/"C) 

3 batch 
4 batch 

3 batch 
4 batch 

3 batch 
4 batch 

once-through 

2.17 
6.04 

-114.98 
-119.05 

3.98 
3.98 

mixed recycling 

+ 1.89 
3.39 

-121.07 
-111.62 

4.05 
4.01 



Tab/e 2.1.4: Main results ot equilibrium Th I Pu tue/ eye/es 

3-batch core 4-batch core 

unit once-Ihrough with recycling once-through with recycling 

Reload Batch 
(no. 01 FAS) 1 64 48 64 48 

Reload Enrichment w/o 4.4 4.2 5.0 4.6 

Boron Concentration 
at BOG ppm 1374 1521 1238 1422 

Gycle Length d 287 287 278 265 

Max. Average Power 
Form Factor BOG 1.36 1.28 1.42 1.44 

EOG 1.27 1.24 1.35 1.30 

Core Burnup BOG MWd/kg 10.4 11.4 16.8 16.4 
EOG 22.0 22.9 27.8 26.9 

Average Burnup 
01 Unloaded Batch MWd/kg 34.6 35.2 44.6 43.0 

Max. Average 
Burnup 01 
Unloaded FA MWd/kg 43.4 48.0 54.3 50.8 

233U + 235U 

Loaded g/kg 0.0 10.9 0.0 19.3 

239pu + 241pU 

Loaded g/kg 44.0 31.1 50.0 26.7 

233U + 233Pa + 
235U Unloaded g/kg 13.0 12.4 14.6 21.2 

239Pu + 241 pU 

Unloaded glkg 13.2 13.4 12.0 5.6 
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Table 2.1.5: Reactivity coefficients for Th/Pu fuel cycles at HFP and at the end of 
equilibrium cycle 

Moderator Temperature 
Coeffieient (pem/"C) 

Reciprocal Boron Worth 
(ppm/%t.") 

Integral Doppler 
(%t.") 

3 bateh 
4 batch 

3 batch 
4 bateh 

3 bateh 
4 batch 

onee-through 

- 61.0 
- 59.4 

-185.0 
-198.6 

1.01 
0.94 

mixed recycling 

- 52.4 
- 50.6 

-171.1 
-168.0 

1.06 
1.03 

Tabfe 2.1.6: Main results of the reload of Th/Pu fuel assemblies in an uranium core until 
equilibrium 

No. 01 Th/Pu-FAs in Core 0 16 2x16 3x16 3x16 3x16 

Boron Goncentration, BOG (ppm) 1101 1047 1099 1163 1160 1163 

Gyele Length (FPD) 324 306 313 317 316 316 

Max. Average Form Factor BOG 1.37 1.34 1.33 1.36 1.36 1.36 
EOG 1.22 1.24 1.24 1.22 1.22 1.21 

Cyele Burnup (MWd/kg) 11.6 11.3 11.5 11.8 11.7 11.7 

Average Burnup 01 Unloaded 
Bateh (MWd/kg) 35.1 35.1 34.6 35.3 35.5 35.5 

Max. Average Burnup 01 
Unloaded FA (MWd/kg) 43.1 41.6 42.0 41.7 41.2 41.4 

Reload: 16 Th/Pu-FA 4.4 w/o Pup1es 

48 U-FA 3.2 w/o 235U 
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Table 2.1.7: Main results of strategy calculations 

Optimum' Reaetor Type 
U,O. SWU TaHs 

Assa{,. Fuel Reload Annual Cumulative Annual Cumulative 
wfo 35U Gyele Mode 10't 103t 11'fo 106 kg 106 kg 1I% 

U 3 bateh 17.4 424 100 8.3 202 100 
onC6-

through 

UfPu 3 bateh 12.5 311 73 5.7 146 72 
recycle 

0.282 
ThfPu 4 bateh 12.4 306 72 7.0 172 85 

once-
through 

ThfUfPu 4 bateh 11.1 288 68 6.3 162 80 
recycle 

U 3 bateh 16.4 399 100 8.9 217 100 
onC6-
through 

UfPu 3 bateh 11.7 292 73 6.1 157 72 
recycle 

0.249 
ThfPu 4 batch 11.5 285 71 7.5 185 85 

onC6-
through 

ThfUfPu 4 bateh 10.3 268 67 6.7 174 80 
recycle 

U 3 bateh 15.7 383 100 9.4 229 100 
once-
through 

UfPu 3 batch 11.3 281 73 6.5 166 72 
reeyele 

0.227 
ThfPu 4 bateh 11.0 272 71 7.9 195 85 

once-
through 

ThfUfPu 4 bateh 9.8 256 67 7.1 183 80 
recycle 

'" Corresponding casts and reductions in the uranium demand 
US$flbU306 US$fkg SWU U,O. (%) 

30 140 100 
60 200 94 
90 240 90 

35 



0.90 
~ 

1 . 17 1 .09 1 .25 1 .09 
2 3 2 3 

1 .01 1 . 18 1 .07 1 .22 
3 2 3 2 

1 .01 1 . 17 1.03 
3 2 3 

1.00 1 . 1 4 
3 2 

1 . 1 4 
2 

Average Power in FA 
Irradiation Period 

1 . 18 0.98 0.81 
2 3 I 

1 .00 1 .21 0.81 
3 I I 

1 .07 0.94 0.73 
2 3 I 

0.97 1 .05 0.56 
3 I I 

1 .07 0.85 
2 I 

1 .04 0.58 
I I 

Fig.2.1/1: Th/HEU, 3 Batch Gore, Once Through Power Distribution at Beginning of 
an Equilibrium Gycle 
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Fig. 2. 1/3: Th/Pu, 4 Bateh Gore, Onee Through Power Distribution at Beginning of an 
Equilibrium Cyele 

38 



(1[%] 

I 4 

3 

2 

1 

0 

-1 

-2 

-4 

/' . 

U-core 
Th/Pu, 4 -bateh, once-through 
Th/Pu, 3-batch, once-through 

Fig. 2. 1/4: Net Shutdown Reactivity in Function of Moderator Temperature Reduction 
(End of Equilibrium Cycle) 

39 



50 

232"fh 

°0~~====~10=======2~0==f====3;0======~40 
-_. Bumup [MWd/kg] 

Fig. 2. 115: Relative Energy Contribution of the Isotopes of rhlPu Fuel 

40 



AB CDE FGHKLMN PRST 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16L-__________________________________ ~ 

[;3 5.2W/o PU, 

1'·1 6.0W/o PU, 

D 2.4W/oPu, 

[Q] RCC 

Fig. 2. 1/6: rh/pu Fuel Assembly with 3 Enrichment Zones 

41 
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Fig. 2.1/7: Power Distribution in Th/HEU and Th/Pu Recycle Fuel Assembly Adjacent to Uranium Fuel Assemblies 
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Fig.2.1I8: Equi/ibrium Gore with a Re/oad of 48 U-FAs and 16 Th/Pu-FAs, Power 
Distribution at Begin of Gycle 
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2.2 Thermal and Mechanical Fuel Rod Design 

The fundamental consideration in the safety-related design of nuclear power plants is 
the limitation of the release of radioactive products. The fuel rods with their gas-tight 
welded cladding tubes constitute an important barrier in this context. 

In view of the large number of fuel rods in the reactor core, it is statistically not possi­
ble to preclude defects due to fortuitous factors in a sm all number of fuel rods. This is 
not necessary either, since the design of the plant ensures that a small number of de­
fective fuel rods cannot cause the permissible rates of radioactive product release to 
the environment to be exceeded. 

However, systematic defects arising under the conditions of authorized operation 
(normal operation and operational transients condition land events of moderate fre­
quency condition 11, ANSI/ANS-57.5-1981 [2.2-1]) must be precluded. 

The fuel rods comprise sintered thorium and uranium pellets with ground circumferen­
tial surface which are enclosed by a cladding tube made of Zircaloy-4. The fuel con­
sists of a one-phase solid solution of thorium and uranium dioxide, the amount of ura­
nium being approximatelly 5 w/o. The uranium is enriched about 93% with 235U. The 
cladding tube is closed by means of end plugs and welded gas-light. As in the stand­
ard U02 pellets, the end surfaces of the (Th,5%U)02 pellets are dished to reduce the 
axial thermal expansion of the pellet stack. 

The gaseous fission products released from the fuel matrix during the dweil time in the 
reactor are primarily accommodated in the gas plena at the end of the fuel rods. The 
upper plenum contains aspring which has to impart a certain degree of compression 
to the pellet stack so as to prevent axial moving of the pellet stack during fuel assem­
bly transport. The spring permits axial displacement of the fuel pellet stack relative to 
the cladding tube du ring irradiation. The lower plenum (if existing) contains a support­
ing tube. 

The fuel rods are internally prepressurized to reduce the strain induced by the coolant 
in the cladding tube in the core. Helium is used as the gas filling to assure fuel-to-clad­
ding heat transfer. 

Figure 2.2/1 shows a schematic diagram of the fuel rods. 
Figure 2.2/2 shows a pellet. 

2,2,1 Design criteria tor PWR (Th,U)02 tuel rods 

The fuel rod is exposed to certain loads du ring normal operation. It is necessary to li­
mit these loads to ensure that the rod retains its mechanical integrity. To demonstrate 
the mechanical integrity design limits are defined. These design limits and the reason­
ing behind them are presented in brief in the following pages of this section. As con­
struction and function of (Th,U)02 fuel rods and U02 fuel rods do not differ, the same 
design criteria are used for both rod types. 
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2.2.1.1 Temperatures 

It has been demonstrated in numerous irradiation experiments that fuel rods can be 
operated for lengthy periods even with molten fuel without damage to the cla<;lding 
tubes [2.2-2, 2.2-3]. 

Thetemperature limit for fuel rod design nevertheless requires that even under worst­
case operating conditions, including maximum possible overload, the melting point of 
the fuel shall not be exceeded at the point of peak thermal power generation. This par­
ticular limit is specified to ensure that sudden shitting of molten fuel in the interior of 
the fuel rods can be positively precluded. Thanks to this limitation, there is also no 
danger of excessive cladding tube expansion as a result of an increase in the volume 
of the fuel due to melting and there is therefore no need to provide additional space 
(porosity, hollow pellets, etc.) in the fuel rod to accommodate any such volume in­
crease. 

2.2.1.2 Rod internal pressure 

The fuel rod is filled with helium during manufacture. A filling pressure higher than at­
mospheric is applied. This improves heat transfer from the fuel to the cladding and re­
duces clad creepdown caused by coolant overpressure. 

At the beginning of the dweil period, the temperature rise during power operation and 
the different degrees of expansion of the cladding tube and the fuel cause the filling 
pressure to rise to more than 100%. This internal pressure increases progressively 
du ring the residence time as fission gases are released. It must nevertheless be as­
sured that the fuel-to-cladding gap cannot increase as a result of the internal pressure 
even at the end of the dweil time, Le. that the rate of increase of the cladding tube di­
ameter due to the maximum internal pressure must be less than the increase in pellet 
diameter due to fuel swelling (cladding non-litt-off design criterion). If this is not the 
case, Le. if the gap grows wider, the reduced coefficient of heat transfer across the 
wider fuel-to-cladding gap gives rise to higher fuel temperatures and hence to in­
creased fission gas release. This in turn causes the pressure in the fuel rod to build up 
still further and hence leads to continued widening of the gap. Another limit on the 
maximum permissible internal pressure is derived from the strain criterion explained in 
Section 2.2.1.3. 

2.2.1.3 Strain 

Given the manufacturing clearance between fuel and cladding. an operating clearance 
for the warmed-up condition at rated reactor power remains taking into account the 
elastic compressive strain in the cladding tube due to the coolant pressure and the dif­
ferent thermal expansion of the cladding and fuel. Owing to the difference between the 
coolant pressure on the outside and the helium pressure on the inside the cladding 
tube is subjeet to eompressive stress and contaets onto the fuel due to ereepdown. 
Onee the cladding has come into contact with the fuel, fuel swelling causes the clad­
ding tube to expand gradually untiI, in the extreme ease, Le. at very high burnup, the 
cladding tube may expand beyond its original beginning-of-life (BOL) dimensions. 
Consequently tangential deformation of the cladding is composed of ereep-indueed 
compressive strain and subsequent creep under tensile stress. The tangential strain 
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on the cladding tube is superposed with an axial strain since it is assumed that, once 
the cladding has co me into hard contact with the pellets, it will be lorced to expand ax­
ially as weil due to swelling and thermal expansion 01 the luel.Straining 01 the cladding 
by the luel can also be caused by power ramps. So the lollowing kinds 01 luel-cladding 
interaction have to be considered in luel rod design: 

a) fast power ramps 
Dependent on burnup, ramp height and final power the cladding can be strained 
due to the thermal expansion of the luel du ring power ramps. In this case the clad­
ding strain must be below the ductility 01 the cladding material by a sale margin 
(see also [2.2-4]). 
Principally last ramps can also cause a chemical/mechanical pellet clad interaction 
known as PCI/SCC. In this case the criterion just given is not valid. 
PCI/SCC failures however can be precluded as operational regulations and/or the 
reactor power regulation system ensure that the reactor is not operated under con­
ditions with the risk of PCI/SCC. 

b) long term Interaclion due to fuel swelling 
In this case stress relaxation at a low stress level takes place. The cladding is 
lorced to creep outward with a stress exponent 01 less than 10 (about 4 lor recrys­
tallized cladding). Under these conditions irradiated Zircaloy-4 has a very high 
creep ductility. The cladding strain has to be below the creep ductility by a safe 
margin. This limit shall not be exceeded even il the cladding tube is caused to ex­
pand not by the luel but by the internal gas pressure, provided that this pressure is 
higher than the external pressure exerted by the coolant. 

2.2.1.4 Corrosion 

Zircaloy-4 cladding tubes undergo corrosion at slow rates in reactor operation [2.2-5, 
2.2-6]. This causes thinning 01 the cladding tube walls and impairs heat transfer to the 
coolant. In the case 01 thick layers enhanced local variation 01 layer thickness can 
cause cladding delects. Therelore maximum cladding corrosion has to be limited. 

2.2.1.5 Hydrogen uptake 

Part 01 the hydrogen released in the corrosion process diffuses into the Zircaloy-4 
cladding tubes. This uptake must not exceed certain va lues since hydrogen in exces­
sive quantities can reduce the ductility 01 the cladding tube metal. 

2.2.1.6 Elaslic buckling and plaslic deformation under external overpressure 

As a result 01 the difference between the extern al coolant and rod internal gas pres­
sures, the luel cladding tubes are generally subject to an external overpressure. A 
cladding tube under external overpressure may momentarily buckle elastically or, if the 
stresses exceed the yield point, may undergo plastic delormation. 

To prevent elastic buckling and plastic deformation, the stipulation is that the maxi­
mum pressure difference shall exceed neither the press ure at which buckling takes 
place nor the pressure at which the membrane stress reaches the Rp02 yield point. 
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2.2.1.7 Cladding tube stresses 

In addition to the stresses imposed by the differenee between the eoolant and rod-in­
ternal pressures, a number 01 other stresses oeeur in the eladding tube, the overall el­
leets 01 whieh must be limited. 

The individual stresses in tangential, radial and axial direetion are eomputed to ealeu­
late the equivalent stress in aeeordanee with the energy 01 distortion theory. 

The design limits are based on the yield strength Rpo 2 and on the ultimate tensile 
strength Rm (see 2.2.4.3 ). 

2.2.1.8 Dynamlc loads 

In the analysis 01 the dynamie stresses aeting on the luel rods, only the alternating 
bending stresses exeited by the eoolant Ilow lorees are eonsidered. The other dynam­
ie loads (pressure Iluetuations, thermal stresses, ete.) may be negleeted on aeeount 01 
the low magnitude 01 Iluetuations and/or the low number of stress eyeles involved. 

In [2.2-7] a design eurve is given lor irradiated Zirealoy-4 showing the permissible num­
ber 01 stress eyeles as a lunetion 01 the amplitude 01 the stresses taking into aeeount 
the maximum possible mean stress. 

The design eurve was obtained on the basis 01 experimental results a salety laetor is 
applied to the sustainable stress eyeles and one of 2 to the stress amplitude, depend­
ing on whieh method yields the more eonservatlve value. 

With the above-mentioned salety laetors taken into aeeount, the permissible design 
value lor the alternating bending stress (enduranee limit) is obtained for irradiated Zir­
ealoy-4 under the eondition 01 maximum possible mean stress [2.2-7] and under op­
erating eonditions. 

2,2,2 Design related material properties of (Th,U)02 pellets 

The existing data 01 (Th,U)02 properties were reviewed to provide the data base re­
quired in the luel design analysis 01 luel irradiation. 

2.2.2.1 Thermal conductivity 

In oxide ceramies, heat ean be transported by three different meehanisms: 

a) eonduetion by phonons (laUiee eonduetion), 
b) eonduetion by photons (radiation), 
e) eonduetion by eleetrons. 

Phonon, or lattiee eonduetion, above the Debye temperature ean be represented by 
an equation 01 the lorm: 

1 
A = A + B.T 

where the eonstant A eharaeterizes phonon impurity, or grain boundary eollisions and 
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the constant B characterizes phonon-phonon collisions. A supplementary Cr" term 
can be used to fit some oxide ceramic data. This term corresponds to complicated 
phonon-phonon collisions and has some theoretical justification [2.2-8J. 

Contributions from internal radiation heat transfer and electron charge carriers can be­
come important at high temperatures. Indeed, in the U02, the observed increase in 
thermal conductivity with increasing temperature has been attributed to one or both of 
these factors. 

Schmidt [2.2-9J attributed the so-called "excess" thermal conductivity of U02 at the 
higher temperatures to an increase in the heat capacity with increasing temperature. 
This interpretation is compatible with a significant electronic contribution to the total 
thermal conductivity il the anomalous increase in the heat capacity is due to energy 
absorption through electron excitation. 

The experimental data 01 the (Th,U)02 thermal conductivity were reviewed and litted 
through a three-term lattice conduction equation. The 312 experimental results used in 
the litting cover the temperature range 01 room temperature until 1310° C, the U02 mo­
lar contents until 30% and were reported in the references [2.2-8,2.2-10 to 2.2-17J. 

The high temperature component 01 the thermal conductivity was evaluated using the 
following relationship 

(1 ) 

where 

a thermal diffusivity, evaluated at high temperature by extrapolation 01 the experi­
mental results; 

p density, evaluated at high temperature by extrapolation 01 the thermal expan-
sion results (section 2.2.2.3); 

Cp = heat capacity (section 2.2.2.2) 

A linear dependence of the U02-molar contents was supposed lor this component. 

Then, the thermal conductivity could be expressed by the lollowing litting, in W/m.oC: 

1 D.exp(-E/k (t + 273.15))J 
A = (1-ß·p) [A + ß.t + C.t2 + (T +273.15)2 

where: 

ß 2.5; 
p porosity Iraction; 
t temperature in ° C; 
A 6.1973x10-2 + 9.8982x1Q-2 y -6.4788x10-2y"; 
B 1.7646x10-' + 5.51 05x1 0-5 y; 
C -2.0052x10-" y2; 
D exp[E/k.d,(1-f,y)J 
E 2.6898 (1-0.4508 y) eV; 
y mole Iraction 01 U02; 
k 8.617x1Q-5 eV/K; 
d, 1189.4 K 
I, 0.35333 
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The relative standard deviation is 7.3 %. Figure 2.2/3 shows measured versus calcula­
ted thermal conductivities. 

Thermal conductivity measurement 

The thermal conductivity measurements of the (Th,5%Uj02 ex-gel pellets were done to 
support the evaluation of the irradiation tests in FRJ-2. 

The (Th,5%Uj02 thermal conductivity measurements were obtained through the above 
equation from thermal diffusivity measurements and supposing that the density is 
known from linear thermal expansion and the thermal capacity is known from literature 
data. 

The thermal diffusivity was measured by the laser flash method. The measurements 
were performed on cylindrical pellets (radius rand thickness Ij with different radius/ 
length ratios as shown in Table 2.2.1. 

Figure 2.2/4 shows the thermal conductivity measurements obtained at the KWU lab­
oratory. In this figure is shown the thermal conductivity obtained from literature, too. 

2.2.2.2 Thermal capacity 

The thermal capacity of (Th,Uj02 can be represented by a 3-term equation obtained by 
differentiation of the 3-term enthalpy equation. The enthalpy results cited in [2.2-18J 
and reported in the references [2.2-19, 2.2-20J were filled by the following relationship: 

1 1 
HT - H298 '5 (J/molj = C,9 [eXP(9/Tj-l exp(9/298.15j-1J + 

+ C2 [r2 - (298.15j2] + C3 exp(-E/RTj 

where 

9 387 K 
C, 71.151 J/moI.K; 
C2 4.1282xl(r' J/moI.K2; 
C3 3.4608xl0+9 J/mol; 
E 3.24218xl0+5 J/mol; 
R 8.31434 J/mol.K 

Figure 2.2/5 shows the (Th,Uj02 enthalpy for different compositions. As can be seen, 
no significant difference is observed. 

Then, the thermal capacity equation, for (Th,Uj02 for molar fraction of U02 until 0.20, is 
as folIows: 

C, 92 exp(9/Tj C3 E 
Cp = [exp(9/Tj-l]2T2 + 2 C2 T + 'RT'2 exp(-E/RTj 

where the constants have the same meaning as above. 

2.2.2.3 Thermal expansion 

The linear thermal expansion is treated isotropically and was determined from a best fit 
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of experimental data for the temperature range 0 to 2,000° C and for mole fraetions of 
UO,less than or equal to 0.50 [2.2-18, 2.2-21 to 2.2-27]. The obtained expression is giv­
en by: 

Ll.1 T (em/em) = (8.1635xlo-" + 3.8325xl0-Sy + 5.2423xlo-"y') . 

. (T-25) (1.2144xl0-9 + 1.4936xl0-'Oy + 
+ 1 .5633x 1 0-9 y'). (1' - 25') 

where T is the temperature in ° C and y is the UO, molar fraetion. 

This equation is applieable over the temperature range observed, with a relative stan­
dard deviation of 4.8 %. The number of experimental data used was 103. 

