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Abstract 

Most of the ramp tests performed in national or international programmes have 
as main objective to define the fuel rod failure/survival Holts, as a func
tion of various parameters. Only a few of these experiments are sufficiently 
Instrumented, 

The main feature of the ELF programme, described In this paper, consists In 
continuously measuring the cladding diameter during irradiation In OSIRIS of 
pre-irradiated PWR fuel rods, in order to provide strain relaxation data under 
various operating conditions. Power fluctuations during these OSIRIS irradia
tions are defined in order to obtain the conditioning and deconditloning kine
tics of the fuel rods. 



INTRODUCTION 

In May