Figure 2.2/6 shows the eomparison between the ealeulated and experimental values. 

2.2.2.4 Meltlng point 

Melting points measurements on (Th,U) 0, systems from referenees [2.2-28 to 2.2-33] 
and ealeulated values based on ideal solution behaviour [2.2-8], are shown in Figure 
2.2/7. They are best fitted by the following equation 

Tm(°C) = 3,352 - 506· Y 

where y, the molar fraetion of UD"~ is :S 0.90. 

2.2.2.5 Theoretical density 

ThO, is gene rally eompletely miseible with UO, forming eomplete series of fluorite eu­
bie solid solutions. It was obtained from an expression for theoretieal density for 
(Th,U)O, solid solutions eonsidering the E-an Zen expression for lattiee parameter 
[2.2-34]. 

The theoretieal density for Th,.yU,o, is given by: 

p = mN (1 ) 

where m is the mass of solid solution and V is the unit eell volume of solid solution. 

For Th,.yU,o" the moleeular weight is given by: 

M = M, + Y (M, - M,) 

where 

M moleeular weight of solid solution; 

M, moleeular weight of UO, taking into aeeount the enriehment, if present; 

M, moleeular weight of ThO, 

y molar fraetion of UO, 

The number of metallic ions (Th4+ and/or U4+) in CFC unit eell is 4 to 8 oxygen ions. 
Then, the eell eontains 4 molecules of Th,.yUyO, and the mass of solid solutions ean be 
written as: 
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m = 4[M2 + Y (M, - M2)] (2) 
No 

Where No is the Avogadro's number and the other terms have the same meaning as 
above. 

The volume 01 Th,.yUy0 2 unit eell is given by the E-an Zen expression: 

v = a.' + y (a,3 - a.') (3) 

Substituting equation (2) and equation (3) into equation (1). the theoretieal density lor 
(Th,U)02 solid solution ean be written as: 

4 [M2 + Y (M, - M2)] 
p(Th,.yU,02) = N [ 3 + (3 3)] 

o a2 ya1 a2 
where 

a, = lattiee parameter 01 U02, 
a2 = lattiee parameter 01 Th02. 

(4) 

Figure 2.2/8 shows the measured lattiee parameter [2.2-25, 2.2-28, 2.2-31, 2.2-32, 
2.2-35] versus U02 eontents and the estimation eurve given by equation (3). 

Another method based on molar density 01 the solid solutions eomponents gives 

p [M2 + y(M, - M2)]· [m2 + y(m, - m2)] 
p M·m 

where 

m, 4.05931 x1 0-2 moles/em3 = molar density 01 U02; 
m2 3.78775x10-2 moles/em3 = molar density ofTh02; 
M M2 + y(M, - M2) = moleeular weight 01 solid solution; 
m m2 + y(m, - m2) = molar density 01 solid solution. 

Example: 

Caleulation 01 theoretieal density lor (Tho.95 UO.OS)02: 

a, 5.4693x10-" em 
a2 5.5970x1Q-<lem 
No 6.023x1023/mol 
M, 270.05 g/mol 
M2 264.04 g/mol 

Irom equation (4). we have: 

p(Tho95 UOOS)02 = 10.046 g/em3, 

and Irom equation (5) results 

p(Tho95 UO.OS)02 = 10.048 g/ema 

2,2,3 Design related phenomena on (Th,U)02 pellets 

(Th,U)02 pellets have been shown to have many more similarities than ditferenees in 
relation to U02 pellets. So, the design related phenomena modelling base 01 U02 pe 1-
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lets were adapted for (Th,U)O, pellets. The adaptation was performed in view of avail­
able information of the literature, theoretical and experimental studies and irradiation 
tests in the research reactor FRJ-2 in Juelich, Germany. 

2.2.3.1 Densification 

Densification occurs in the porous fuel under irradiation, causing a reduction in porosi­
ty and hence in pellet volume [2.2-36]. The magnitude and densification rate are mar­
kedly governed by the initial pore sizes. 

The densification mechanisms that prevail in fuel of the pore size range of standard 
PWR fuel can be described with sufficient accuracy by a burnup dependent formula 
whose constants are calibrated against empirical densification values. 

In the case of (Th,U)O, pellets, a careful determination of the irradiated fuel pellet den­
sity was carried out in order to get appropriated constants for the densification formu­
la. Figure 2.2/9 shows the fuel dimensional variation considering superposition of den­
sification and swelling in comparison with experimental points. 

2.2.3.2 Swelling 

The swelling rate on (Th,U)O, pellets was taken as follows [2.2-37]: 

/J.ylSI 
-V ~ 1.25%/[10 MWd/(kg U + Th)] 

where /J.yISI/V is the pellet volume increase due to swelling. 

2.2.3.3 Relocation 

Already at the first power rise the pellets split into cuneiform fragments owing to the 
steep radial temperature gradient. Accordingly this cracked fuel is able to undergo 
free thermal expansion. Beyond that the fuel fragments relocate in outward direction. 
This gives rise to an additional increase of the thermally effective pellet diameter. This 
radial relocation adapts itself to the available "space in the gap". This model is calibra­
ted against fuel rods equipped with temperature instrumentation. 

Taking into account the minor differences in the material properties of (Th,U)O, and 
UO" the linear heat rating at typical PWR conditions higher than the threshold power 
level required to initiate the cracking and the large scattering on the UO, relocation be­
haviour [2.2-38,2.2-39], a similar relocation behaviour to UO, is expected for (Th,U)O,. 

2.2.3.4 Fission gas release 

A certain fraction of the fission gas produced is released from the fuel into the free vol­
ume of the fuel rod. The KWU fission gas release model is based on the following con­
cept: the capacity of the fuel grain matrix for retaining fission gas is limited. The fission 
gas which can no Ion ger be retained in the grain interior accumulates at the grain 
boundaries and from there it may be released via pathways that form in the network of 
grain boundaries. The model comprises - one sub-model for steady-state and one for 
transient release. 
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Results of fission gas release from 59 fuel rods containing (Th,U)O, were reported by 
Goldberg et al. [2.2-40,2.2-41, and 2.2-42J. Analysis of these results showed that the 
thoria-based fuel rods have lower fission gas release than UO, rods under similar op­
erating conditions. 

However, this was not observed for the present ex-gel-C-(Th,5%U)O, fuel irradiation 
testing. Fission gas release fractions measured from irradiated test fuel rods are com­
parable to the calculated ones according to the KWU model (U-based fuel): 

Observed 

0.17% 

1.61 % 

2.2.3.5 Reslrucluring 

Calculaled 

0.18% 

1.01 % 

Formation of columnar grain by a sublimation-condensation phenomenon for UO, fuel 
is considered to occur at about 1800° C The phase transition solid-vapour of the fuel 
oxides occurs in the vapour pressure range 10.5 to 10.4 atm. 

The sublimation temperature of 2,400° C for pure ThO, was determined from experi­
mental in- and out-of-pile investigations. So, it is foreseen for (Th,U)O, mixed oxides a 
restructuring temperature range 1,800-2,400°C depending on the fuel composition. 
Based on the analysis of the literature survey [2.2-43, to 2.2-45J the following tempera­
tures for (Th, 5 % U)O, fuel were taken: 

a) minimum temperature for onset of equiaxed grain grow1h equal1 ,800° C; 

b) minimum temperature for onset of columnar grain grow1h equal 2,100° C. 

2.2.4 Design related material properties and phenomena of 
Zircaloy-4 cladding tubes 

Zircaloy-4 is used as standard material for the cladding of fuel rods. It has low thermal 
neutron cross section and good mechanical properties as weil as good corrosion re­
sistance. For fuel rod design the properties of Zircaloy-4 are described in the follow­
ing. Irradiation tests in the research reactor FRJ-2 in Juelich, Germany have shown 
that cladding behaviour of (Th,U)O, fuel rods is comparable to that of UO, fuel rods. So 
the same models can be used for both rod types. 

2.2.4.1 Thermal conducllvlty 

The thermal conductivity A of Zircaloy-4 depends on temperature T as given in the fol­
lowing (in W/m'K): 

T 20 ... 800°C: 
A = 13.51 + 5.138x1<r' . T + 8.055x1o-" . l' 
T = 800 ... 1 ,600°C 
A 15.12 + 1.100x1o-"T + 1.058x1O-<1' 
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This dependency is iIIustrated in Figure 2,2/10, 

2.2.4.2 Thermal expansion 

The manufacturing process causes anisotropy of the cladding tubes. So their linear 
thermal expansion is different in the axial and radial direction. It depends on tempera­
ture T as follows (reference temperature 25° Cl 

Axial direction: 
81/10 = 5,575xl0-6T-l,115xlQ-4forl00°C < T < 800°C. 

Radial direction: 
81/10 = 2,6412xl0-4 + 3.7099xlQ-6T + 7.4252xl0-9 T"for 100°C< T < 600°C 

This dependency is iIIustrated in Figure 2,2/11, 

2,2.4.3 Mechanical properties 

Young's modulus 
The Young's modulus is temperature-dependent: 

E = 99,408 - 65.4 T (N/mm2) 

Polsson's ratio 
For fuei rod design a mean value of several measured data is used wh ich is not de­
pendent on temperature: 

ö = 0,3 
Strength 
Strength depends on material and condition of the cladding, PWR cladding tubes are 
in general cold worked and stress relieved or partly recrystallized, Typical figures for 
yield strength and ultimate tensile strength at operating temperature are: 

Yield strength RP02 

Ultimate tensile strength Rm 

Stress Partly 
relieved recrystallized 

320 

400 

250 

340 

Because of the heat input in the cladding during the welding process the region imme­
diately adjacent to the welding zone shows a certain loss of strength, Therefore for 
this cladding condition, strength va lues for the fully recrystallized Zircaloy-4 tube are 
used conservatively, 

It must be mentioned that calculating on the basis of specified values is conservative: 
the specified values are minimum values and due to irradiation the material undergoes 
a considerable increase of strength (Figure 2,2/12), 

2.2.4.4 Creep 

External overpressure causes compressive stresses in the cladding, Therefore it is 
forced to creep inward so that the diameters are reduced. This process depends on 
temperature and fast neutron flux, 
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80th inlluenees are eomposed 01 a primary and a seeondary term: 

a) Thermally aetivated primary ereep strain Bp,lh 

b) Thermally aetivated seeondary ereep strain B"lh 

e) Irradiation-indueed primary ereep strain Bp,lrr 

d) Irradiation-indueed seeondary ereep strain B"I" 

These eomponents are superposed to get the total ereep strain: 

E = Ep,th + Es,lh + Ep,lrr + ES,Irr 

Every eomponent is a lunetion 01 the seeondary ereep rate as: 

Bp = ci:, (1 - exp(kVt) 
Es = es·t 

where: 

C strain-hardening eonstant 01 the material. 
k temperature lunetion. 

insertion time. 

The seeondary ereep rate is 

a) lor thermally aetivated ereep: 
i:"lh = A ,h ' exp (K/TH) TI." 

b) lor irradiation-indueed ereep: 

where 

A ereep eonstant; 
T stress; 
K eonstant; 

~ - A ,nO.85.~ 
~S,lrf - irr 'Y ' 

T H me an eladding temperature (absolute); 
<p last neutron Ilux, 

This ereep model was deseribed in [2,2-46], It was ealibrated with data from KWU mea­
surements ineluding post-irradiation examination results and with data trom literature, 
Figure 2,2/13 shows a eomparison between measured and ealeulated eladding tube 
outside diameter reduetions, 

2.2.4.5 Axial growth 

Zirealoy-4 eladding tubes undergo axial grow1h during irradiation in the reaetor, 

This anisotropie grow1h effeet is eaused by neutron bombardment and is eonneeted 
with the texture of the eladding tubes (differing aeeumulation 01 radiation-indueed va­
eaneies or interstitials on base surfaee of the hexagonal erystal lattiee). 

The axial grow1h of PWR eladding tubes is ealeulated with an exponential formula: 

111/1 = A . (0 . t)" (%) 

where: 
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o . t~ fast neutron fluences . I.E-21 
A,n ~ model constants 

Figure 2.2/14 shows growth curves gained by experience. 

2.2.4.6 External corrosion 

The contact to the coolant causes an external corrosion of the fuel rod cladding tubes. 
Under PWR conditions the corrosion rate of Zircaloy-4 is governed by the metalloxide 
interface temperature. It is enhanced by irradiation [2.2-5]. 

The corrosion layer starts growing proportionally to the cubic root of time. After a cer­
tain layer thickness is reached (transition point) a linear time dependency follows 
[2.2-6] : 

Pre-transition: (ds/dt)3 ~ K," (-3 TA,ITK) 

Post-transition: ds/dt ~ F, K2 exp (-T A2/T K) 

where: 

s cumulative corrosion layer thickness; 
t time; 
K corrosion constants; 
TA Arrhenius temperatures (absolute); 
TK interface temperature (absolute) metalloxide; 
F, irradiation factor. 

Figure 2.2/15 shows KWU experience with oxide layers in PWRs. 

Due to corrosion attack the thickness of the metallic cladding tube is reduced with in­
creasing corrosion layer. As the corrosion products are less dense than the metal only 
about 2/3 of the layer thickness lie under the former metal surface. 

Corrosion is caused by oxygen wh ich was dissociated out of the coolant water. So 
free hydrogen remains which is absorbed by the cladding and forms hydrides [2.2-6]. 
Hydrogen contert is calculated as follows [2.2-6]: 

where 

CH.O~ 
K 
a 
s 
h 

CH ~ CH.o + K . a 's/h 

initial hydrogen in cladding tube wall; 
constant; 
hydrogen pick-up fraction; 
corrosion layer thickness; 
cladding wall thickness. 

Figure 2.2/16 shows the development of the hydrogen pick-up fraction with growing 
corrosion layer thickness. 
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2.2.5 Thermal and mechanical design of a Th-Fuel rod 

2.2.5.1 Th-CARO approach tor (Th,U)02 tuel rods behavlour 

The CARO-O Computer Code has been developed for the analysis of the fuel rod be­
haviour under the conditions of authorized operation. The code deals with the entire 
rod in its radial and axial extension. It is originally applicable to oxide pellet fuel (pure 
UO" mixed U/Pu oxide and fuel poisoned by neutron absorbers) enclosed in metallic 
cladding tubes for use in (light and heavy) water-moderated power reactors. In the 
frame of this program, the code has been adapted to handle (Th,UjO, fuel pellets. 

Figure 2.2/17 shows a simplified flow chart of CARO-O. 

Starting with the local coolant temperature, the radial temperature pattern is calculated 
by stepping opposite to the direction of radial heat flow. 

Calculation of the temperature drop acress the gap pelletlcladding takes into account 
thermal conductivity of the gas mixt ure, radialstrains of the fuel and cladding tube, 
and gas extrapolation lengths at the solid/gas interface. 

The calculated gas press ure depends on the individual temperatures in the free vol­
umes, their dimensional changes, as weil as the amount of fill gas and also of that 
wh ich is released from the fuel in the course of exposure. 

The code CARO-O comprises a set of interactive sub-models for handling the various 
mechanisms that determine fuel rod behaviour under inpile conditions. These are de­
scribed in seetions 2.2.3 and 2.2.4. 

The adaptation of the CARO-O code (from the CARO-05 versionj resulted in the 50-

called Th-CARO version and included the (Th,5%UjO, fuel pellets material properties 
as weil as the interactive sub-models. 

2.2.5.2 Th-CARO performance calculations tor (Th,5%U)02 test tuel rods 

The Th-CARO version was verified against measured data from instrumented test fuel 
rods irradiated in tlie FRJ-2 research reactor in Juelich, Germany. These data can be 
grouped into temperature, fission gas release and dimensional changes. 

Centreline temperatures 

The model for fuel temperature calculation was calibrated against fuel rods equiped 
with temperature instrumentation. Figure 2.2/18 compares the fuel centreline tempera­
tures calculated by Th-CARO version with those actually measured: The shown data 
cover linear heat generation rates up to 370 W/cm and burnups up to 9.6 MWd/(kg 
U + Th). 

Fission gas release 

The KWU fission gas release model for LWR fuel rods was applied to the (Th,UjO, test 
fuel rods without modifications. In Figure 2.2/19 the calculated values for fractional fis­
sion gas release are compared with the measured values for about 100 LWR fuel rods. 
The results of the figure comprise UO" (U,PujO, and (Th,UjO, fuel pellets. 
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Rod dimensional changes 

The Iree volume in the lu el rod is calculated by the Th-CARO version as a result 01 di­
mensional changes in the luel (densilication and swelling) and in the cladding (creep 
and axial growth). Table 2.2.2 shows a comparison between the measured and calcu­
lated values lor the inner Iree volume. 

2.2.5.3 Design calculations lor (Th,5%U)02 pathflnder test luel rods 

A test irradiation was designed lor the Angra-1 reactor. Four segmented and one lull­
length lu el rod loaded with thorium based luel pellets were designed to be inserted in 
a special carrier luel assembly lor up to lour reactor cycles. Figures 2.2/20 and 2.2/21 
show the test luel rods. With exception 01 the length and the connection end pieces, 
there is no basic difference between a segment 01 the segmented luel rod and a lull­
length luel rod. 
Table 2.2.3 shows a list 01 the individual calculations associated with each 01 the de­
sign limits to be complied with. 

The codes used lor the individual calculations are also shown in Table 2.2.3. The most 
important conservative assumptions in the calculations are explained in the parts deal­
ing with the respective calculations. 

Determination 01 power distributions 

In the neutron physics calculations (section 2.1.3) two different positions to insert the 
special carrier luel assembly were considered. For these design calculations the posi­
tions in reactor core that result in a lower power in the last two cycles were taken, be­
cause in this case a lower amount ollission products should be released. A more uni­
lorm power over all the dweil time is resulted in this case, too. 

For the segmented rods, only the segment exposed to the highest load was consid­
ered. 

The result 01 the maximum local linear power lor the test luel rods is shown in Figure 
2.2/22 lor the lour reactor cycles. 

Two kinds 01 calculations were performed: beginning-ol-lile calculations (BOL) and 
long-term calculations (relerred in the lollowing as end-ol-lile, EOL, too). 

Beginning-ol-Lile calculations (BOL calculations) 

The BOL calculations were performed by means 01 the CARO-D computer code to 
demonstrate that under conditions 01 authorized operation the luel will not melt and 
the cladding tube will not be tangentially strained beyond the design limit. For this pur­
pose, various conservative Input data records were used lor each calculation, the 
most important assumptions 01 wh ich are shown below: 
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Data batch 1 2 

Cladding tube diameter max. min. 
Pellet diameter min. max. 
Rod Iree gas volume min. max. 
Fuel density min. min. 
Fill gas pressure max. min. 
Helium absorption' max. 
Fission gas release' max. min. 
Fuel densifieation max. min. 
Fuel swelling' min. max. 
Cladding ereepdown' min. max. 
Radial reloeation min. max . 

• These models are inoperative at BOL. 

Data bateh 1 yields the maximum fuel rod eentre temperature and data bateh 2 yields 
the maximum interaetion between fuel and eladding tube. 

Maximum fuel temperature 

The fuel eentre temperatures and the temperature profile in the pellet ealeulated eon­
servatively with data bateh 1 on the basis of the maximum linear heat generation rate 
at BOL are shown in Figures 2.2/23 and 2.2/24 as a funetion 01 the loeallinear power. 

The worst ease for pellet-eladding tube interaetion ealeulated eonservatively with data 
bateh 2 on the basis of the maximum linear heat generation rate is shown in Figure 
2.2/25. 

No pellet-eladding tube interaetion is expeeted. 

End-al-Lile calculatians (EOL calculatians) 

For the ealeulation of the long-term behaviour of the fuel rods, the same eonservative 
eombinations of the input data for CARO-D were used. 

Data bateh 1 yields the highest fission gas release and maximum rod internal gas pres­
sure. Data bateh 2 yields the maximum interaetion between eladding tube and fuel. 
Here, however, fission gas release is minimal, the highest rod internal pressure is also 
minimal. An overload faetor in ease of data bateh 1 is taken into aeeount as a safety 
margin. 

Figures 2.2/26 and 2.2/27 show the highest fission gas release and the highest rod in­
ner pressure, respeetively, from bateh 1. The fuel rod eentre temperatures resultlng 
from data bateh 1 are shown in Figure 2.2/28. 

The interaetion between fuel pellets and eladding tube in the radial direetion ealeulated 
with data bateh 2 is shown in Figure 2.2/29 for the segment with the highest load. 

The total expansion of the fuel is obtained from the sum of the thermal expansion and 
the ehanges in diameter due to densifieation and swelling. 

The total expansion of the eladding is obtained from the sum of the ereep indueed de-
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formation, thermal expansion, compressive strain and diametral cold as-filled clear­
ance. 

The determination of the axial strain in the cladding tube is based on the assumptions 
that the cladding is forced to expand in the axial direction by the expanding fuel pro­
ceeding from the point of hard contacl. In addition, the irradiation-induced axial growth 
of the cladding tube, wh ich reduces the plastic strain in the axial direction is taken into 
consideration from the time when the hard contact is reached. The individual strains in 
the axial direction are shown in Figure 2.2/30. 

For ta,pl the tollowing applies: 

where 

ta,pl ~ axial plastic strain; 
ta,IOI ~ total axial strain; 

Ea,pl = ta,tol - Ea,irr - Ca,el 

t a,'" ~ irradiation-induced axial growth; 
t a,.' ~ axial elastic strain components. 

The equivalent plastic strain te,pl is calculated from the plastic strains in the axial and 
tangential directions according to the following equation: 

2 
Ee,pl = V3 Ve~,PI + Efpl + Ba,pl . Et,pl 

According to these results the warm pellet-cladding diametral clearance should in­
crease after ab out 1,000 days of irradiation time, As a consequence an excessive in­
crease of the fuel centre temperature and rod inner pressure were calculated (Figures 
2.2/28 and 2.2/27). 

These calculations were based on results of test irradiations in the research reactor 
FRJ-2 at KFA Juelich. Only burnups up to 9.6 MWd/kgHM were achieved in these irra­
diations, The fuel design parameter set concerning densification, swelling, fission gas 
release and relo~ation were obtained from the performance calculations as described 
in section 2.2.5,2, In the design calculations the validity of these parameter sets was 
extrapolated to up about 60 MWd/kgHM. Data on the fuel performance at high bur­
nups are necessary to support the conclusions of these design calculations. Addition­
ally, results from best-estimate calculations of temperatures, fission gas release and 
internal pressures have been included in Figures 2.2/26 to 2.2/28, 

Stress Analysis 

Steady-State Stresses 

The stress analysis calculations were performed by means of the SPAN program. Two 
cases were investigated: 
a) tuel rod with the highest cladding tube temperature; 
b) reactor at hot standby, 

The calculations were performed conservatively for the beginning of life when the 
pressure difference at the cladding is at its maximum and strength has not yet in­
creased by neutron irradiation, 
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The external and internal cladding tube temperatures and the tuel rod internal pressure 
obtained trom the Th-GARO calculations were used in the determination ot the 
stresses. 

These calculations showed that the pressures developed in the cladding tube are se­
curely below the design limits. 

Cycllc Stresses 

The maximum cyclic bending stress calculated by means ot the SPAN program 
showed that there is a very wide satety margin, especially since the stresses have 
been calculated conservatively. 

2,2.6 Conclusions 

The tuel rod design studies on Th/U based tuel rods have provided the tollowing re­
sults: 

a) a material properties database worked out trom the open literature and data col­
lected trom own measurements made on ex-gel-G-(Th,5%U)02 tuel pellets, 

b) a model tor a tuel pellet, adapted trom the available Siemens UB KWU model tor 
U02 tuel pellets with data obtained trom the open literature and trom in-pile and 
post-irradiation examination in the Jülich FRJ-2 research reactor, 

c) a computer code tor tuel rod design and performance prediction. validated with ir­
radiation testing ot ex-gel-G-(Th.5%U)02 tuel rods in the FRJ-2 reactor. 

The design analysis ot ex-gel-G(Th,U)02 test tuel rods could be sately introduced in a 
pressurized water power reactor tor a pathfinder irradiation test. 
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Table 2.2.1: Radius/length ratios of cylindrical pellets used for thermal diffusivity measurement 
by the laser flash method. 

Probe 

A 

B 

72 

(%TD) 

94.91 

95.05 

o 
(mm) 

9.42 

9.503 

1 
(mm) 

6.73 

8.265 

Table 2.2.2: Comparison of measured and calculated free 
volume at end-<Jf-life 

Fuel Rod Measured (em3) 

TT80 2.22 ±0.06 

TDT81 2.21 ± 0.04 

TT82 2.13 + 0.04 
-0.06 

TDT83 2.19 + 0.06 
- 0.04 

TDT85 2.15±0.09 

Table 2.2.3: List of individual calculations 

Design ealeulation 

Beginning-of-life (BOL) 

Beginning-of-life (BOL) 

End-of-life (EOL) 

End-of-life (EOL) 

Stress analysis 

Elastle buekling 

Plastie deformation 

Data Bateh 

2 

2 

Caleulated (em3) 

2.05 

2.01 

2.04 

1.97 

1.98 

Computer Code 

Th-CARD-D 

Th-CARD-D 

Th-CARD-D 

Th-CARD-D 

SPAN 

r/l 

0.700 

0.575 
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Fig. 2.2/1,' Schematic Diagram of (he Fuel Rod 
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Do pellet diameter 
Ho pellet height 
D1 diameter of central channel 
Vo dishing volume 
Ro dishing radius 

Fig. 2.2/2: Fuel Pellet Sketch 
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Measured thennal conductivity rN/ml "C] 

10 

5 

o 

.. 
. '.:! 
,=' .••• 

• ,I ...... 

~.ii<· ,". 
,. ,':' 

• "I j' 
I" \ .. ' • . " ,r. 

I ~ ," 

5 

.. " 
,'" 'lI 

' .. 

.. 

10 15 

---1.- Calculated thennal conductivity rN/ml "C] 

Hg. 2.2/3: Measured Versus Calculated Thermal Conductivity of (Th,U)02 
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Ci 
Inverse thermal eonductivity [(W/em/CCr'] 
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Enthalpy Hr H298.35 [103 J/mol] 
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Fig. 2.2:5: Enthalpy of (Th. Uj02 Solid Solution 

77 



Measured thermal expansion 
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Fig.2.2/6: Measured Versus Ca/cu/aled Therma/ Expansion of (Th,UJ02 
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Temperature [CC] 
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Fig. 2.2/7: Melting Point of Thorie-Urania Solid So/utions 
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Fig. 2.2/9: Density Evolution of the (Th, U}02-Fuel During Irradiation 
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Thermal conductivity [W/(K· m)] 

30 

20 

------J .. _ Temperature[CC] 

Fig.2.2/10: Thermal Conductivity of the Zircaloy-4 Cladding Tube Material Versus 
Temperature 
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Fig. 2.2/11,' Thermal Expansion of (he Zircaloy-4 Cladding Tube Material 
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Fig.2.2/12: Yield Strength of Zircaloy-4 Cladding 
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Maximum reductlOn OT the 
cladding tube diameter, calculated [ftm] 
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Fig.2.2/13: Maximum Reduction of the Cladding Tube Outside Diameter, Measured 
Versus Calculated With CARO-D (Best Estimate Values) 
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Fig.2.2/15: Oxide Layer Thickness on PWR Fuel Rods With Comparable Power History 

---,--", 



'" '" Hydrogen pick-up factor a [Ofo] 
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Fig.2_2/17: Program Flow of CARO-D 
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Calculated centerline temperature ["C] 
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2.3 Technology Development for (Th,U)02-PWR Fuel 

The aim of this task was the development of a reliable process for the manufacturing 
of (Th,U)O, fuel pellets meeting the operational PWR requirements. This should be 
performed using available fabrication technology as much as possible. 

2.3.1 Basic technology for (Th,U)02 pelletlzing ex-gel 

Within the former D,O-Th-Program (Th,U)O, fuel pellets were manufactured in 1964. 
The fuel was needed to perform a critical experiment [2.3-1]. 

The fuel was manufactured in the normal Light Water Reactor (LWR) production lines 
for UO,. The fabrication process comprised the steps powder mixing, pressing and 
sintering in hydrogen-atmosphere. The defined specifications could be reached. How­
ever, the homogeneity, the structure and the geometrical shape were inadequate un­
der the aspect of using this fuel as a reactor fuel. 

To overcome these ditticulties it was emphasized to use : 

the chemical ex-gel conversion process resulling in calcined unsintered(Th,U)O, 
particles where both constituents ThO, and UO, form a perfect solid solution 

in combination with: 

standard pelletizing techniques. 

Selecting this combination otters the possibility to use the available manufacturing 
equipment and quality assurance programs from commercial High Temperature Reac­
tor (HTR) and LWR fuel production without modification, especially (Figure 2.3/1): 

a) the kernel fabrication lines from HTR; 

b) the pressing, sintering and grinding equipment from LWR. 

2.3.1_1 Conversion process 

For the preparation of spherical particles wet-chemical processes have proven to be' 
very suitable for the production of fuel kerneis for HTR fuel elements. A special wet­
chemical process which employs the gel precipitation has been developed up to the 
production scale, according to which all current types of spherical nuclear mixed-ox­
ide feed and breed particles (mostly called kerneis). containing high melling uranium 
and thorium oxides and carbides, respectively, can be fabricated by only slight 
changes in the composition of the feed solution and some process parameters. 

For production of mixed-oxide Th/U kerneis aqueous solutions of uranyl nitrate, thor­
ium nitrate and polyvinyl alcohol (PVA) as auxiliary material are homogeneously mixed 
in a specified ratio. Using mechanical vibration of an eletromagnetic vibration system 
this feed solution is passed through nozzles, generating jets of liquid in air which are 
dispersed into uniform droplets. The surfaces of the droplets are hardened by chemi­
cal reaction with ammonia gas wh ich are collected in ammonia solution where the ex­
ternal gelation reaction is completed. 
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Subsequently, the kerneis are treated with aqueous ammonia thus eliminating the 
reaction by-product ammonium nitrate. Drying and calcining are performed in air, 
whereby the thorium oxide hydrate is dehydrated and ammonium diuranate and the 
PVA are thermally decomposed (Figure 2.3/2). 

2.3.1.2 Pelletizing 

As far as UO, pelletizing is concerned there are two alternatives for the fabrication of 
green pellets due to the powder properties from the different powder conversion pro­
cesses (Figure 2.3/3): 

a) the granulation process by adaptation of the powder flowability for powder trans­
port and filling of the pressing tools sometimes in combination with the addition of 
internallubricants to improve the pressing characteristics; 

b) the direct pelletizing taking the powder directly from the conversion to the pressing 
without additives or any conditioning of the powder to the process needs. 

The method of direct pelletizing, successfully used for commercial LWR-fuel produc­
tion from UO,-powder ex-AUC-process in several countries, was chosen for the pres­
ent application. 

Since the sintering activity of the as-produced (Th,U)O, green pellets is very high, the 
mixed oxide pellets can be sintered in H, at a maximum temperature of 1 ,750°C in rea­
sonable sintering times (Figure 2.3/4). This proves that standard pressing equipment 
and sintering lines from commercial UO,-production are suitable for (Th,U)O, pelletiz­
ing. However, two problem areas could be identified where the R + D effort was con­
centrated, as described in the following. 

2,3,2 Objectives, problems and solutlons 

2.3.2.1 Requirements for PWR-fuel pellets 

The basic requirements a water cooled reactor fuel has to meet can be subdivided into 
the following features [2.3-2J: 

a) optimum content and homogeneous distribution of fissile and fertile material ac-
cording to reactor physics calculation; 

b) limited amounts of atoms with parasitic neutron absorption; 

c) high melting point and high chemical stability; 

d) limited chemical interaction with the cladding and compatibllity with the coolant; 

e) high thermal conductivity, sm all thermal expansion; 

f) dimensional stability under irradiation; 

g) high fission product retention. 

Some of these properties are inherent to the oxide fuel materiallike cl. d) and e) in the 
case of UO, and ThO,. Other required characteristics such as fissile/fertile distribution, 
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the dimensional stability and the lission product retention are governed by the manu­
lacturing process. The use 01 a gelation process lor (Th.U)02 labrication guarantees 
the completely homogeneous distribution 01 Th and U in the luel. The dimensional sta­
bility and the lission product retention are mainly related to the luel density and mic­
rostructure; the target values 01 these properties are given in Table 2.3. t (see [2.3-3]). 

The development 01 a (Th.U)02 manulacturing process has to be done with the aim 
that these pellet properties can be salely adjusted. 

2.3.2.2 Scoping studies 

The two basic processes to be used lor (Th.U)02 pellet manulacturing have both prov­
en to be very reliable in large scale luel production - the ex-gel conversion lor HTR-Iu­
el and the direct pelletizing lor LWR-Iuel. The combination 01 both olters the unique 
possibility to use the existing manulacturing equipment and quality assurance pro­
grams lor commercial PWR and HTR [2.3-3 to 2.3-6J. 

First investigations showed the leasibility 01 this combined labrication route [2.3-7). 
Two major areas 01 concern have been identitied in these preruns: 

a) the improvement 01 Ihe fuel microstructure. especially 10 avoid the so-called "black­
berry" structure; 

b) the adjustment of the pore size distribution due to requirements given in Table 
2.3.1. 

For the improvement of the pellet microslructure an adaptation 01 both processes to 
each other is necessary and can be performed in three possible ways. Figure 2.3/5: 

a) adaptation 01 the kernel properlies to the requirements of direcl pelletizing; 

b) adaptation of pressing and sintering condilions to the kerneis as precipitated; 

c) or a partial adaptation of both. 

The adaptability of the pelletizing steps. pressing and sintering. has been investigated 
in so me scoping studies. The variation of parameters and the inlluence on the pellet 
properties are summed up in Table 2.3.2. Only a minor potential of adjusting the pellet 
properties has been found. II turned out very soon that standard ex-gel-kernels are 
not suitable for direct pelletizing. 

Thus. main eltorts have been done to adapt the kerneis' properties. This adaptation 
mainly consisted in: 

a) lowering the mechanical strength in order to facilitate the disintegration of kerneis 
during pressing and 

b) lowering the sintering activity to get a homogeneous pore structure (the .,internal" 
sintering of the kerneis should be prevented). 

2.3.2.3 Solution investigated 

The high mechanical strength of the kerneis as optimized for HTR application is disad­
vanlageous in the case 01 compactation: high pressing forces are needed. and the 
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non-complete disintegration of the kerneis du ring pressing leads to the "blackberry" 
pellet structure. 

Considerable efforts were done to obtain softer kerneis. All development work with re­
spect to kernel softening is summed up in Table 2.3.3. The steps 1 through 5, consist­
ing in an optimization of the composition of the feed solution and of the heat treatment 
had some beneficial effect on the kernel strength, but they all resulted in a not totally 
satisfactory microstructure. 

The most effective way of "softening" the kernel has been found by comparison with 
UO, powder from the AUC conversion process as can be seen in mercury porosimeter 
measurement in Figure 2.3/6, the UO, ex-AUC powder reveals an inner pore structure 
with two pore fractions: 

a) a fine size pore fraction of about 100 nm diameter, wh ich gives ab out 99 % of the 
specific surtace area of the powder (sinter pores); 

b) a coarse pore fraction of about 1-5 f.Im diameter; these pores act as notches for 
the crushing process du ring compactation (press pores). 

The idea to introduce such press pores in the ex-gel-kemels, too, could successfully 
be verified by adding decomposable pore formers already to the feed solution. Such 
substances are encased in the kerneis during pouring, decompose during the follow­
ing heat treatment and form pores in this way. The use of carbon black as pore form­
ing additive was successfully tested and introduced as a process step. The efficacy of 
carbon black is demonstrated by Hg porosimeter results (Figure 2.3/6) as weil as by 
tests of the kerneis crushing strength. This test has been developed to get a measure 
for the mechanical strength of the kerneis. It consists in crushing single kerneis bya 
slowly moving punch and recording the force of crushing in dependence on punch po­
sition. As can be seen in Figure 2.3/7, unadapted kerneis show a brittle fracture at a 
high force, whereas soft kerneis break at low forces successively into different frag­
ments, which is comparable to the behaviour of UO, ex-AUC powder. 

The use of carbon black needs a treatment of the kerneis after the precipitation to re­
move the carbon - the C-content in the pellet is specified at a very low level (see sec­
tion 2.3.3). This carbon removal is effectuated during the calcination in air, where the 
carbon black oxidizes to CO, leaving the kern eis easily. On the other hand, the calcina­
tion is the final step for the adjustment of the sintering activity mainly via controlling 
the specific surtace area. The calcination parameters have been optimized with re­
spect to both requirements. 

The removal of carbon as shown in Figure 2.3/8 is dependent on calcination tempera­
ture and time, whereas the specific surtace area can only be controlled by the calcina­
tion temperature, see Figure 2.3/9. Since specific surtace area of not more than 
10 m'/g is desirable, a temperature of 900 through 950°C is necessary. At such high 
temperatures, the carbon removal is a fast process thus a short calcination time of 
about 2 hours is sufficient. 

Using the pelletizing conditions as given in Table 2.3.2, a good progress in the micro­
structure improvement and in the adjustment of the pore size distribution could be 
achieved. This step by step optimization is demonstrated in Figures 2.3/10 and 2.3/11. 
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2.3.3 Pellet specification and Quality Assurance requirements 

Satisfactory in-pile behaviour of nuclear fuel can only be achieved by elose coopera­
tion between all stages of design. technology, manufacturing and the evaluation of op­
erational experience within a closed system of an "Engineered Quality Assurance Sys­
tem" [2.3-8]. 

The fuel specification and the quality control system are both important parts of this In­
tegrated Quality Assurance Circuit at KWU, shown in Figure 2.3/12. 

Fuel design ensures a safe margin between the in-pile requirements and the technical 
properties of the fuel, which are fixed in the fuel specification. Quality assurance has to 
guarantee an appropriate product quality in accordance with the specification. 

2.3.3.1 (Th,U)02 speclflcation 

Basis for the specification of (Th,U)O, hybrid fuel has to be the LWR standard specifi­
cation for UO,. UO, has proven its reliability in wide-spread use in power reactors over 
a long time. 

Those characteristics of the fuel pellets which are related to their fabrication can be 
subdivided into four categories [2.3-9], according to the hierarchical system in Figure 
2.3/13: 

a) type and percentage of fissile, fertile and nuclear poison material (e.g. B, Gd); 

b) chemical purity and stoichiometry; 

c) densityand microstructure; 

d) pellet geometry and surface conditions. 

Fertile and fissile content 

The nominal fertile and fissile contents of LWR fuel and their acceptable tolerances are 
given by neut"on physical calculation and design. In the case of LWR-UO" '35U enrich­
ments up to about 4 wt% are usual. In (Th,U)O" HEU or MEU are to be used (depend­
ing on the U/Th ratio) in order to ensure an appropriate overall fertile conten!. 

Neutron absorbing species like Gd or Bare limited to :5 1 ppm totally (see Table 
2.3.4) if not used as burnable poison material. 

Chemical purity and stoichiometry 

Requirements in the category of chemical purity and stoichiometry aim at the follow­
ing: 

a) Minimization of impurities that might trigger or support defect mechanisms. This re­
lates to the hydrogen content, mainly from the adsorbed moisture, which can lead 
to hydride induced "sunburst" defects, or to the halides fluorine and chlorine, which 
can act as catalysts for the local depassivation of the tubing oxide film. These de­
feet-sensitive impurities have to be kept in the (Th,U)O, specification within the 
same limits as in the LWR standard specification (see Table 2.3.4) [2.3-10]. 

b) Limitation of the impurities wh ich might be brought into the fuel during manufactur-
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ing in order to ensure a good process control. In the case of ex-gel-hybrid fuel 
mainly C because - of the use of organic precipitation aids and S as impurity in the 
soot used as pore former have to be recognized. 

c) Minimization of deviations in stoichiometry to ensure basic properties such as ther­
mal conductivity and creep behaviour within narrow limits and to limit the internal 
oxidation of the cladding tube. 80th aspects are also true for (Th,U)02 fuel. A sum­
mary of the specified chemical properties of (Th,U)02 is given in Table 2.3.4. 

Denslty and microstructure 

Many basic propertles of the fuel depend on its density, e.g. thermal conductivity, elas­
tic moduli and creep behaviour. Since on the other hand a residual porosity is neces­
sary to compensate for the in-pile swelling of the fuel, a density of 95% TD for LWR fu­
el is considered to be the best compromise. 

A good in-pile dimensional behaviour, i.e. an optimal compensation of the fuel swelling 
by in-pile densification, can be ensured by an average pore size of between 1 and 
5 j,lm. Pores larger than 10 j,lm diameter are assumed to be helpful for increasing the 
PCI resistance at high burnups, but the amount of these coarse pores should be limit­
ed to ,.; 20 volume %. 

The grain size may affect the mechanical properties of the fuel and the release of fis­
sion gas during operation. An average grain size between 5 and 25 j,lm has shown to 
be suitable. 

In mixed oxide fuel, the oxide phase structure plays an important role with respect to 
the dimensional changes and on the behaviour of fission products in the fuel. In the 
case of (Th,U)02 fuel ex-gel, a complete homogeneity of Th and U is garanteed due to 
the gelation process. Thus, a specification of the oxide phase structure Is not neces­
sary. 

Pellet geametry and pellet surface 

Centerless grinding of the pellets is common practice in order to keep the narrow li­
mits of pellet diameter: this is important in order to minimize the gap between pellet 
and cladding for constant heat transfer. For the same reason, the roughness of the 
ground pellet surface Ra is specified to be lower than 2 j,lm. 

The pellet surface may show different types of defects as cracks, chips and pores. AI­
though there is no clear "risk threshold" regarding these defects it is practise to esta­
blished "go - no go" standards and to a 100 % check. 

2,3.3.2 Quallty assurance requirements 

Quality assurance for (Th,U)02 is realized - as is usual for all nuclear fuels - by process 
and product control: 

a) process contra I by implementation and surveillance of produelion procedures 
which automalically yield a product with high quality, and 

b) product control by the specification of appropriate quality control plans and by the 
application of adequate testing procedures. 
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The successful control of the manufacturing process is possible because of the de­
tailed knowledge of the influence of the process parameters on the quality of the inter­
mediate (kerneis) and final product (pellet) and because of the weil known interde­
pendency between the kernel properties and the pellet characteristic. As examples, 
the relationship between the calcination temperature and the specific surface area and 
the influence of the kerneis density on the density and microstructure of the pellets 
should be mentioned. In order to ensure the observance of the optimal process par­
ameters, a formal framework of process manuals has been settled with a detailed de­
scription of all single fabrication steps. 

The Quality Control Plan for the product control of (Th,U)02 kerneis and pellets con­
sists of: 

a) a set of testing techniques appropriate for all specified qu~lity control data; 

b) a fixation of the testing frequency (scope of testing) of those data. 

The methods of testing have been described in detail in the quality control manuals. 
From the methods of chemical analysis, which are listed in [2.3-11] in a survey, only 
those for the determination of the Th and U conte nt and of the OlM ratio shall be men­
tioned here: 

a) For the Th- and U-content the oxide is dissolved in nitric acid by addition of hydro­
fluoric acid. The Th is precipitated as thorium oxalate, dried and calcined to Th02 at 
1,100° C in air. The U-content can be measured by potentiometric titration accord­
ing to the modified Davies-Gray method as being applied for pure U02 and other bi­
nary oxides. 

b) The U-content can also be measured bya method which is a combined analysis for 
U and O/U ratio in Th02-U02 fuel [2.3-9]. Sam pies are dissolved in a neutral medium 
which does not change the valency of U, Le. phosphoric acid-hydrofluoric acid by 
addition of AI2(S02ls. 

c) OlM-ratio is calculated from the determination of the O/U-ratio by controlled-po­
tential coulometry taking into account that the Th is always tetravalent whereas the 
U changes from the tetravalent state into the hexavalent state by oxidation. 

The Quallty Control Plan for (Th,U)02 pellets -like for other ceramic fuel- consists of 

a) the definition of the test lots, 

b) the fixation of appropriate testing frequencies. 

The test lot definition takes into account, by which process step the property to be 
tested is mainly governed. For example, the thorium and uranium content check re­
lates to a precipitation lot (see Table 2.3.4). 

Further-on, a "delivery lot" has been defined for the control of enrichment, and a grind­
ing lot for the check of diameter and surface roughness. 

Defining the testing frequencies, credit can be taken from the process control system 
which allows to lower the scope of testing by controlling the manufacturing steps and 
by acheck of the intermediate products. Concerning the sintered pellet density for in­
stance, control of the sintering parameters, the green density and the kernel propert-
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ies "density" and "specific surface area" yields a safe adjustment of pellet density. 
wh ich consequently can be checked to a lower extent. 

For the quality control performance in praxis. all these controls described above 
should be documented and compiled in a so-called "Manufacturing and Inspection Se­
quence Plan" (Figure 2.3/14). It comprises: 

a) the current numeration and denomination of all manufacturing and inspection 
steps; 

b) the number of manufacturing and inspection manuals to be applied; 

c) the inspection method; 

d) the scope of testing; 

e) the type of documentation. 

2.3.4 Description of (Th,U)02 pelletizing technology ex-gel 

2.3.4.1 Process description 

Production of ex-gel-C-(Th,U)02 kern eis 

Gel kerneis with carbon black are manufactured by means of the gel precipitation 
technique developed by NUKEM GmbH [2.3-12J. In this technique. isolated drops of 
heavy metal solution are formed. These drops are partially hardened when they pass 
through ammonia atmosphere. The hardening is completed after immerging into an 
aqueous ammonia solution. These hardened droplets are called gel kerneis. 

The gel kerneis production steps are: 

a) preparation of the feed-solution components; 

b) preparation of the feed-solution; 

c) pouring; 

d) washing. 

The flowsheet on Figure 2.3/15 shows the steps of gel kerneis production and charac­
terization. 

Preparatlon 01 the leed-solution components 

The feed-solution components are: 

a) preneutralized thorium nitrate solution; 

b) uranyl nitrate solution or U30, solution; 

c) PVA solution; 

d) carbon black; 

e) alcohol. 
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The preneutralized thorium nitrate solution is prepared lirst through dissolution 01 the 
thorium nitrate salt in deionized water lollowed by a preneutralization with NH3-solu­
tion. The solution is characterized by determining the density, thorium concentration, 
pH value, conductivity, NH4 + content and HN03 conten!. 

The uranyl nitrate solution is prepared by dissolution 01 the uranyl nitrate salt in deion­
ized water at the required concentration~ It is analysed lor density, concentration, pH 
and conductivity. 

II the U30. solution is required instead 01 uranyl nitrate salt, it is necessary to dissolve 
the U30. in nitric acid. Finally, the uranium concentration and acidity are adjusted. The 
linal solution is characterized according to the uranyl nitrate solution. 

The PVA solution is prepared by dissolution 01 the PVA in deionized water at the re­
quired concentration. It is checked by density, concentration and visual aspec!. 

The carbon black should lul/il the requirements with respect to speci/ic surface, parti­
cle size and ash conten!. 

Preparation 01 the leed-solution 

The leed solution is prepared by mixing preneutralized thorium nitrate solution, PVA 
solution, uranyl nitrate solution, carbon black and alcohol. The content range 01 each 
component is specilied according to the desired characteristics 01 the calcined ker­
nels. 

Pouring 

The pouring is performed with the equipment shown in Figure 2.3/16. The double wall 
recipient is loaded with the leed-solution and is then pressurized to let the leed-solu­
tion Ilow to the nozzle. By vibrating drops are generated. In the upper side 01 the col­
umn an NH3 atmosphere is held to harden the droplets. The droplets hardening is com­
pleted at the bollom 01 the column filled with ammonia solution. The kerneis are co 1-
lected in the vessel at the bollom 01 the column. 

The gel kerneis' diameter is controlled by adjusting the leed-solution Ilow, the vibration 
Irequency and '1ozzle diameter. 

Washing 

The washing is performed by agitating the gel kerneis in a dilute ammonia solution as 
many times as necessary to get this solution Iree 01 N03 ions. After the washing, the 
gel kerneis are submilled to the lollowing steps: 

a) drying; 
b) sieving; 
c) calcining. 

The Ilowsheet on Figure 2.3/17 shows the steps 01 calcined kerneis' production and 
characterization. 

Drylng 

The drying 01 the gel kerneis is performed by heating 10 separate them Irom the wash­
ing solution. This step should be performed immediately after the washing to avoid un­
desirable aging 01 the gel kerneis. 
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Sievlng 

If kernel agglomerates are formed du ring the drying it is necessary to carry out the 
sieving to smash these agglomerates to single kerneis. 

The sieving equipment consists in a sieve stack 01 increasing mesh (from the boUom 
to the top end) assembled in a vibratory table. The agglomerated dried kerneis are 
Iilled in the top sieve and by turning on the vibratory table they fall through the other 
sieves smashing the agglomerates. The kerneis are linally collected in the last sieve 
through wh ich they cannot pass. 

Calcinatlon 

The calcination of the dried kerneis is necessary to eliminate the auxiliary materials of 
the casting and to set up the desired physlcal and chemical properties. Two kinds of 
calcinatlon are available: on tray and in rotating chamber (see Figures 2.3/18 and 
2.3/19). The calcination on tray has the advantage of taking only a short time. Its draw­
back is a greater scattering of the kernel properties. The calcination in the rotating 
chamber has the advantage of getting a small scattering 01 the kernel properties. Its 
drawback is a Ion ger calcining time to avoid the formation 01 dust. The calcined ker­
nels are characterized by measuring their physical (density, specilic surface and Irac­
ture strength) and their chemical (carbon and sulphur contents) properties. 

Pelletizing 

The pelletizing is carried out in three steps: 

a) pressing; 
b) sintering; 
c) grinding. 

The pelletizing parameters are lixed by means 01 a pelletizing prerun for each calcining 
batch. 

The pressing is carried out directly without any pretreatment 01 the kerneis like milling, 
precompactation and granulation and without the use of pressing aids. 

The sintering is carried out according to standard UO, procedure for PWR (reducing 
atmosphere, 1,700-1 ,750°C, 2-3 h). 

The grinding is performed in a centerless grinding machine according to the standard 
UO, procedures lor PWR. 

2.3.4.2 Results !rom process validation 

In order to demonstrate the validation 01 the final commitment on: 

a) process parameter lixation, 

b) quality control and manufacturing manuals, 

c) manulacturing and examination sequence plan, 

four batches of pellets were manulactured according to the flowsheet of Figure 2.3/20. 

The results of the calcined kerneis characterizations are collated in labia 2.3.5. With 
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exception of the specific surface and sulphur content. the kernel characteristics have 
been kept with variations of less than 10%. According to the previous experience. 
such variation range of the kernel properties are sufficient to assure the manufacturing 
of pellets with the required properties. 

A pelletizing prerun was done to fix the appropriate working compactation pressure 
for each calcining batch. The results are shown in Figure 2.3/21. The working compac' 
tation pressure ranged between 45 and 55 kN/cm2. 

Thirty pellets from each calcining batch were pressed and sintered. The results of the 
physical and chemical characterizations are shown in Tables 2.3.6 and 2.3.7. respec­
tively. The length of the pellets was settled at 10 mm instead of 11 mm. as specified. 
due to a human failure. 

Typical pore and grain structures are shown in Figure 2.3/22. A representative pore 
size distribution is shown in Figure 2.3/23. The microstructure analyses identified 
cracks in some pellets. as shown in Figure 2.3/24. The grain size (10-15 f,lm) meets the 
specification (4-25 f,lm) and is even within the scope for high-burnup fuel; 10 f,lm). 

Within the chemical analyses scope. all batches have met the specifications. The sul­
phur content has been kept at a very low level «20 ppm). The carbon content has 
been kept within the specified range « 100 ppm). 

The visual inspection has shown metallic crystals on the surface of the dishing of 
so me pellets. The cause of this has been an unexpected interaction of the pellets with 
the molybdenum sintering boat. This is probably due to the uncontrolled oxygen po­
tential of the sintering atmosphere that has existed during all sintering runs. The unex­
pected cracks identified by the microstructure analyses could be linked with the oxy­
gen potential. too. 

2.3.5 Conclusions 

The technology development for (Th.U)02 PWR fuel allows the following main conclu­
sions: 

a) the gel precipitation process has successfully been adapted to the specilic require­
ments of the direct pelletizing. This has been achieved mainly by the subsequent 
heat treatment of the kerneis. The parameters 01 direct pelletizing of standard U02 
fuel (pressing. sintering and grinding) could be kept alm ost unchanged. 

b) the design criteria for (Th.U)02 fuel pellets for PWR application were settled in the 
fuel specilication and a fabrication manual. 

c) a complete quality assurance system was successfully applied both to the fabrica­
tion of FRJ-2 irradiation test fuel and to the fabrication of fuel lor the manulacturing 
process validation test at CDTN/NUCLEBRAS. 
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Table 2.3.1: Design criteria tor (ThIU)02 tuel tor PWR application 

Criteria Values Aims 

Average pore size of pares 
distributed bya log.-nom. 2.5-3.5 ~m 
Gaussian function 

optimlzation of swellingl 
Scattering factor of 0.25-0.30 shrinkage behavlour 
the distribution in-pile 

Shape factor' 0.7 

Open porosity 1% 
mlnimization of fission gas 

Grain 8ize 10 ~m 

Denslty 9.40-9.70 g/cm3 

"1/F 
Circumference of a pore in the miera-section 
Clrcumference of a circle with identical area 

release 

optimization of PCI 
behaviour 

Table 2.3.2: Intluence ot the variation ot pressing and sintering parameters on the properties 
ot (Th, U)02-exi}el pellets 

Fabrication Step 

Pressing 

Sintering 

Investigated Parameter 

high pressing forces 

use of internal lubrlcants 

lubrication 
with S-base 
lubricant 

pressing speed 

presslng sequence 

atmosphere: H2 
C02 
Air 

increasing sintering 
temperature and time 

Influence on the Pellet Properties 

high sintered density low open 
poroslty 

crack susceptibility 

homogeneous microstructure 

"blackberry" structure 

no concluslve Influence 
on the pellet properties 

adjusting the OlMe ratio 

high slntered density 

low open porosity 
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Table 2.3.3: Final status 01 adaptation 01 (Th, Uj02 ex-gel-kernel properties to the 
PWR-pressing and sintering techno/ogy 

Step Investigated Parameter ObJective 

Minimization of PVA-Content Decrease of crack by decrease the 
30 g/l - 5 g/l feed solution susceptibility of pellets PV A-content of feed 

solution 

2 Aglng condltlons by ex1raction the PVA 
trom as cast kemels 

3 US treatment of as cast by US-washing of 
kerneis kerneis after aging 

4 Drying/calcination Minimizing of crushing by optimization of 
condltlons strength to provide: drying procedure 
80-1.000"C 
t: 2-100 h 

5 Variation of heavy metal - high green and sinter by decreaslng the heavy 
content density metal content of feed 
300 gll - 120 g/l - good microstructure solution 

6 Use of pore former material: by use of pore formers 
e amount 
50 g/l- 10 g/I 

7 Addition of a stabilizer for Stabilization of the by use of THFA 
carben black carben black 
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Table 2.3.4,' Quality Control plan tor chernical purity ot (Th, UjO, pellets 

8pecilied Material 
Characteristics 

lh + U content 

U content 

235U 

Oxygen/Metal ratio 

Hydrogen equivalent content 

Residual gas content 

Impurities content 

F 

CI 

N 

Ca 

8i 

Ni 

Fe 

C 

8 

Boron equivalent value 
(B,Cd, Dy, EU,Gd, Li, 8n) 

Remarks: 1) according to specification 

Specified Values or 
Tolerance Limits1) 

'" 87.7 wt% 

±0.1 wt% 

± 10% rel. 

1.99-2.05 

~ 10 Nmm3/g Oxide 

~ 40 Nmm3/g Oxide 

3) 

~ 10 ppm 

'" 15 ppm 

'" 30 ppm 

~ 100 ppm 

~ 100 ppm 

~ 50 ppm 

~ 100 ppm 

~ 100 ppm 

~ 100 ppm 

~ 1 ppm 

2) K = daily production 01 the kernel manulacturing line 
8 = daily production 01 the slntering line 
D = delivery lot 

3)welght ppm related to lh + U 

8cope 01 lesting') 

l/K 

l/K 

liD 

1/8 

1/28 

1/28 

l/K 

l/K 

l/K 

l/K 

l/K 

l/K 

l/K 

1/8 

1/8 

l/K 
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Table 2.3.5: Calcined kerneis characterization 

Balch Apparenl Denslly Specific Surface Fraclure Sirenglh Diameter C S 
g/cm3 m2 /g N/kernel ~m ppm ppm 

P-2201-A 4.2 6.6 1.3 316 95 106 

P-2201-B 4.2 6.3 1.1 307 103 73 

P-2202-A 4.1 6.6 1.1 307 93 96 

P-2202-B 4.1 4.6 1.1 308 92 86 

P-2203-A 4.3 4.4 1.3 274 103 64 

P-2203-B 4.1 6.1 1.2 273 91 98 

P-2204-A 4.1 5.6 1.1 294 103 152 

P-2204-B 4.2 5.3 1.3 289 105 130 
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Table 2.3.6: Physical characterization ot eX-f}el-C-(fh, 5 %U)02 tuel pellets process validation test 

Property 

Density and Thermal 
Stability 

Density xi s1 
s2 
s3 
s4 
s5 
s6 
s7 
sB 

Thermal Stability 

(Resintering test) 

Microstructure 

Pore structure 

Mean grain size 

Dimensional ReQuirements 

Diameter xl s1 
length xi s1 

s2 
s3 
s4 

Dishing xi s1 
volume s2 

s3 
s4 

Surface Properties 

Surface roughness Ra 

Surface integrity 

Seope Unit Speeitied Observed 

9.54; 0.03 
9.57; 0.02 
9.59; 0.04 
9.60; 0.04 

1 x sintering run (AQl = 1.0) gl cm3 9.55 ± 0.15 9.58; 0.02 
9.56; 0.04 
9.64; 0.02 
9.64; 0.02 

1 xsintering run g/cm3 ~0.20 ~0.08 

1 x sintering run 

1 xsintering run ~m 

1 xretitieation run (AQl = 1.0) ~m 
1 x2 sintering runs (AQl=4.0) ~m 

1 x2 slntering runs (AQl=4.0) ~m 

3xrectification runs ~m 

10% 

5-25 

three batches 
rejeeted due to 
fractures and 
tao large 
macropore 
fraction 

12-19 

9.11 ±0.01 9.10B; 0.001 
11 ± 1 10.07; 0.03 

10.00; 0.03 
10.04; 0.07 
9.87; 0.05 

16±4 17.42;0.89 

2 

17.61; 0.62 
18.32; 0.85 
17.80; 1.11 

1.23 
1.00 
1.25 

Pellets cam­
pared to 
standard: 
l)approx. 50% 

with metallic 
crystals on 
ane dishing 
surface 

2)1 pellet with a 
tao large sur­
face pore 
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Table 2.3.7: ehernical characterization of ex-gel-C-(Th, 5 %U)02 fuel pellets 

Scope Unit Specilled Observed 

Chemical Composition 

Th Content 1 x Casting run w/o >83.2 

U Content 1 x casting run w/o 4.37-4.45 

Heavy metal 1 x casting run w/o -;;;:'87.77 >87.8 

U Content 01 heavy metal 1 x Casting run w/o 5.1 ±0.1 5.0-5.1 

Stoichiometry 1 x slntering run MolO/Mol U 2.00-2.02 2.00-2.01 

Moisture + H2-content 1 x 3 slntering runs Nmm3/g(Th.U)02 10 <20 

tmpurity Content 1 x 5 sintering runs ~g/g 

F 10 < 5 
CI 15 <10 
C 100 <86 
S 100 <20 
Ca 100 <30 
Ni 50 < 5 
Fe 100 < 91 
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a - Chrome I - Alumel temperature record thermocouple 
b - Chromel - Alumel temperature record thermocouple 
c - Chromel - Alumel temperature record thermocouple 
d - Chromel - Alumel temperature control thermocouple 

Fig. 2.3/ 18: Calcination: Arrangement of the Trays and Thermocouples Inside the 
Muffle Furnance 

138 



1 Tube axis 
1 2 Bevel cover 

3 Cover 
4 Sampie Vessel 
5 Support rod 
6 Superior bearing 

0 8 Pinion bushing 
9 Crown wheel bushing 
10 limiter ring 
11 Motor support 
12 Front support 
13 Rear support 
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11 

Fig.2.3/19: Calcination: Schematic Drawing of the Rotating Tube in the Muffle Furnance 

15 



Pouring 
1.130g 4 runs 

I 
Drying 
1.130g 

4 runs 

I 
Sieving 

1.130g 4 runs 

____ 1_____. 
Calcining Calcining 
A 565g B 565g 8 runs 

~ 
Pelletizing prerun 
4x36g A + 4x36g B 1 run 

I 
Pressing 

180g A + 180g B 4 runs 

I 
Sintering 

180g A + 180g B 4 runs 

I 
Grinding 

4x180gA+4x180gB 1 run 

Fig. 2.3/20: Flows/leet tor the Process Validation Test 
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Fig, 2.3/21: Pelletizing Prerun ot the Process Validation Test tor (Th,U)02-Pellets 
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Fig.2,3/22: Pore Structure and Grain Structure trom the (Th,U)O,-Fuel Process 
Validation Test 
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2.4 Transfer of (Th,U)02 Fuel Technology to (Th,Pu)02 
Technology 

The advantages 01 the Th/Pu luel cycle as outlined in chapter 2.1 lead to the nesd lor 
developing a suitable manulacturing technology. In the lirst attempt this has been 
done using cerium as simulating material lor plutonium lor reasons 01 easier handling 
and cost saving. 

2.4.1 Plutonium simulation by means of cerium 

ThO, lorms with GeO, - similar as with Puo, - a continuous series 01 solid solution 01 
the Iluorite FGG phase lor which Vegard's rule is valid [2.4-1, 2.4-2, 2.4-3] . 

The similarity 01 the phase diagrams is caused by the iso type 01 GeO, with PuO, and 
the nearly identical cation radii. Besides, the laUice constants (0.5395 nm lor PuO, and 
0.5411 nm lor GeO, compared to 0.5597 nm lor ThO,) are close together [2.4-2, 2.4-3]. 

A lurther similarity 01 PuO, and GeO, shows up in the behaviour against hydrogen at 
higher temperatures, where in both cases up to stoichiometric oxides 01 the lormula 
PuO,_, and GeO,_, (with x less or equal to 0.3) may occur [2.4-2, 2.4-3] . 

First 01 all the applicability 01 Ge as a simulator lor Pu in the mixed system with ThO, 
has to be proven with respect to phase diagrams and physical and chemical propert­
iss. 

Physlcal propertles 

Due to the valency change 01 the cerium ion two oxides exist: GeO, and Ge,03' They 
can be converted into each other in the temperature range between 700 and 1,250o G 
by reaction with H, or 0 ,. 

GeO, is a brown white powder. The oxide lorms a Iluorite lattice, the density is 
7.1 g/cm3. 

Ge, 03 is a green gray powder. The oxide lorms a hexagonallattice like La,03' the den­
sity is 6.9 g/cm3. High temperature X-ray diffraction graphs revealed in pure H, that 
hexagonal Ge,03 is present at 1,1500 G [2.4-4]. 

GeO, is isomorphic like UO" PuO, and ThO, . 

Chemlcat propertles 

Starting material lor the coprecipitation with Th(N03). is Ge(N03b with trivalent cerium 
since a nitrate with 4-valent cerium does not exist. 

By precipitation with ammonia a white cerium (111) oxide hydrate (Ge,03.xH,O) is re­
ceived that can al ready be oxidized in air. 

Formation 01 CeO, 

The heat treatment 01 cerium (111) oxide hydrate in air leads to the generation 01 GeO, in 
the range between 700 and 1,0000 G. 
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Formation 01 Ce20, 

Ce20, is generated by reduction 01 Ce02 with H2 above 1,000° C. The equilibrium pres­
sures Po over CeO, (in the range 1.72 < x < 2.0 lor the temperature range Irom 650 to 
1 ,300°C are presented graphically in (2.4-4]. 

The system Th02-Ce02 

A deviation lrom the ideal behaviour 01 the mixed crystal Th02-Ce02 is observed only 
at high temperatures in vacuum and under hydrogen. As known Irom the literature 
(2.4-1, 2.4-3] the 4-valent cerium in the system Th,Ce,_,02 is partly reduced to trivalent 
cerium by hydrogen at temperatures between 800 and 1,400°C. The cerium (111) Irac­
tion increases with increasing temperature. For all systems investigated in the range 01 
the boundary composition Tho.75Ceo250'97_189 and Tho2Ceo.80'82_163 single phase areas 
were lound with Iluoride structure. 

As can be seen in the preliminary and very incomplete phase diagram 01 the system 
Th02-Ce02-Ce20, at 1,200° C (Figure 2.4-1) the phase boundary in the ternary system 
lies close to the binary system Th02-Ce02' The solubility 01 Ce20, in Th02 amounts to 
about 45 mol %. 

In completion 01 the investigations carried out at the Th02-CeO,-Ce203 system at tem­
peratures up to 1,200° C (see (2.4-5 and 2.4-6]) the lollowing systems were measured 
by X-ray diffractometry after a two hours' temperature treatment up to 1,200°C in hy­
drogen atmosphere: 

a) thorium oxide; 
b) thorium oxide + 6.5 mol % cerium oxide; 
c) thorium oxide + 29.3 mol % cerium oxide. 

The evaluation 01 the X-ray diffraction graphs led to the lollowing results: 

a) the system thorium oxide 6.5 mol % cerium oxide exhibits a single phase CaF2 
structure like pure Th02; 

b) the respective lattice constants are: 
lor the Th02 crystal 
(literature value 5.597 ± 0.001 nm) 
lor the Th/Ce mixed oxide 

ao ~ 0.5600 ± 0.0001 nm (3) 

ao ~ 0.5596 ± 0.0002 nm (5) 

Behind the ao value the number 01 measurements is given in brackets wh ich were con­
sidered at the standard deviation calculation. 

In contrast to the above system the X-ray diffraction graphs 01 the system Th02/29.3 
mol % cerium oxide show additional rellexes indicating a second Iluorite lattice struc­
ture ThO,/Ce,03 mixed crystal. The lattice constants calculated Irom these graphs are: 

ao (ThO,/CeO,): 
ao (ThO,/Ce20 3) : 

0.5554 ± 0.0006 nm 
0.5611 ± 0.0004 nm 

(10) 
(3) 

The numbers in brackets behind the ao values indicate the number 01 measurements 
considered lor the standard deviation calculation. 

While the solid solution 01 the system ThO,/6.5 mol % cerium oxide could only be de­
tected in the monophase area, two mixed oxide phases exist side by side in the sys­
tem ThO,/29.3 mol % cerium oxide: ThO,/Ce02 and Th02/Ce20 3' 
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On the base of these results the following statements can be made: 

a) in the system thorium oxide/cerium oxide with a cerium oxide content of 29.3 mol % 
the ThO,/Ce,03 solid solution is just barely detectable by X-ray diffractometry; 

b) in the case of the thorium oxide/cerium oxide system containing 6.5 mol % cerium 
oxide, however, no se co nd phase can be detected by X-ray diffractometry, obvi­
ously because of the too low cerium concentration. 

In a new work [2.4-7) the system CeO,_, (x S 0.3) is investigated by means of mathe­
matical models, assuming that a mixture of two species exists in the fluorite lattice due 
to the large deviation from stoichiometry (e.g. CeO, and Ceo.01., ) one of which exhib­
iting oxygen defects. As a result the presence of a miscibility gap deficiency at 704°C 
is stated. 

2.4.2 Basic technologies tor plutonium processing 

The powder production for Pu-containing fuel has to take into account different start­
ing material, the ability to recycle fabrication returns in oxide form, and the requirement 
to have the plutonium soluble in nitric acid. The plutonium is delivered either in the 
form of a nitrate solution or in the form of PuO, powder. 

2.4.2.1 The mixed oxide concepl 

The fabrication methods for the pressfeed mixed oxide (MOX) powder or particles 
comprise the following [2.4-8): 

a) mechanical mixing of the oxide powder; 

b) co-precipitation of (U,Pu)O, powder; 

c) preparation of spherical particles (e .g. by the gelation process) . 

The first of these processes has been routinely applied since 1965 by KWU/ALKEM for 
BWRs, PWRs and PHWR (MZFR Karlsruhe). The PuO, powder manufactured by the 
oxalate process [2.4-9) was mixed into flowable UO, powder from the AUC process. 
Pelletizing and in -reactor behaviour were at least comparable with that of standard 
UO, fue!. However, results from reprocessing of such fuel showed a residual insolubili­
ty of the plutonium in nitric acid exceeding that of spent UO, fue!. To improve the dis­
solution behaviour of spent MOX fuel, the simple mechanical mixing of the pure oxide 
powders UO, and PuO, was replaced by two modified manufacturing processes: 

a) the AUPuC Ammonium Uranyl Plutonyl Carbonate) co-conversion process and 

b) the OCOM (Optimized Co-Milling) process [2.4-10). 

The flowsheets of these processes including pelletizing are shown in Figure 2.4/2. 

For the AUPuC co-conversion process, plutonium nitrate and uranyl nitrate are mixed 
and oxidized. Then in analogy to the AUC conversion process [2.4-10, 2.4-11) the 
precipitation, filtration and calcination is performed. The chemical equations are : 

a) for the precipitation of AUPuC: 
(U,Pu)O,(N03), + 6NH3 + 3CO, + 3 H,O--> (NH4)4[(U,PU)O, (C03b) + 2NH4 N03 
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b) for the calcination: 
(NH4)4[(U,PU)O,(C03)3] + H,--> (U,Pu)O, + 4NH3 + 3CO, + 3H,O 

The resulting (U,Pu)O, powder exhibits a complete solid solution of uranium and pluto­
nium oxide and a particle size distribution and particle morphology comparable to UO, 
powder from the AUC conversion process. The co-converted MOX powder shows 
good flowability properties, high sintering activity, low impurity content and leads to 
MOX pellets with a solubility greater than 99%. The powder properties are controlled 
by the process parameters of the precipitation and calcination steps. 

The OCOM process is used in the case of plutonium supply in the oxide form. The 
press-feed is obtained by co-milling UO" PuO, or (U,Pu)O, in a ball mill with a milling 
aid. Since this procedure is applicable not only for powders, larger amounts of hard 
scrap can be recycled by the use of the OCOM process. 

Processing and sintering of MOX pellets follow the same techniques as are usual for 
UO, and UO,/Gd,03. The only difference is the use of a non-burnable mixture of hy­
drogen with nitrogen or argon as sintering atmosphere which is required for a safe op­
eration in the glove-boxes. 

The quality control of UO,/PuO, pellets is in principle equivalent to that of pure UO, 
and UO,/Gd,03, but two special characteristics of UO,/PuO, fuel have to be consid­
ered separately: 

a) the Pu-homogeneity; 
b) the Pu-dissolution during reprocessing. 

The Pu-homogenelty is defined by its macroscopic distribution, i.e. the Pu-content of 
individual pellets and by the maximum diameter of Pu-containing particles. As an ex­
ample the Pu-content is specified with a tolerance limit of + 2.5% relative to a Pu/;,,­
content of 3.5 %. 

The PUfl,,-content is defined by 

PUr X 100 . 
U"~ Pu % (mass fractlon), 

where Pu/;" is the sum of fissile isotopes. The measurement of the pU/;,,-content is 
performed by Pu isotopic analysis (either by mass or by gamma spectrometry), by Pu 
and (U + Pu) analysis. (U + Pu) is gravimetrically determined. At ALKEM various test 
methods for the determination of the Pu content have been compared to each other 
with respect to accuracy and expense [2.4-12]. Gamma-spectrometry, photometry and 
potentiometry turned out to have the best cost-benefit relationship. 

The microscopic Pu distribution, after having been qualified by extended microprobe 
investigations [2.4-13], is now routinely determined by alpha-autoradiography from 
microsections of the pellet. The maximum allowable particle diameter is approximately 
300 I-lm when the Pu/;" conte nt in the particle is 30% (mass fraction). 

The Pu solubillty is defined by 

(1 Pu mass not dissolved) 100 (" f t· ) 
- . . 10 mass rac Ion 

Pu mass In the sampie 

The test conditions for a standard test [2.4-14] are the following: initial HN03 concen-
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tration 7 mol, boiling temperature with baekflow, 6 hours dissolution time, 1 hour eool­
ing time below 60°C, sampie size about 30 g, filtration with a 1 11m filter. UO,/PuO, pel­
lets from the AUPuC and OCOM proeess showed a Pu solubility greater than 99.5% 
when investigated in hot eell solubility tests [2.4-15) . 

2.4.2.2 The master-mix eoneept 

In the MOX fabrieation route for LWR usually the master-mix eoneept is applied rather 
than the homogeneous oxide eoneept. Beeause of the low Pu"" eontent of about 3 to 
4 wt % in LWR fuel, in the ease of homogeneous oxide the total amount of fertile mate­
rial (UO, or ThO,) with more than 90% has to be handled under remote eonditions 
whieh inereases the fabrieation eosts. 

By using the master mix eoneept, the amount of remote handled fertile material ean 
substantially be lowered: the Pu is mixed in a high amount to UO, or ThO, to give the 
so-ealled master-mix preproduet, whieh then is admixed in a suitable eoneentration to 
pure UO, or ThO, (see Figure 2.4/2) . 

The master-mix ean be prepared 

a) by direet eo-preeipitation of 40% Pu-nitrate and 60% U-nitrate via A(U,Pu)C-pro­
eess; 

b) by eo-milling of 30% of PuO, and 70% UO, where Pu-eontaining serap up to high 
amounts ean be proeessed simultaneously aeeording to the OCOM-proeess. 
Though the eo-milled master-mix is not free flowing, it ean be homogeneously 
mixed to free flowing UO,-powder whieh beeomes the flowable MOX pressfeed 
powder without any separate granulation step. 

In the ease of a gelation teehnique for fuel fabrieation, the applieation of the master­
mix eoneept should be feasible in the same way as used in the A(U,Pu)C-proeess. 
Only the admixing behaviour of two different types of mierospheres has to be proven. 

2.4.3 Objectives, problems and solutions 

2.4.3.1 Requlrements for PWR fuel pellets 

The basic requirements for Pu-eontaining fuel pellets for PWR are the same as dis­
eussed in seetion 2.3.2.1 for UO, and (Th,U)O,. This relates also to the oxide phase 
strueture. In the ease of the mixed oxide eoneept, where the gelation-proeess ensures 
a homogeneous Pu-distribution, the requirements are inherently fulfilled . Fuel whieh is 
fabrieated via the master mix eoneept shows mieroseopieally inhomogeneous Pu"" 
distribution with the eonsequenee that loeal fissioning in the Pu-eontaining kerneis is 
higher than in the surrounding pure fertile material. These so-ealled "hot-spots" have 
to be limited in size and Pu",,-eoneentration. The resulting specifieation values ean be 
seen in Table 2.4.1 together wilh all boundary eondilions, whieh are of eoneern in the 
master-mix eoneept. The question of good ehemieal solubilily of Pu-eontaining fuel 
during reproeessing is not relevant for (Th,Pu)O, . 
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2.4.3.2 Scoplng studies 

The mixed oxide concept 

In a first attempt, (Th,6% Ge)O, ex-gel pellets were manufactured. Preparation of the 
feed solution, pouring, drying and calcining have been performed with the (Th,U)O, 
standard conditions, the properties of the kerneis showed to be similar to those of 
(Th,U)O,. Pressing of the kern eis at usual green densities of about 50% TD and sinter­
ing under standard conditions (1 ,720 0 G - 2h - H,) yielded high sintered densities, but 
a tendency for the formation of cracks all over the pellet volume has been observed. A 
first idea, that this should be due to stoichiometry effects during heat up andlor cool­
ing down and consequently should be compensated for by adjusting the oxygen po­
tential in the sintering gas, or by the use of high heating and cooling rates during sin­
tering, was revealed to be true. 

The master mix-concept 

(Th,Ge)O, with the master concentration of 13% cerium and pure ThO, have been pre­
pared under standard conditions to perform a pelletizing feasibility test for the master­
mix concept. It was soon revealed that ThO, kerneis had different properties than the 
(Th,Ge)O, kerneis, especially a higher fracture strength and a different sintering behav­
iour resulting in another pore structure. Thus, emphasis should be given to the adapta­
tion of the ThO, kernel properties. 

2.4.3.3 SolutIons to be investigated 

The following possibilities have been investigated 

a) co-precipitated mixed oxide concept; 
b) "master-mix" concept. 

The co-precipitated mixed oxide concept has been investigated in the cerium concen­
tration range of 4 to 6 w/o as required for PWR reactors. 

The master-mix concept has been investigated at the master concentration of 13 w/o 
cerium with the mixing ratio ThO,/(Th,13w/oGe)O, of 1.17/1. 

Mixed oxide concept 

The manufacturing of (Th,4-6 wlo Ge)O, gel kerneis has been performed under the 
standard pouring conditions: 

a) Heavy metal content 
b) PVA content 
c) FR-101 carbon black content 
d) Ethanol content 
e) Ammonia concentration 
f) Nozzle diameter 
g) Frequency 
h) Flowrate 

200 g/l 
5 g/l 
30-60 g/l 
56.5 g/l 
3-5 M 
3911lm 
1,200 hertz 
14-15 ml/min 

Several batches of calcined kerneis have been manufactured. The calcination condi­
tions ranged within 700 to 950° G 12 to 24 h. The characterization data are shown in 
Table 2.4.2. Figure 2.4/3 shows a typical microstructure of these kerneis. 
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Sintered pellets have been manufactured. The sintering characteristic curve is shown 
in Figure 2.4/4. 

The results have shown: 

a) in general very high sintered density even at low green densites. In moist sintering 
atmosphere the density is 0.1 g/cm3 higher than in a dry H2-atmosphere; 

b) crack formation in some pellets (Figure 2.4/5). 

A way to decrease the pellet density has not been investigated. Two possible ways are 
by: 

a) decreasing the specific surface of the kerneis by increasing the calcining tempera­
ture; 

b) controling the sintering kinetics by varying the oxygen partial pressure of the sinter-
ing atmosphere. 

The crack formation has been extensively investigated. The results have shown that 
the crack formation is reproducible only in a moist atmosphere. Examples for the 
crack standards are shown in Figure 2.4/5 in comparison with crackfree pellets, Figure 
2.4/6. The cracks should be due to the already presumed relation between pellet 
cracks and stoichiometry during the sintering cycle. This behaviour is known in other 
mixed fuel systems such as U-Gd-O which has been analysed by means of noise emis­
sion techniques. 

The explanation is based on the possibility that during the heating of the pellets the 
temperature gradient that is formed, is overlapped with an Ol M - gradient (Figure 
2.4/7). 80th gradients, because of the related lattice expansion or contraction, lead to 
tension or compression in the pellet which at the worse overlapping result as a crack. 

In the case of (Th,Ce)02, dried H2 as sintering gas seems to stabilize the stoichiometry 
more rapidly than an H2/H20 mixture. No quantitative statement is possible because 
there are insufficient thermodynamic data available for the system Th-Ce-O. 

Master-mix concept 

The pouring of (Th, 13 w/o Ce)02 gel kerneis has been performed by setting the flow­
rate at 12 ml/min and adding a less viscous and dense organic liquid (e.g. n-duodeca­
nol) to the ammoniacal solution in the column. The other parameters have been settled 
according to the standard pouring conditions. 

The pouring of the Th02 gel kerneis has been performed according to the standard 
pouring conditions. 

Several batches of calcined kerneis have been manufactured. The calcination condi­
tions ranged within 900 to 1, 100°C/2 h. The characterization data are shown in Table 
2.4.3. Figure 2.4/8 shows a typical microstructure of these kerneis. 

Sintered pellets have been manufactured. Kerneis of Th02 and (Th ,13w/oCe)02 have 
been put into a plastic bottle and mixed by rotating it around the longitudinal and per­
pendicular axes by hand for approximately 5 minutes. 

Two groups of kerneis have been pressed : 
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a) group I (different densities): 
ThO, kerneis of 4.6 g/cm3 density 

+ (Th, 13w/oCe)O, kerneis of 4.2 g/cm3 density 

b) group 11 (similar densities): 
ThO, kerneis of 4.1 g/cm3 density 

+ (Th, 13w/oCe)O, kerneis of 4.2 g/cm3 densily 

The sintering characteristic curves are shown in Figure 2.4/9. The sintered densities of 
the group II are higher. A typical microstructure is shown in Figure 2.4/10. Ce-rich 
zones show more porosily than Ce-poor ones. Several cracks can be identified. These 
features should be the result of different kinetics of ThO, and (Th, 13w/o Ce)O, kerneis. 

To investigate the sintering kinetics of ThO, and (Th,13w/oCe)O, kerneis separately, 
two kinds of experiments have been performed: 

a) manufacturing of pellets of pure ThO, and (Th, 13w/oCe)O, pellets; 

b) dilatometric tests of both. 

Figure 2.4/11 shows the sintering characteristic curves of the (Th,13w/oCe)O, and 
ThO, pellets. (Th,13w/oCe)O, pellets have higher densilies. Figure 2.4/12 shows the ty­
pical microstructures of these pellets. 

Figure 2.4/13 shows the result of the dilatometric investigations. Different 
(Th,13w/oCe)O, kernel batches have been investigated in comparison with one kind of 
ThO, kerneis. The sintering kinetics of (Th,13w/oCe)O, kerneis have shown to be a 
function of the calcining parameters. 

In summary, all these results have shown that the kernel characteristics of both ThO, 
and (Th, 13 w/o Ce)O, must be adapted to each other in order to get similar sintering 
characteristics. Possible ways to adapt the kernel characteristics are by: 

a) varying the FR-101 carbon black content of the feed-solution; 

b) varying the calcining parameters. 

2.4.4 Conclusions 

The investigations for the transfer of (Th,U)O, fuel technology to (Th,Pu)O, fuel tech­
nology have shown that: 

a) the use of Ce as a simulator for Pu based on the available physical and chemical 
data of the Th-Ce-O and Th-Pu-O systems is justified for scoping studies, 

b) the feasibility of pellet manufacturing for the homogeneous mixed oxide concept 
was successfully tested with (Th,Ce)O, on the basis of the (Th,U)O, results, 

c) the results for the master-mix are encouraging. However, a closer adaptation of the 
ThO,-kernels properties to those of the (Th,Ce)O,-kernels is necessary. 
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Table 2.4.1: The master-mix concept at ALKEMISIEMENS 

Requirements for (U, Pu)O,-fuet 

Manufacturing technology: 

Reprocessi n9 : 

Operational behaviour: 

gives Pu-master concentration of"): 

handling of lhe lowest 100% 
possible amounts of Pu­
containing material 

good solubilily of Pu < 40% 
in spent fuel 

- limitation of hotspots d < lO'/Pur;" (~m) 
d: master particle diameter 
(e. g. : 280 ~m at 40% Pu) 

- limitation of fission -20% 
gas release due 10 loeal 
high burn-up 

") Pu concenlration in mol. % PUtet; PUriss approx. 0.7 PUtel depending on Ihe isotope vector 

Table 2.4.2: Properlies 01 (Th,4-6wloCe)O, calcined kemels 

Composition Apparent Specific Fracture Diameter Carbon Sulphur 
Densily Surlace Strength Content Content 
(g/cm3) (m'/g) (N/kernel) (~m) (ppm) (ppm) 

[Th,4w/oCe)O, 3.85 52.6 0.7 299 575 470 
3.82 38.9 0.3 309 500 176 
5.17 15.5 0.7 290 840 600 
4.17 11.9 0.3 316 390 730 

[Th,6w/oCe)O, 3.79 51.8 - 289 1.050 -
4.29 34.4 - 284 650 -
4.82 18.4 - 273 470 -
2.71 53.7 - 330 845 -
3.02 36.6 - 326 655 -
3.51 20.5 - 313 395 -
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Table 2.4.3: Properties 01 ThO, and (Th,13w/oCe)O, calcined kerneis 

Composilion Apparent Specific Fracture Diameter Carbon Sutphur 
Densi~ Surtace Strength Content Centent 
(gtcm) (m2tg) (Ntkernei) (~m) (ppm) (ppm) 

Th02 4.57 6.7 0.5 284 290 690 
4.56 8.5 - 284 690 700 
4.08 10.7 0.3 302 690 820 
2.52 - - 371 - 580 
2.92 6.8 - 367 - -

(Th,13wtoCe)02 4.97 17.4 1.0 271 - -
4.21 16.8 0.7 276 340 750 
4.24 - 0.7 270 760 740 
3.57 - 0.4 - - -
3.48 14.8 0.4 - - -
3.94 9.55 0.4 337 - -
4.02 3.9 0.4 330 - -
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Fig. 2.4/3: Typical Microstructure of (Th, 4'''10 Ge)02 

158 



Sintered density [% td] 

100 

t • 

95 Specification 

• 
• 

90 

85 

45 50 

• • \ • • 
•• 

• 
• 

• 

• • • • • • • • ., 
• .' . • ----- '-- - -

• 
• • 

• 
• 

55 60 65 

- - ..... - Green density [%td] 

Fig.2.4/4: Sintering Characteristics of Co-precipitated (Th, 4 -6'''10 Cej02 Fuel 

159 



>:,::,'·:: ·l": - ':"'\:r']':":"':·:: :::'," '\ 
" ';" / " • ' , , ",' , " ., .-"'---'-t-~f' 

• .. ' - f'-
""~' , I r ,. " ' " 

• • • " . ' • ) I " , ' } ' "'----,'--'l'-
-......--;- • • . , I 1 

• , " \ " , " ';" " I r. " . \ ' ' \ ... . 
• . , . " J " " ",'. ". . "'" \ t.. . ", 

" 1 ' ,>- .I ; • . , 
" 1, ,.,1 

.,." , . \ .. 
' " 

" . , .. , " .' 

, ,1 
(Th,6W/oCe)02 
T cale. = 100 oe 

, \ 
I , \ 

, , I 

\ 

, , ' , I ' . , ., ' 

. " ' " . ; .. " . 
I •• 'i·~ .:·1, .. ·... . . ,'" .. \ ~ l 

, . ..'" '. :" '" . , " '; ' . ;' 
I , i " I , •• 

• " . • I , r " ', .... 

":. : '\' :',; ;,' " .-- . 
" , ' . . ' 

'~"I"i \ ', ", ,: , ' : ':" ~I::' 
. ' ~ , ',' . t. I • , • 

, 
" " .. 

f' • • 

Sintering gas: H2 / H2 0 
e = 9,65 g/cm3 (98,8% td) 

,,' 

I 

( ,,' 

/: jl ~ 
~ ) 

I 
)!--

\ \ 

Fig, 2.415: Microstructure of a (Th, 6'''10 CejD2 Pellet with Cracks 

160 

12x 

50x 



.. , .' 
. , 

. . ,. 

.. 
" . " 

... . ~ 

(Th,6W/oCe)02 
T calc. = 700 'C 

• 

" 

, , 

• • • 

~ '. 
' .' .. '" ~ . . . . .,. ': . .. 

:.~ 
· ' 
· , · ," 

. . ~ - .. 

. 

"-~" . 

L ' . ; 

• 
-. • .. , 

,.' 

.. ' 
Sintering gas: dried H

2 

= 9.56 g/cm3 (98%td) 

/ ' 

, 

I , 

Fig. 2.4/ 6: Microstructure of a (Th, 6'''10 CeJ02 Pellet without Cracks 

12x 

50x 

161 



Start of cracking 

'''~ Ö(~T) 
'- '- --. :::--­

"-.... ö(~T) --­
ö( O/M)---

OlM falling 
~T 

OlM rising 
~T 

---- I 
I 
I 

Ir 
r- Reduction front 

I 

Fig.2.417: Simplified Scheme of Crack Formation due to Non-stabilized OlM 

162 



Fig.2.4/8: Typical Microstructure of (Th, 13"'10 Ge)D2 Kemeis 
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2.5 Irradiation Testing 

Irradiation experiments with six test luel rods under simulated PWR conditions have 
been performed in the research reactor FRJ-2 in Juelich, Germany in order to investi­
gate the irradiation behaviour 01 the new thoria/urania luel (Th,5%U)O, as an advanced 
nuclear luel manufactured by novel methods. Hereby, the luel was qualilied and some 
basic luel properties were measured. Part of the experimental data could be obtained 
in the course 01 the irradiation, but the larger part of the inlormation required could 
only be gained in the course 01 the post-irradiation examination (PIE) . 

A pathlinder irradiation of segmented fuel rods containing (Th,U)O, luel pellets in the 
power reactor Angra-1 have been prepared to be carried out. 

2.5.1 Irradiation experiments in the research reactor FRJ-2 

2.5.1.1 Objectives, 'acIlIlIes and procedures 

Three rigs with two test luel rods each have been irradiated in the boiling water loop 
LV9 in the research reactor FRJ-2 in Juelich. 

Objectives 

The objective 01 these three irradiation experiments including test luel rods with final 
heavy metal burnups of 1.5, 8.8 and 9.9 MWd/ kg, respectively, was to get lirst informa­
tion and understanding 01 the in-pile suitability and properties of the new luel. Mainly 
the lollowing features have been investigated by the methods below: 

No. Feature 

1. Fission Qas release 01 the luel, 
behaviour 01 the internal pressure of 
the test luel rod 

2. Restructuring 01 the luel 

2.1 Resintering, densification, change 01 
pore size distribution 

2.2 Grain growth and bubble development 
by lission gas accumulation 

2.3 Columnar grain growth, pore/gas 
bubble migration, development 01 
central channel 

2.4 Development 01 luel pellet crack 
pattern 

Method 

measuring the internal rod pressure 
during irradiation, measuring the gas 
volume and composition after 
irradiation 

ceramography after irradiation 

measuring the fuel density after 
irradiation 
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3. Fuel lemperalure in dependence of measuring Ihe cenlral fuel lemperalure 
power and burnup during irradialion 

4. Fuel-Io-cladding inleraclion measuring of Ihe cladding diameier 
and cladding melallography after 
irradialion 

4.1 Mechanical inleraclion 
(deformalion of Ihe cladding) 

4.2 Chemical inleraclion 
(fission producis attack 10 Ihe 
cladding) 

4.3 Chemical and mechanical inleraclion 
(slress corrosion cracking) 

5. Malerial Iransport in Ihe fuel alpha-auloradiography of 
cross-seclions after irradialion and 
analysis of fuel sam pies 

5.1 Change of Ihe Th/U-ralio 

5.2 Migralion of solid fission producls gamma-sc an and 
gamma-speclromelry 

A furlher main objeclive was 10 verity a compuler code for modelling Ihe fuel rod irradi­
alion behaviour. 

Facllities 

Two lesl fuel rods were loaded axially one above Ihe olher inlo Ihe pressure vessel of 
Ihe irradialion rig (see Figure 2.5/1). The rods were held by Ihree guides of Ihe disc 
carrier and fixed by Ihe sockel al Ihe middle guide. Three axial comb-shaped sials held 
Ihe discs of Ihin zirconium sheet. 

The discs surrounding Ihe rods limited Ihe size of Ihe sie am bubbles, suppressed pri­
mary coolanl conveclion, ensured uniform heal Iransfer condilions, and so prevenled 
Ihe formalion of a sleam film on Ihe lesl fuel rods. 

The pressure vessel was a seamless AIM93 lu be enclosing Ihe lesl fuel rods and Ihe 
disc carrier. It was carried by Ihe pressurized waler pipes which, in lurn, were led 
Ihrough Ihe cenlral hole of Ihe slainless sleel shielding plug and were connecled 10 
Ihe head of Ihe rig al Ihe upper end. The pressure vessel was cenlered wilhin Ihe oul­
er conlainer by means of spacer knobs provided on Ihe flow guiding lube of Ihe cool­
ing waler circuil. 

This circuil wilh waler of low pressure connecled 10 Ihe rig cooled back Ihe pressur­
ized waler Ihrough Ihe wall of Ihe pressure vessel. The cooling waler flew down 
Ihrough Ihe ouler annulus al Ihe oulside of Ihe shielding plug and Ihe flow guiding 
lube 10 Ihe bollom of Ihe rig and relurned Ihrough Ihe inner annulus cooling Ihe pres­
sure vessel on Ihis way. It Iraversed Ihe shielding plug via Ihe cenlral hole up 10 Ihe 
conneclion head. 
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The outer container which surrounded the cooling water channel could be exchanged 
during the irradiation pauses. There were two material types, AIMg, and stainless steel, 
used to adapt the lu el rod power by different neutron capture 01 the container material. 
A lurther power adaptation was possible by changing the irradiation channel. 

For irradiation, the rig was inserted into a 2 inch vertical channel 01 the FRJ-2 and was 
connected to the experimental cooling circuit 01 the reactor and to the pressurized 
water circuit as weil as to the measuring cables 01 the boiling water loop LV9, which is 
described in detail in [2.5-1). 

The power released by the test luel rods was determined during irradiation by measur­
ing the temperature increase and the flow rate 01 the cooling water. The central luel 
temperatures in both rods as weil as the internal pressure 01 the lower rod were mea­
sured continuously and recorded together with other irradiation data by the computer 
SIEMENS-R10 lor later evaluation. 

The important parameters lor irradiation testing controlled by the research reactor la­
cility are : 

a) reactor power; 
b) temperature 01 the moderator (0,0) ; 
c) control rods position; 
d) massllow, inlet and outlet temperature 01 the loop cooling water; 
e) water pressure inside the equalization vessel ; 
I) inner gas pressure 01 the test rods ; 
g) luel centreline temperature 01 both test luel rods . 

Procedures 

Preparing the irradiation experiment and its performance has been done by collabora­
tion 01 the partners as lollows: 

No, Working step Partner 

1. Fabricate the luel powder and the luel pellets according to NUKEM 
the specifications 01 section 2.3 

2. Control the luel quality and pre-characterize the luel pellets NUKEM+ KWU 

3. Design the test luel rods NUCLEBRAS + 
KWU + KFA 

4. Manulacture the end plugs 01 the test luel rods, partly with KFA 
the pressure transducer and with the tantalum protection 
tube lor the thermocouple, respectively. 

5. Develop and supply the equipment lor pressurizing the test KFA 
luel rods, measuring the rod internal Iree volume 

6. Supply the qualilied cladding tubes KWU 
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7. Fabricate the 8 test luel rads (2 spare rods included) RBU 

8. Control the quality 01 the test luel rods RBU 

9. Measure the internal pressure 01 the test luel rods KFA 

10. Measure the diameter and the length 01 the test luel rods KFA 
prior to irradiation 

11. Fabricate the irradiation rigs KFA 

12. Install the test luel rods into the irradiation rigs KFA 

13. Control the quality 01 the irradiation rigs KFA 

14. Irradiate the test luel rods KFA 

15. Examine the test luel rods after irradiation KFA 

16. Evaluate the irradiation data and the results 01 the NUCLEBRAS + 
post-irradiation KFA examination KFA 

17. Final documentation 01 data and results NUCLEBRAS + 
KFA + KWU 

2.5.1.2 Test luel rod manulacturlng and quallty control 

The test luel pellets tor the irradiation testing were labricated in 1983 according to the 
state ot the art on (Th,U)02 tue I technology ex-gel reached in Phase 1 01 the program. 
The test tuel rods including the test tuel were tabricated in accordance with specitied 
processes and proper specifications. 

Pellet fabrication 

The green pellets were tabricated by pressing (mechanical press TPA35, pressure 500 
MPa) of the homogeneous (Th,U)02 kerneis trom one batch. A suitable number ot 
these tuel pellets were fabricated with a central bore to accommodate the thermocou­
pie. The sintering step was made in a high vacuum lurnace under hydrogen atmo­
sphere at 1,700' C. The specified outer diameter ofthe fuel pellet was achieved by cen­
terless surface grinding. The inner diameter ot the hollow pellets was bored with a dia­
mant-pin. 

Pellet propertles 

Basis for the specification of (Th,U)02 pellet tuel was the PWR standard specitication 
for U02. The required properties relevant for the in-pile behaviour and limitation of im­
purity contents significant tor avoiding rod defects have been maintained. This con­
cerns: 
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a) thermal stability ; 
b) density; 
c) microstructure (pore and grain size distribution) ; 
d) dimensions (diameter, length); 
e) surface properties (roughness, integrity); 
I) chemical compositon (Th- and U-content, U-isotope Iractions, stoichiometry, mois-

ture and H,-content, residual gas content, impurity content) . 

Emphasis was placed on the carbon content 01 the luel pellets because 01 the use 01 
organic precipitation aids and pure carbon addition to leed solution 01 the ex-gel pro­
cess. Additionally sulphur was brought into the process by the pore lormer and was 
specilied as impurity in conten\. The boron equivalent, mainly given by the rare earth 
elements, was measured, too, because 01 the use 01 thorium lor (Th,U)O, production 
deviating Irom the specilication 01 enriched uranium luel. A list 01 all chemical analysis 
methods used lor proving the specilied pellet data is given in Table 2.5.1. Most 01 
these methods were available as standard examination at NUKEM. 

The pellet density was determined by a penetration-immersion method. For the evalua­
tion 01 the pore size distribution, the quantitative analysis 01 the pore sizes was appli­
ed. Figure 2.5/2 shows the microstructure 01 a test lu el pelle\. 

The test Irequency as weil as the statistical requirements 01 the statistically controlled 
properties were given in the specilications. The documentation was performed in ac­
cordance to DIN 50049 in a 3.1 8 certilicate. 

Fuet rod manulacturing 

The claddings 01 the test luel rods (Iength ~ 295 and 308 mm, resp.) were manulac­
tured Irom Zircaloy-4 tube supplied by NRG (Nuklearrohr-Gesellschaft) . The manulac­
ture 01 8 test luel rods was started with assembling the end plug with tantalum tube 
and the cladding by TIG-welding. After the loading 01 the dried (Th,U)O, luel pellets in­
to the cladding , the luel rods were closed with the spring-side end plug by TIG-weld­
ing. 80th welding steps were made without addition 01 welding material. The luel rods 
were lilled with helium and the lilling-hole was sealed with a Zircaloy-4 pin and TIG­
welding. The manulacture steps and the quality requirements are summarized by Table 
2.5.2. 

Compliance with the requirements 01 the specilication and the drawing was certified in 
an Acceptance-Test-Certilicate DIN 50049-3.1 8 . All tests and measured data 01 the 8 
luel rods and 01 the prerun fuel rods were reported in the Manulacturing and Quality 
Assurance Repor\. 

Test luet rod description and data 

The test luel rods (see Figure 2.5/3) had Zircaloy-4 cladding with 10.76 + 0.01 mm 
outside diameter and 9.30 mm inside diameter. They contained 24 (Th,U)O, luel pellets 
each 01 PWR standard dimensions (see Figure 2.5/4) . The uranium content was 5.03 % 
of the heavy metal mass, the '35U enrichment was 44.95 weight %. The pellets were 
9.105 ± 0.002 mm in diameter and 11.74 ± 0.05 mm in length. The lirst pellet adjacent 
to the test rod spring was properly shortened to get the specilied luel column length 
01275.2 ± 0.2 mm. The diametric gap was 195 ± 40 j.lm. Five luel pellets had central 
holes 01 2.8 mm diameter to take the protection tube 01 tantal um of 2.6 mm outside di­
ameter and the thermocouple wires 01 W5 %Re-W26 %Re held in a 2-hole insulation-
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rod 01 thoria. The lower rod, positioned nearly symmetrically in the neutron Ilux prolile 
01 the reactor core (see Figure 2.5/5), had been equipped with an additional pressure 
transducer assembled in the lower end plug. By that, the internal pressure 01 the lower 
test luel rod could be measured during irradiation. The luel column was axially separa­
ted Irom the metallic components by Al20 a-peliets lor thermal insulation. Aspring 01 
stainless steel located the luel column in the luel rod and protected it against trans­
port damages. The test luel rods were pressurized with highly pure helium 01 2.18 ± 
0.05 MPa at 293 K. 

2.5.1.3 Pre·lrradlatlon measurements 

After the transport 01 the test luel rods to KFA, the internal helium pressure 01 the 
rods with pressure transducer was measured. The diameter and the length 01 all test 
luel rods were measured prior to and after irradiation with the same measuring bench 
in the hot cell laboratory 01 KFA in order to accurately determine the change 01 the di· 
mensions as an ellect 01 irradiation. 

2.5.1.4 Irradiation data 

The three irradiation experiments were performed between November 1983 and Sep· 
tember 1985. Details 01 the test luel rods, the irradiation conditions and the results are 
given in Table 2.5.3. A survey 01 the measured linear power, the central luel tempera­
ture and the internal gas pressure is given in Figure 2.5/6 lor the test luel rod TOT81. 

A decrease 01 the internal gas pressure was observed in the rod TOT81 after 47 days 
01 irradiation and in the rod TOT83 after 10 days. Aleal< in the tantalum protection tube 
and a sealing lailure allow the internal gas to Ilow into the pores 01 the insulation mate· 
rial 01 the connection cable 01 the thermocouple without leaking into the pressurized 
water circuit. Further tests performed at the PIE have shown that the fuel rod and con· 
nection cable system were tight, i.e., a weil cooled free gas volume has been added to 
the internal free rod volume. 

The third irradiation experiment with the rods TI84 and TOT85 had to be finished be· 
fore reaching its burnup goal due to a leak in the cladding of the upper rod TI84. The 
reason was pressurized water penetrating into the fuel rod through a leak in the con­
nection piece 01 the thermocouple cables and destroying the tantal um protection tube 
by corrosion. The tantalum was oxidized and sweUed so much that the cladding failed. 
However, the (Th,U)02 fuel behaved neutrally in the defective test fuel rod and did not 
promote failing of the rod cladding by swelling. 

2.5.1.5 Post·lrradlatlon examinatlon 

After a cooling time of at least 5 weeks the irradiation rigs have been transported with­
in a shielded transportation Ilask to the fuel cell laboratory (BrennstollzeUenlabor­
BZL) of the hot ceUs of KFA. Here, the rigs have been dismantled and the fuel rods 
have been examined. If not otherwise remarked the foUowing investigations have been 
fulfilled in the BZL. 

Claddlng 

The length 01 the fuel rods between the two measurement slots has been measured 
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before and after irradiation in the bench 01 the BZl with aresolution 010.02 mm. A rel­
ative axial length increase up to 4.8E-4 has been determined. 

Helical, circumlerential and length-wise measurements 01 the claddlng diameter were 
made belore and after the irradiation by using a displacement transducer. A circumler­
ential diameter diagram is given in Figure 2.5/7. A length-wise diameter diagram is giv­
en in Figure 2.5/8. 

Fuel 

The ceramography 01 the irradiated luel did not show any irradiation induced change 
01 the luel microstructure, not even at the highest linear power (see Figure 2.5/9). The 
development 01 the (Th,U)O, luel crack pattern is similar to the behaviour 01 the UO, 
luel. Even at the highest linear power 01 more than 400 W/cm the dishing is not de­
lormed (see Figure 2.5/10). 

For burnup analysis two irradiated luel sampies of the rod TOT81 located near the 
highest linear power have been investigated by mass spectrometry in the Institute 01 
Chemical Technology (KFA-ICT). The results are given in Table 2.5.4. They are import­
ant to control the breed and burnup calculations lor the luel nuclides. 

For determining the fuel dimensional behavlour, on 16 luel sampies, Irom six individu­
al rods the luel densities were measured in the hot cells 01 KIK Karlsruhe. The luel pei­
let volume shrank 1.7 ± 0.7% independently 01 the luel temperature (900 to 1,550 K) 
and burnup (0.6 to 9.6 MWd/kg). 

Fuel rod 

The cold inner gas pressure 01 the test luel rod n80 was measured in the hot cells al­
ter irradiation. Two gas sampies 01 the rod nao were analysed in the hot cells of KWU 
by mass spectrometry. The fission gas release calculated Irom the measured gas vol­
ume and the relative Xe + Kr content was 0.17 %. One gas sampie 01 the rod n80 
was analysed in the Central Oepartment lor Chemical Analysis (KFA-ZCH) by a spe­
cially adapted gas chromatography lor SO,. Since no SO, could be detected, the 
SO, -content 01 the gas inventory 01 the lu el rod was lower than 0.5 volume %, the sen­
sitivity 01 gas chromatography. 

A gamma scan 01 the rod n80 is given in Figure 2.5/11. 

Gamma spectra were taken at three different points 01 each rod in order to investigate 
the axial distribution 01 the radioactive nuclides and their migration behaviour. The ac­
tivity 01 9 nuclides in the test luel rads n80 and TOT81 recalculated Irom the gamma 
sc an peaks to the end 01 the irradiation time are given in Table 2.5.5. 

2.5.2 Pathfinder irradiation technology 

2.5.2.1 Objectives, facilities and procedures 

The target 01 the irradiation test to be performed at the Angra-l nuclear power plant 
should be to conlirm the good operational behaviour and the basic design and labrica­
tion prineiples 01 luel rods containing (Th,U)O, luel as established in irradiation tests 
carried out in the research reaetor FRJ-2. For this purpose segmented and lulHength 
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test luel rods should be loaded into a carrier luel assembly and should be inserted into 
the power plant. 

The luel rods should be irradiated lor up to lour operational cycles and should be ex­
amined in the spent luel pond 01 the plant after each cycle. Hot cell examinations on 
these luel rods were intended, too. 

During examination in the spent luel pond, the integrity 01 the test luel rods should be 
conlirmed by wet sipping 01 the carrier assembly including the test rods and by eddy 
current testing 01 the individual test rods. Measuring 01 the luel rod dimensions, i.e. di­
ameter and length, should inlorm on luel pellet dimensional stability, inlluencing the di­
ameter changes 01 the luel rods. 

During hot cell examination 01 the test luel rods the results 01 the spent luel pond ex­
amination should be conlirmed and the power and burnup distribution of the rods 
should be determined. By metallographic and ceramographic examinations, dimen­
sional changes, relocation and crack pattern 01 the luel pellets should be determined 
in detail and microstructural changes 01 the luel should be investigated. 

Furthermore, puncturing 01 the luel rods during hot cell examination should give data 
on lission gas release 01 the (Th,U)02 luel lor the different operational and burnup 
stages. 

Table 2.5.6 summarizes the nuclear luel service required lor the planned irradiation 
testing. 

In order to lacilitate the access to the test luel rods without removing any end piece 01 
the carrier assembly, the top end piece 01 the assembly was modilied by introducing a 
cross-shaped cut-off seal prior to assembly loading. Thus, during any shutdown or ref­
ueling period, the rods may be removed Irom the carrier assembly through that cut-off 
open end and may be submitted to non-destructive testing in the spent luel pond by 
using the special measuring and examination device (Figure 2.5/12). 

2.5.2.2 Irradiation strategy 

The irradiation test was planned to determine the operational behaviour 01 (Th,U)02 lu­
el rods in a commercial nuclear power plant. Four segmented test luel rods and one 
lull-Iength luel rod were designed and should be licensed and labricated lor loading in­
to the carrier luel assembly and into the power reactor Angra-l. The segmented luel 
rods should consist 01 seven short test luel rodlets each axially screwed to each other. 

To get inlormation on the luel performance in the whole burnup range 01 up to 45 
MWd/kg, the segmented luel rods should be irradiated for 1 to 4 operational cycles , 
i.e., one segmented luel rod should be unloaded during each relueling shutdown 01 
the power plant. 

The lull-Iength luel rod should be irradiated lor altogether 4 operational cycles. The 
test luel rods should be linally examined in the spent luel pond 01 the power plant. In­
termediate examinations were planned to be performed during each relueling shut­
down. 
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2.5.3 Conclusions 

The irradiation testing of (Th.U)02 fuel and the subsequent post irradiation examination 
have brought the following results: 

a) a complete irradiation database to characterize the (Th,U)02 behaviour and per­
formance under simulated PWR conditions up to 10 MWD/kg (Th + U), and 

b) the demonstration of the newly developed methods for (Th,U)02 fuel pellet fabrica-
tion which provides an adequate alternative nuclear fuel for PWR's. 

The preparation of a pathfinder irradiation technology in apower reactor in Brazil en­
hanced the transfer of specific know-how from Siemens to NUCLEBRAS. This com­
prised the design, made by NUCLEBRAS, of a carrier fuel assembly and components 
for a pathfinder irradiation test in Angra-1 power reactor and the elaboration of docu­
ments required for licensing the irradiation test. 
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Table 2.5.1: Chemical analysis mellJods tor quality contral ot the tl/eI 

No. Method Elements Ratio Gas 

TI1 U F CI C S B Si Gd O/U N, H,/H,O residual 
gas 

1 Complexometric + 
titration 

2 Gravimetry + 

3 Controled potential + + 
coulometry 

4 Oximetric titration + 

5 Photometry + + + + 

6 Ion selective + + 
electrode 

7 Infra red absorption + + 

8 Inductively coupled + + + 
plasma spectrometry 

9 Emission spectrometry + + 

10 Atomic absorption + + 
spectrometry 

11 Gas chromatography + 

12 Carrier gas method + 
(LECD) 

13 Hot extraction + 
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Table 2.5.2: Manulacture steps and quality requirements 01 the test luel rads 

Process step Qualily requirement Test scope 

1. Welding zone of end plug 
with tantal um tube 

1.1 metallography correlated standard for LWA 1 welding sam pie 

1.2 X-ray pore diameter smaller than all TFAs' 
specified value 

1.3 corrosion test correlated standard for LWA 1 welding sam pie 

1.4 surface near welding correlated standard for LWA all TFRs 

2. Fuel pellet stack 

2.1 pellet stack lenglh and in accordance with specified all TFAs 
weight measuring value and tolerance 

3. Welding zone of end plug 
al spring-side 

3.1 metallography correlated standard for LWA 1 welding sampie 

3.2 X-ray inspection pore diameter smaller than all TFAs 
specified value 

3.3 corrosion test correlated standard for LWA 1 welding sampie 

3.4 inspection of the suriace correlated standard for LWA all TFAs 
of the weid area 

4. Fill gas pressure and 
sealing of the rads 

4.1 He leak test leaking rate smaller than all TFAs 
specified value 

4.2 moisture and H2-content measurement smaller than 1 qualification rod 
determination speclfied value 

4.3 free gas volume within the specified range all TFAs Vlith pressure 
measurement Iransducer 

4.4 fill gas pressure pressure documentation all TFAs with pressure 
measurement transducer 

4.5 surtace inspection maximal seratch depth all TFRs 
smaller Ihan specified value 

• TFAs = test fuel rods 
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Tab!e 2.5.3.' Survey ot the irradiation data ot aff six test tue! rods 

Irradiation Test Linear Fuet 
rig fuel rod tempe-

rod power rature 

max. max. 

W/cm Kelvin 

DeO 319 1405 
LU9.6-E60 

TOT81 438 1575 

D82 241 1490 
LU9.6-E61 

TOT83 307 1365 

D84 212 1105 
LU9.6-E62 

TOT85 259 1210 

water pressure : 9.0 ± 0.05 MPa 
rod surtace temperature: 582 K = 309"C 

tnternat Irrad-
rod iation 

pressure time 

max. 

MPa days 

- 116 

7.23 116 

- 194 

7.07 194 

- 34 

6.25 34 

Tab!e 2.5.4.' Fuel analysis by mass spectrometry' 

Height above mid plane H = - 8.5 ± 1.2 cm 
of reacter core 

nuclide heavy metal burnup 
A = 8.086 MWd/kg 

233U 11.481 % 

234U 0.596% 

235U 27.463% 

236U 3.120% 

236U 57.34 % 

23Bpu 0.461 % 

239pu 82.475% 

240pU 14.583% 

241pU 2.051 % 

242pU 0.430% 

'Fuel sam pies of tlle test fuel rod TOT81 
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Burnup 
of heavy 

metal 

max. 

MWd/kg 

6.82 

8.22 

8.25 

9.88 

1.26 

1.53 

Cold 
internal 

pressure 

initial min final 

MPa MPa MPa 

- - -
2.105 1.243 1.288 

- - -
2.172 1.183 1.213 

- - -
2.208 1.838 -

H = -10.9 ± 1.2 cm 

heavy metal burnup 
A = 8.342 MWd/kg 

11.33 % 

0.589% 

27.641% 

3.087% 

57.35 % 



Table 2.5.5: Activity 01 9 nuclides in t!le test luel rods TTBO arid TOTBI within a disk 01 0.2 mm 
thickness at the end 01 irradiation 

Test fuet rod TT80 TDT81 
Speclrum nr. : 1 2 3 1 2 3 

nuclide energy nuctide activity NGBq 

95Zr 724 keV 3.5 5.6 6.1 6.5 7.3 7.7 

103Ru 497 keV 2.2 3.3 3.5 3.7 4.1 4.4 

106Ru 622 keV 0.084 0.11 0.10 0.13 0.13 0.14 

134Cs 605 keV 0.008 0.013 0.019 0.023 0.028 0.031 

137Cs 662 keV 0.063 0.10 0.11 0.12 0.13 0. 14 

1408a 537 keV 6.0 7.0 8.3 14 16 19 

144Pr 696 keV 1.2 1.8 2.1 2.5 2.4 2.8 

182Ta 1221 keV 0 0 1.7 1.6 0 0 

233Pa 312 keV 48 85 100 110 120 120 
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Table 2.5.6: Nuclear tuel service tor the irradiation testing 

Objectives Activities Available Equipmenl 

Deleclive lu el Fuel assembly sipping Sipping equipmenl ler PWR 
assembly detection 

Fuel rod exchange Substilution 01 a lesl luel rod for a Fuel assembly handling equipmenl 
slandard fuel rod or 
dummy rod Working stations and special tools 

Fuel rod exchange device 

Pool site examination Eddy curren! lasting Eddy currenl lesting equipmenl 

Dimensional measurements of lu el Dimensional measurement 
rads equipments 

Outer oxide layer thickness Layer Ihickness gauge 
measurement 

Gamma scanning Gamma scanning device 

Hot cell examination Fission gas analysis Slandard hol celt equipmenl 

Determination of the internat tree 
volume Ihe fuel rods 

Prolilomelry and melaltography/ 
ceramography 

Burnup and chemical analysis Radio chemical methods 
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Maximum linear power = 438 W/cm 2mm 

Fig.2.5/ 10: Longitudinal Section of the Test Fuel Rod TOT8I 
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2.6 Fuel Storage and Reprocessing 

2.6.1 Spent fuel storage assessment 

2.6.1.1 Descrlptlon 01 the spent lu el storage assessment 

Dry storage is the most promising technology 01 spent luel storage. Dry storage in an 
inert atmosphere enables the highest storage temperatures and according to that the 
shortest pre-storage times in water pools. Therelore, the spent luel storage assess­
me nt has been performed for dry storage in an inert atmosphere. 

Figure 2.6/1 leatures a compilation 01 all noteworthy mechanisms potentially affecting 
the lu el rod cladding integrity. Only lour of them are 01 real importance lor the fuel rod 
integrity [2.6-1]: 

a) cladding hoop strain; 
b) iodine stress corrosion; 
c) cladding oxidation from outside; 
d) crack propagation. 

Experimentally based empirical correlations lor these phenomena have been com­
bined to the TRAB code. The computer program calculates the creep strain, the prob­
ability 01 lailing by iodine stress corrosion cracking, the cladding oxidation, and the 
grow1h 01 individual cracks as a function 01 time and at a given temperature/time histo­
ry [2.6-2]. It has been demonstrated by recalculations of experiments that the TRAB 
code describes the spent fuel rod behaviour conservatively [2.6-2]. 

2.6.1.2 Description 01 the EOL conditions 01 a Th-Iuel pin 

The design data 01 a test luel rod destinated for an irradiation test in the Angra-1 reac­
tor have been chosen as input data tor the TRAB code calculations [2.6-3]. The burnup 
after lour cycles has been estimated to be 53,000 MWd/tU. An end-ol-lile cold internal 
pressure 01 41 bar has been selected as relerence case lor the TRAB calculations. 

The lollowing geometrical luel pin data (at room temperature) have been used as input 
data: 

cladding outside diameter: 
cladding inside diameter: 
cladding length: 
internal gas volume: 

9.50mm 
8.22 mm 

3840. mm 
20.5 cm' 

2.6.1.3 Storage performance predictions 01 a representative spent Th-Iuel pin 

The calculations have been performed using characteristic data 01 an independent 
storage tacility 01 the GORLEBEN type. There, the spent tuel assemblies are stored in 
metal casks. A cask with a storage capacity 01 10 PWR tuel assemblies has been used 
as relerence cask lor the calculations. The internal tree volume 01 the loaded cask is 
4 m'. The cask is tilled with helium; the oxygen partial pressure is 2 mbar at the begin­
ning 01 dry storage. 
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The dry storage behaviour has been analyzed on the basis of a border-line tempera­
ture function (Figure 2.6/1). The dry storage starting temperature is 410°C. In a very 
conservative manner, it is assumed that the temperature is uniform along the fuel rod 
axis and for all fuel rods in the cask. In reality, the temperature decreases from the 
midplane to the upper and lower end and from the center to the periphery. Some cal­
culations have also been performed using a temperature which is constant in time. 

It has been assumed that the maximum crack depth is 100 Ilm for the internal surface 
of the Zircaloy-4 cladding after reactor operation, wh ich is also a conservative value. 25 
runs of the TRAB code have been performed (Table 2.6.1) under variation of the outer 
diameter of the cladding, the internal press ure, the starting temperature and the tem­
perature-time behaviour (decreasing and constant, respectively). 

Figures 2.6/2 to 2.6/8 show the results of the calculations for the so-called standard 
dry storage conditions (border-line temperature function of Figure 2.6/2 and internal 
cold pressure of 41 bar). The total hoop strain is 0.31 % and its value is nearly obtained 
after 1 year (Figure 2.6/3). The iodine stress corrosion cracking is not active. The mean 
crack length remains constant and is far below the mean crack length at perforation 
(Figure 2.6/4 ), which results in a perforation probability P of < 10-' (Figure 2.6/5) and 
in a safety function of practically 1 (Figure 2.6/6). The oxygen conte nt in the cask gas 
is consumed after 4 months and leads to an increase of the oxide layer of less than 
2 Ilm (Figure 2.6/7). There is no propagation of cracks caused by purely fracture-me­
chanical mechanisms (Figure 2.6/8). 

The results of all calculations - for a storage time of 7 years - are shown in Table 2.6.1. 
At decreasing temperature the dry storage is safe up to a starting temperature of 
450° C at an internal cold press ure of 41 bar. The variation of the internal pressure at 
the standard temperature function results in failing by lodine Stress Corrosion Crack­
ing (ISCC) above 60 bar and in exceeding the 1 % strain limit above 70 bar. The depen­
dence of total strain from starting temperature and internal pressure is shown in Fig­
ure 2.6/9. At constant temperature the fuel rod fails by ISCC above 350° C. 

To see the influence of cladding wall thickness, some calculations have been per­
formed for an outer diameter of 9.25 mm corresponding to a wall thickness of 0.52 
mm. The results show that the failure limit is now at slightly lower starting tempera­
tures and at slightly lower internal pressures. 

2.6.2 Reprocesslng studies tor (Th, U)02 PWR tuel 

In the frame of the program one of the objectives was to study the closing of thorium 
fuel cycle by reprocessing of spent Th-containing PWR fuel elements. However, the 
demonstration of the closing of the fuel cycle has been considered from the very be­
ginning to be beyond the scope of the program. 

An overall conclusion of the performed literature survey at the program beginning was 
that the program could use to a large extent the exlsting technologies and available 
know-how for reprocessing. That is the case with fuel reprocessing from HTR and 
head-end treatment from LWR [2.6-4] 

Following this extensive literature survey cold laboratory tests on reprocessing were 
initiated. They had as major objective the verification of the applicability of the two-cy-
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eie THOREX reprocessing scheme derived lor (Th,U)02 HTR lu el irradiated to burnup 
01 up to 100,000 MWdltHM [2.6-5J to the (Th,U)02 pellet luels considered within the 
scope 01 this program. 

Cold dissolution experiments have shown that during the dissolution 01 (Th,U)02 luels 
in THOREX solution, the Zircaloy-4 cladding is also dissolved to some extent and, due 
to this, the dissolution time is distinctly increased. Hot dissolution tests showed that 
the dissolution time 01 (Th,U)02 luel decreases substantially compared to the results 01 
cold tests. 

For an optimization 01 the solvent extraction processes, distribution data lor the sys­
tem HN03, Th, U covering the whole range 01 interest have been evaluated. Interpola­
tions and extrapolations are possible by a computer program [2.6-6J. Considerations 
about the radioactivity 01 reprocessed 233U luel Irom power reactors on the one side, 
and the experience gained so lar with the THOREX process variants on the other side, 
lead to the selection 01 a single-cycle THOREX process as the most suitable variant. 

Pulsed columns are the prelerred extraction apparatus because this equipment pro­
duces less TBP degradation products due to the shorter contact time. In addition, 
pulsed columns are less sensitive against process disturbances by any crud lormation 
[2.6-7J. For extraction a continuous organic phase, lor re-extraction a continuous 
aqueous phase operation in pulsed columns should be selected [2.6-4J. 

2.6.2.1 Dissolution and leed adJustment 01 (Th,U)O, luel with Zircaloy-4 clad 

Cold dissolution tests 

The existing technology with available know-how applicable to the head-end treatment 
in the reprocessing 01 thorium and uranium mixed oxide with Zircaloy-4 cladding is the 
chop-Ieach process, used lor PWR reactors. The luel rod is cut in 2-5 cm pie ces, 
which are processed in a dissolver provided with a basket. The linal solution 01 thorium 
and uranyl nitrate is adjusted to the requirements 01 the solvent extraction leed. 

A good number 01 lactors affect the reprocessing 01 ceramic luels and the lirst work 
was to analyse the physico/chemistry side 01 the system Th02/HN03-HF [2.6-8J. The 
dissolution 01 oxide luels largely depends on the material microstructure and density, 
which depend on the labrication process. For materials with a homogeneous micro­
structure and regular pores, the total dissolution time is long and it increases with the 
density. Three types 01 (Th,5%U)02 pellets were used in the experimental work, with 
different densities and microstructures. The dissolution tests were performed with a 
ratio 01 solid to solvent that yields 1 mol Th/l solution after complete dissolution. 

The lirst pellets, with density 01 8.3 g/cm3, were labricated without carbon black addi­
tion and they presented very irregular microstructure with great and interconnected 
pores. They were completely dissolved between 10-14 hours: the scalter in the total 
dissolution time may be explained by the variations 01 material characteristics. The 
second type were pellets with density 9.3 g/cm3 and they were labricated with carbon 
black addition. They had a liltle more homogeneous microstructure, but they still dis­
played great and delormed pores. They were completely dissolved in ab out 15 hours. 
The last pellets 01 the tests had density 01 9.4 g/cm3 and they were also fabricated with 
carbon black addition. They took more than 50 hours to dissolve, that was the conse­
quence 01 a good microstructure, without great pores and with a homogeneous pore 
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distribution. The dissolution of the three types of (Th,5%U)02 pellets is described in 
detail in [2.6-9]. 

The presence of zirconium slows down the dissolution, that means it reduces the initial 
reaction rate and increases the total dissolution time of the pellet. Since zirconium 
forms strong complexes with the fluoride ions, its presence decreases the available 
fluoride concentration in the THOREX solution. Then, it becomes less effective as 
Th02 dissolution agent. The pellet dissolution time increased by about 30 % when Zir­
caloy-4 was present and the weight loss in the first hours of the reaction decreases 
between 5 and 20 %, depending on the pellet fabrication data. 

The (mass of solidlvolume of dissolvent solution) ratio is important for the dissolution 
process and its increase, to a certain extent, reduces the time needed to obtein a so­
lution with the required concentration. When this ratio was increased by 50 %, the time 
to obtain I mol Th/l solution decreased by 65 %. 

In the dissolution of Th02 pellets, 90% of a batch may be dissolved in a few hours, 
whereas the other 10% may require substantially Ion ger time. With the heel technique, 
in which the refractory material is contacted with fresh dissolvent, the total processing 
time is effectively reduced [2.6-10]. By using this technique, it was possible to dissolve 
a mass of 4 pellets of (Th,5%U)02 with density 9.3 g/cm3 in 10 hours of processing and 
1 mol Th/l solution was obtained. 

Cold dissolution tests provide basic essential information about the chemical system 
and re action mechanism. Nevertheless, the irradiation changes the fuel structure signi­
ficantly and, therefore, only hot tests can furnish necessary data about dissolution. 

Hot dissolution tests 

Hot dissolution tests were performed with sam pies from the first irradiation test in the 
research reactor FRJ-2 in KFA-Juelich. The pellets had a density of 9.53 g/cm3 (95% of 
the theoretical density) before the irradiation. The sampies came from the fuel rod TDT 
81. Figure 2.6/10 shows the exact pi ace from where the sam pies for the dissolution 
tests were taken. 

Two dissolution tests were performed having as main objectives to determine the total 
dissolution time and to check for the presence of insoluble residues. In the first test, 
the fuel rod pieces number 1 and 2 were used, while for the second one the sam pies 3 
and 4 were taken. The cooling time before the dissolution was 7 months for the first 
test, and 8 months for the second. 

For each test, the two pieces of the rod were weighed with the Zircaloy-4 cladding and 
dissolved in 50 ml of the THOREX reagent, until only the cladding material remained 
and no more than a small residue of the fuel material. The thorium concentration in the 
final solution was ab out 1 moll I. The dissolution was followed by thorium and uranium 
analysis using an X-ray fluorescence spectrometer. Gamma-spectrometry was also 
carried out. For this it was necessary to dilute the sampies up to 1,500 times, to enable 
thelr direct handling. 

Figure 2.6/11 shows the dissolution curve obtained in the hot tests, and, for comparis­
on, the curve for fresh pellets from the same fabrication batch. The irradiated material 
was completely dissolved in ab out 20 hours, while non-irradiated material took more 
than 35 hours. Such behaviour has already been reported by other authors [2.6-11]. 
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This conlirms that the general observations known lor U02-fuels are also valid lor 
(Th,U)02. The main point to explain the different behaviour 01 the irradiated material is 
its physical state. Figures 2.5/9 and 2.5/10 show the test fuel rod as presented lor the 
post-irradiation examination. The irradiated material had big cracks and it was broken 
in pie ces or partially powdered during the shear process. Then the material had a spe­
cific surface for the chemical reaction substantially larger than the one provided by the 
Iresh material, thus dissolving laster. 

The top 01 the Figure 2.6/11 shows that the largest release 01 the fission product kryp­
ton-85 measured at the stack of the hot cells occurs in the lirst hours 01 the dissolu­
tion process. 

Small amounts of insoluble residues were obtained in both dissolution tests. The resi­
dues had a bright black colour and they constituted line particles, wh ich could be re­
tained in filter papers lor 0.2 11m particles. Gamma-spectrometric analysis have re­
vealed that the niobium-95 was mainly responsible lor the high specilic gamma-activity 
of the residues. 

2.6.2.2 Solvent extraction by THOREX process 

Selection 01 the process 

The THOREX process was developed lor processing irradiated thorium to separate 
233U and thorium and decontaminate them from lission products. Like the PUREX pro­
cess, the different variants 01 the THOREX process use a 30% solution 01 TBP in an 
organic solvent such as kerosene. 

The form 01 the THOREX process lirst developed at the Knolls Atomic Power Labora­
tory (KAPL) and the Oak Ridge National Laboratory (ORNL) used aluminum nitrate as 
salting agent to enhance the distribution coefficients of uranyl and thorium nitrates 
[2.6-12]. It was used to process thorium irradiated in the U.S. AEC's Savannah River 
production reactors. Because the AI(N03b used as salting agent added undesirably to 
the nonvolatile material in the high-level wastes, it was replaced by nitric acid in the ac­
id THOREX process developed by ORNL in the early 1960s [2.6-12]. Thorium mayaiso 
be salted out by HN03, which is relatively easy to recycle and destroy, and virtually all 
01 the processes taken into consideration today use this acid as a salting agent. The 
ORNL process uses a feed solution of 1.1 mol/l Th(N03)" a special leature being the 
acid deliciency of about - 0.15 mol/I. The scrub solution is 1 mol/I HN03. The acid deli­
ciency is adjusted by steam stripping of the feed solution. Fission product decontami­
nation (particularly with respect to zirconium) is reported to be improved due to the 
low acid concentration. On the other hand, undesirable precipitates can be encoun­
tered during leed adjustment 01 high burnup luels [2.6-13]. 

Particularly zirconium hydroxide is precipitated almost quantitatively during the acid 
deficient leed adjustment. This makes a liquid/solid separation necessary with involved 
losses 01 heavy metals. This problem is intensified if the solution contains not only the 
zirconium produced by lission but also the zirconium from Zircaloy-4 as discussed in 
section 2.6.2.1. 

To avoid the problem 01 the formation 01 a precipitate in the early 1970s, Farbwerke 
Hoechst [2.6-5, 2.6-12] developed a dual cycle process to luel irradiated to burn­
nu ps to 100,000 MWd/t. The Ilowsheet was demonstrated in hot-Iaboratory runs at the 
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KFA-Jülich on 1 kg/day of fuel irradialed 10 burnups up 10 54,000 MWd/t. 

This process uses a 1 molil HN03 feed solulion in Ihe firsl cycle and a 0.1 molll HN03 

scrub, Ihus avoiding hydrolytic precipilales during feed adjuslment. After having sepa­
raled Ihe main volume of fission producls in Ihe lirsl cycle, an acid delicient feed solu­
tion is used in the second cycle to reach the desired decontamination lactors. In this 
cycle the scrub is 1 moll I HN03 [2.6-5]. 

The acid THOREX process and Ihe acid deficient THOREX process differ very much in 
their HN03 supply via feed solution and scrub. The low HN03 concentration of the in­
coming scrub solution in the acid THOREX process suggesls that there is a substan­
tially lower HN03 concentralion in the scrub section. The queslion arises whether both 
flowsheets can be stable in such different process conligurations [2.6-4]. 

Cold experiments have shown the feasibility of both extraclion variants. Recovery 01 
99.9 % 01 the heavy metals is possible without problems. In any case, from the stand­
point of easiness of processing the acid feed solution should be preferred because 
feed adjustment is simpler [2.6-4]. 

The reexlraction 01 the heavy metals (U,Th) can be, in general, carried out either as 
joint stripping of both elements or by seleclively stripping lirst the thorium and then 
the uranium. In the two cycle process of Farbwerke Hoechst co-stripping is done in 
the lirst, parlitioning 01 thorium and uranium is accomplished in the second cycle. 

Investigations have revealed a serious problem of reextraction. At the low acidity ne­
cessary for the process, a crud is formed. II disturbs the function of the extraction ap­
paralus. This has been observed in mixer-settlers as weil in pulsed columns [2.6-4]. To 
avoid the crud safely, it is necessary to reextract at even higher acidity. 

Therefore, partilioning should be the preferable procedure, since in this kind of reex­
traction only thorium is stripped into the aqueous phase while the uranium remains in 
the organic phase [2.6-4]. 

Development 01 the process 

Extractlon 

In designing a THOREX flowsheet, it must be recognized that a second organic phase 
(third phase) is precipitated il a too high loading of the organic phase occurs. This per­
turbs the funclion of the extraction apparatus due to its physical properties. Thus, the 
formation of this third phase must be avoided with certainty. Maximum loadings of 
thorium in the organic phase should be limited to about 30 % of the theoretical capaci­
ty, that is 35g Th/l, since the molar ratio TBP to thorium is ab out 2.3 lor salurated solu­
tions [2.6-13]. 

Due to the relatively low extractability 01 thorium, a comparatively high Ilow-ratio of the 
organic to the aqueous phase is required. At a working temperature 01 20-25° C the 
feed concentration must be limited to about 1 mol/l of thorium, to avoid the third 
phase formation. However, since the formation of the third phase is also inlluenced by 
the acid concentration, it is also necessary to limit the overall supply of HN03 via the 
feed solution and scrub. The too low supply 01 acid via these solutions will lead to high 
thorium losses via the waste Ilow due to the poor extractability of thorium. For this rea­
son, concentrated HN03 is added to the aqueous stream shortly before it leaves the 
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extraction apparatus. Here the formation of the third phase is not possible due to the 
low concentration of thorium in the extraction section of the contactor. With the result­
ing acid concentrations, the thorium losses are reduced to an acceptable level. Urani­
um, much better extracted than thorium, is practically absent in the raffinate stream 
[2.6-4]. 

As seen previously, the THOREX process with acid deficient feed solution was pro­
posed to improve the decontamination factors for fission products such as Zr, Nb and 
Ru. Both THOREX processes with acid and deficient feed solution differ very much in 
their HN03 supply via feed solution and scrub. However, an analysis of the acid profile 
in a mixer-settler provided the following result (Figure 2.6/12): although the acid con­
centration in the vicinity of the scrub inlet is lower than in the acid THOREX process, it 
is still considerably higher than the expected one and it will then quickly rise to higher 
values than in the acid deficient process. Moreover, the differences between the acid 
concentrations in the scrub section of the two extraction processes only produce a 
minor effect, because the influence of the salting agent HN03 on thorium distribution is 
negligible for the thorium concentrations around 0.1 molll found in the scrub section 
[2.6-4]. 

Cold experiments have shown that an aqueous/organic (alo) flow ratio of 0.23 is suit­
able for the extraction step, providing a recovery close to 99.99 % for both heavy me­
tals, for the acid THOREX flowsheet [2.6-14]. 

Special attention has to be taken at the start-up: the solution containing Th and U can­
not be fed into the mixer-settler till a suitable acidity is achieved in the system. 

In view of the slightly different acidity profile of the acid and the acid defieient process 
the question arises wh ether the acid deficient process can actually result in better de­
contamination factors as reported by Farbwerke Hoechst and other authors [2.6-5, 
2.6-10]. Better decontamination can only be achieved if the hydrolysed speeies gen­
erated during acid deficiency adjustment do not have enough time to react with the ac­
id during the extraction process: the residence time is too short and the temperature 
is too low. 

Batchwise and continuous experiments demonstrated clearly that for both processes 
similar fractions of zirconium are extracted into the organic phase, if the acid concen­
trations are the same. The different zirconium decontamination factors observed in the 
continuous experiments can be simply explained by the different acid profile in both 
processes. If the Zr-profiles shown in Figure 2.6/13 are compared with the acid pro­
files (see Figure 2.6/12), it becomes clear that there is a close relationship between Zr­
extractability and acidity of the aqueous phase. 

It becomes evident that those low extractable hydrolysed species of zirconium are 
converted rapidly to more extractable non-hydrolysed ones, due to the present HN03. 

The time involved in such transformation is shorter than the residence time of the 
aqueous phase in the mixer-settler. The conclusion drawn from this fact is: if a mixer­
settler is used, there is no actual advantage in employing an acid-deficient feed solu­
tion for the THOREX process. This question is still open when the extractor is a pulsed 
column, since here the contact time between the two phases is short. 

With respect to the influence of fluoride anion on the zirconium decontamination, it is 
interesting to note the increment of the Zr-concentration in the organic phase, if fluo­
ride is present in the system. 
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The literature re ports that zirconium forms a highly extractable monofluoride complex, 
under special conditions [2.6-15, 2.6-16). It was concluded that, within the range of 
thorium, zirconium and fluoride concentrations of interest for the extraction step 01 the 
THOREX process, the zirconium is mainly present as a monolluoride complex and al­
most all the residual fluoride is associated to the thorium. Also, it was seen that an in­
crease of the fluoride content beyond a certain value mainly has as a consequence the 
increase of the thorium monofluoride concentration, and it does not contribute to the 
inhibition of the zirconium extraction. 

Thorium and uranlum partilioning 

In the dual cycle process of Farbwerke Hoechst the co-stripping of thorium and urani­
um is performed in the lirst cycle, while their partitioning is accomplished in the sec­
ond one. However at the low acidity necessary for the reextraction of both thorium and 
uranium, a crud is formed wh ich disturbs the function of the extraction apparatus. The 
crud is induced by the formation of a Th(DBP). precipitate, as was concluded from the 
chemical analysis [2.6-4). 

The dibutylphosphate (DBP) is formed by radiolysis or hydrolysis 01 TBP during the ex­
traction step, at nitric acid concentrations up to 4 molll and it is transported into the 
next step by the loaded organic phase. Here the Th(DBP). precipitates, because the 
acidity is low (0.01 mol HN03/1) according to the Farbwerke Hoechst flowsheet. At this 
acidity, the operation of an extraction apparatus is only possible for hours, otherwise 
the crud blocks either the orifices (in mixer-settler) or causes flooding (pulsed col­
umns) [2.6-4). 

The crud formation can be avoided, however, if the acidity of the aqueous phase is 
maintained above 0.3 mol HN03/1, as revealed in batchwise experiments; il there is no 
thorium in the system or il the acidity is high, crud is not formed in cold laboratory 
tests. But at a higher acidity than the one in the co-stripping step of Hoechst process, 
it is very difficult to reextract uranium, wh ich remains mainly in the organic phase. Be­
cause of this behaviour, it was concluded that the preferable procedure should be the 
partitioning rather than the co-stripping. So, the crud could be salely avoided with the 
use of an aCidity high enough for the partitioning. 

Several cold partitioning tests were performed using thorium-stripping solutions with 
higher concentrations than that in the Hoechst flowsheet. For instance, using a strip­
ping solution with 0.5 mol HN03/1 no crud formation was observed independently of 
the aqueous/organic flow ratio. Unfortunately this high acidity had as result a relatively 
high loss of thorium in the uranium organic effluent. But it was clear that the correct 
way to solve the problem of crud formation in the partitioning is to use higher acidity. 
Then, the questions were the best a/o Ilow ratio and the best strip solution concentra­
tion lor an efficient thorium-uranium separation. 

The partitioning must be very weil controlled, to avoid or at least to minimize the thor­
ium presence in the. organic effluent. Since the TBP-degradation products are also 
transported via the organic phase to the next step of uranium re-extraction, they can 
form a complex with the residual thorium, resulting in crud formation. 

The investigations demonstrated that the organic phase should not be kept loaded 
more than a few days, to avoid the crud formation. The aging of loaded TBP solutions 
seems to favour this formation during the next stripping step either for thorium or for 
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uranium. The right procedure is to process immediately the organic solutions or to 
perform continuously the whole flowsheet. 

According to the Hoechst flowsheet, the first cycle consists of an extraction step us­
ing an acid feed solution and an a/o-ratio equal to 0.23, followed by a thorium-uranium 
co-stripping step. 

The second cycle constitutes an extraction step using an acid-deficient feed solution 
with an a/o flow ratio equal to 0.28, followed by the thorium-uranium partitioning and 
then the uranium reextraction. As seen, however, the cold tests showed that the best 
aqueous/organic flow ratio for the extraction step for both acid and acid-deficient feed 
solution is 0.23 [2.6-14]. For flow-ratios greater than 0.23 the system has a tendency 
towards the conditions at which the third phase is formed, at room temperature. 

As a consequence of the changing in the a/o - ratio for the extraction step that pre­
cedes the partitioning, this step has now a feed organic solution containing about 26 9 
Th/l and 1.3 9 U/I; these concentrations are lower than those established in the 
Hoechst flowsheet. In these new conditions and using a stripping solution with 0.01 
mol HN0311, fluctuations of the uranium concentration in the organic effluent stream 
were observed, even after a time sufficient for the steady-state in the mixer-settler to 
be reached. The runs were monitored through the thorium concentration in the aque­
ous product. The consequences are an instability of the wh oie system and higher thor­
ium and uranium losses. At this unstable condition, the uranium concentrations inside 
the extractor reached values up to 10 times higher than the one in the organic feed so­
lution of the partitioning step. This fact must be taken into account for a critically safe 
design of the extraction apparatus. 

This uranium fluctuation phenomenon, identified as uranium reflux, has already been 
reported in the literature [2.6-10, 2.6-17]. Cold laboratory tests have revealed that two 
main factors influence the uranium reflux: the acidity and the uranium load of the sys­
tem. Also, the use of a small scale air-pulsed mixer-settler have favoured the uranium 
reflux, if compared with a mechanically stirred one. 

The uranium reflux could be avoided by increasing the nitric acid concentration in the 
thorium stripping solution. That me ans, the problems of crud and uranium reflux could 
be solved by the same way. This simplified the investigations. Some variants of the 
partitioning step with higher HN03 concentration have been tested, aiming at its opti­
mization. Experiments were carried out using, for instance, a 0.5 mol HN0311 solution 
with a/o flow-ratio of 1,0.66,0.56 and 0.46. They resulted in no crud formation, as seen 
above, and no uranium reflux. However undesirable losses of uranium (up to 2 %) and 
a relatively high thorium concentration in the organic effluent were observed. Good re­
sults have been obtained with the thorium strip solution of 0.2 mol HN03 1I and overall 
a/o = 0.6; no crud was formed, no uranium reflux was observed and the losses were 
0.06% for thorium and 0.06% for uranium. For this last condition, the profiles for acid, 
thorium and uranium in the mixer-settler in equilibrium for the partitioning step are 
shown in Figures 2.6/14 and 2.6/15. 

Uranium reextraction [2.6-4, 2.6-14] 

Uranium is reextracted from the loaded organic stream leaving the partitioning step by 
a counter-current contact with a low acid conte nt solution. 

Since the beginning of this study crud formation has been observed during the urani-
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um stripping. Many times the precipitation of this crud has even led to an interruption 
of the running test. Then, the main efforts were concentrated in looking for operational 
conditions at which no crud formation was possible and which provided the maximum 
recovery of uranium. 

Two methods were investigated to achieve these objectives. First, the acidity of the 
stripping solution was increased to 0.3 mol HN03/1, and a/o flow ratios equal to 0.5, 3 
and 5 were tested. Such conditions reduced the crud formation, but they did not elimi­
nate it completely. In addition, they resulted in a significant 1055 of uranium in the or­
ganic stream. 

The second method investigated was the addition of fluoride to a 0.05 mol HN03/1 
stripping solution. The purpose of the fluoride should be the formation of a complex 
with the residual thorium, instead of the TBP-degradation products, thus suppresslng 
the crud formation.· However, at a/o = 1, stripping solutions with 0.1, 0.05 and 0.01 
mol F-/I produced precipitates (ThF4), which disturbed the stripping process again. 

After these disappointing results, it was decided that the best was to improve the thor­
ium-uranium partitioning, as it was reported previously. 

If there is very low thorium content in the organic effluent of the partitioning, no crud 
formation is to be expected during the uranium stripping process, even for a strip so­
lution of low acidity (0.01 mol HN03/1). For an a/o flow ratio of 0.50, the uranium con­
centration in the organic effluent was below the detection limit of the analy1ical meth­
od, or corresponded to a uranium 1055 lower than 0.1 % for this step. 

Recommended flowsheet [2.6-4, 2.6-5] 

The dual cycle THOREX process was developed for reprocessing high-burnup fuel for 
reasons mentioned before. As demonstrated by Kuechler [2.6-5] in hot cell experi­
ments high decontamination factors up to 107 for uranium and up to 106 for thorium 
were obtalned. The uranium losses to the thorium product and to the organic raffi­
nates of the first and second cycle were 120 ppm and 40 ppm, respectively. nie thor­
ium losses to the uranium product came to 250 ppm. 

However, when looking at the entire thorium fuel cycle, the question arises;, whether 
such high decontamination factors are required at all. It is known that bred 233U always 
contains a few hundred ppm 232U, which has so me very radioactive daughters. During 
refabrication, large amounts of 233U can only be handled in hot cells, so that a solvent 
extraction decontamination factor above 102 to 10" is not necessary. 

The same applies to reprocessed thorium wh ich contains considerably more 22"Th than 
its equilibrium value. Thorium, if recycled immediately, must be processed in hot cells 
in the same way as 233U. On the other hand, reprocessed thorium can also first be 
stored for 10 half-lives of 22"Th, Le. for about 20 years, so as to reach the radioactivity 
of unirradiated thorium again. However, high decontamination factors are probably not 
worthwhile for this concept either. The most disturbing radionuclide, 95Zr, with a half­
life of 64 days, will have decayed completely. It is also doubtful that a very good purifi­
cation of thorium by solvent extraction will provide advantages with respect to other 
radionuclides. 

These considerations lead to the proposal to use in this case a single-cycle THOREX 
process for reprocessing thorium-bearing fuel. An optimized process with acid feed 
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solution (1 mol HN03/1) should be capable of providing the required decontamination 
factors of up to about 10" for both uranium and thorium. As previously discussed, an 
acid deficient feed solution cannot be used in a single cycle operation due to the for­
mation of precipitates in the feed adjustment. 

Reextraction should be carried out as partitioning of thorium and uranium, Le., first 
reextraction of thorium alone, followed by uranium stripping in a second step. As men­
tioned before, the formation of a crud can be avoided with this procedure. Further­
more, the flexibility of the fuel cycle requires a partitioning anyway. 

Table 2.6.16 shows a flowsheet wh ich reflects the results obtained in the cold tests 
during the last years. However, hot cell experiments with irradiated fuel are necessary 
in addition in order to study the influence of the various fission products and radiation 
effects. 

Appllcation tor tuel recovery trom (Th,5%U)O, pellet scraps 

During the fabrication of thorium-uranium mixed oxide pellets sc raps will occur, and as 
a consequence, a significant 1055 of fissile uranium. 

Since the beginning of the program, the solvent extraction THOREX process has been 
studied to reach the best conditions for thorium-uranium separation and purification, 
in theframe of the reprocessing studies. In view of the results achieved, it was de­
cided to apply the single cycle THOREX process for the purpose of heavy metal re, 
covery from the fabrication sc raps (Figure 2.6/16). 

The dissolution of the material scraps to be recycled and the adjustment of the solvent 
extraction feed solution were carried out as seen in section 2.6.2.1. 

For the continuous operation of the whole solvent extraction flowsheet, three mixer­
settIers were placed in positions so that the load organic phase leaving the extraction 
step flowed by gravity, to the next partitioning battery, and similarly from this, the or­
ganic current flowed to the uranium reextraction battery. The facility is, however, flexi­
ble, being possible to operate only one of each step of the process separately, if ne­
cessary. 

The capacity of the solvent extraction facility in heavy metal separation and purification 
is 61.5 9 thorium (associated to 3.2 9 uranium) per 8 hours. 

When operating continuously the whole flowsheet, undesirable los ses of thorium were 
observed in the aqueous raffinate of the extraction step, and of uranium in the thorium 
product stream of the partitioning. These losses occurred at the start-up of the test 
runs. They were minimized only after about 4 hours of operation, when the nitric acid 
concentration in the mixer-settlers achieved the required values to provide the extrac­
tion. Then, some modifications were introduced in the start procedure so that Ihe 
losses reached an acceptable level. 

During the tests another difficulty presented itself in the occurrence of a white-green 
gelatinous precipitate in the uranium produCI solution. The fresh solutions were quite 
clear, and after some days, they presented a turbid aspect. An analysis revealed thai 
most of the precipitate was volatile material, and it also contained less than 2% of ura­
nium, thorium and phosphorus. The phosphorus originaled from the TBP, which is 
slightly soluble in nitric acid solutions [2.6-18]. 
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Although the TBP is a very stable solvent, it degradates in contact with the nitric acid 
solutions of the process, by areaction of hydro lysis. The largest part of the degrada­
tion products generated in the extraction step of the THOREX process follow the thor­
ium product stream of the partitioning. This behaviour can be explained by the low 
acidity present in the thorium-uranium partitioning step [2.6-19]. 

To avoid surely the formation of such precipitates, the dissolved TBP must be elimi­
nate from the uranium solutions. Furlhermore, the phosphorus must be eliminated 
anyway to obtain a product within the specification for direclly recycling in the pellet 
fabrication process. 

2.6.3 Conclusions 

The analysis of the dry storage behaviour has been performed for a cask storage facili­
ty of the GORLEBEN type. Anticipating realistic EOL conditions, the storage of spent 
Th fuel pins is safe up to starting temperatures of 450° C. There is a broad safety mar­
gin for higher internal press ure or lower cladding wall thickness related to the starling 
temperature of 410° C as licensed for GOR LEBEN. A constant temperature should be 
limited to 340°C to prevent fuel rod degradation. 

The dry storage performance of the spent Th-fuel is very similar to that of the spent U­
fue!. It is obvious that all the knowledge of the storage behaviour of U-fuel can be 
transferred to the Th-fuel rods without any restrictions. 

To a large extent the reprocessing studies used existing technologies and available 
know-how for reprocessing, such as the chemical reprocessing from HTR fuels and 
the head-end treatment from LWR fuels. 

Cold laboratory experiments have shown that during the dissolution of (Th,Uj02 fuels 
by THOREX solution, the Zircaloy-4 cladding is also dissolved to some extent. The ob­
served dissolution time was increased by about 30 % in the presence of Zircaloy-4. Hot 
dissolution tests showed that the dissolution time of (Th,Uj02 fuel irradiated to about 
8000 MWd/t decreases to half related to cold tests. 

As a result of theoretical and cold experimental work the single cycle THOREX pro­
cess has been selected as a reference for reprocessing thorium bearing-fuel from 
power reactors. An optimized flowsheet with acid feed solution (1 mol HN03/1j should 
be capable of providing decontamination factors of up to about 1 Q3 for both uranium 
and thorium, as required when looking at the entire thorium fuel cycle. The reextrac­
tion step of the process should be carried out as partitioning of thorium and uranium, 
Le. first reextraction of thorium alone, followed by uranium stripping in a next step. 

For an optimization of the solvent extraction processes, distribution data covering the 
whole range of interest have been evaluated. Pulsed columns should be preferred as 
extraction apparatus because this equipment produces less TBP degradation pro­
ducts due to the shorter contact time and it is less sensitive against process disturb­
ances by any crud formation. 

As an extension of the reprocessing studies,. the single cycle THOREX process was 
applied to recover thorium and uranium from scraps. The parameters for the dissolu­
tion of the fuel, the feed adjustment and the solvent extraction were defined. 
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fable 2.6.1: Input data and results 01 TRAB code calcuJations 

d(mm) To('C) Temp. Po(bar) ",(%) x(mm) Xp,rt(mm) P S x(mm) 

370 0.12 
390 0.19 

9.50 410 decr. 41 0.31 0.008 2.56 < 1.E-4 1 0.1 
430 0.49 
450 0.85 

31 0.18 0.008 2.56 < 1.E-4 1 
41 0.31 0.008 2.56 < 1.E-4 1 

9.50 410 decr. 51 0.46 0.008 2.56 < 1.E-4 1 0.1 
61 0.70 0.06 2.56 1 0.97 
81 1.49 >4 3.93 1 0 

300 0.06 0.008 2.56 < 1.E-4 1 
320 0.10 0.008 2.56 < 1.E-4 1 

9.50 340 const. 41 0.16 0.008 2.56 < 1.E-4 0.99 0.1 
360 0.26 >4 2.86 1 0 
380 0.48 >4 >4 1 0 
400 0.91 >4 >4 1 0 

370 0.17 
390 0.27 

9.25 410 decr. 41 0.45 0.008 2.07 < 1.E-4 1 0.1 
430 0.78 
450 1.40 

31 0.26 0.008 2.07 < 1.E-4 1 
41 0.46 0.008 2.07 < 1.E-4 1 

9.25 410 decr. 51 0.75 0.1 2.07 1 0.97 0.1 
61 1.19 1.3 2.1 1 0.99 
81 2.99 >4 >4 1 0 
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Table 2.6.2: Recommended THOREX flowsheet tor high burnup tuel (approximate values tor 
cancentrations and flowrates) 

Extraction Relative Flowrates 
(a/o) 

Feed: 1.0 mol/l Th; 0.5-1.0 mol/l HN03 1.0 

Scrub: 0.1 molll HN03 1.0 

Salling acid: 13.0 molll HN03 0.2 

Solvent: 30% TBP I dodecan 9.0 

Partitioning 

Feed: 0.1 molll Th; 0.15 Moi/l HN03 4 

Strip: 0.5 moll I HN03 5 

Scrub: 30% TBP dodecan 1 

U-Stripping 

Strip: 0.01 mol/l HN03 0.5 
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Fig,2,6/1: Mechanisms Affecting Spent Fuel Cladding Performance during Dry Storage 
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Conditions 
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Oata 01 the luel sampie: 
- Fuel rod TOT -81 (1 SI irradiation test) 
- Irradiation time: 11,61 d 
- Burnup: max. 8,2 kWd/g 
- Cooling time: 7-8 months 
- Sam pie length: 1,2cm 
- Sam pie weight: 8,7g ((Th,U)02 +Zry-4) 

rfJmax 

100%[ 

90% 

up 

w.""'1 - Sam pie for metallography (longitudinal) 
~ - Sam pies lor metallography (transversal) 
l4'ib1il - Sam pies lor density measurement 

down 

~ - Sam pies for dissolution tests and burnup determination 

Fig.2.6/10: Sampling of (he Fuel Rod TDT-81 
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Fig 2.6/11: Dissolution of Irradiated (Th, 5 % U)02 in Thorex Solution 
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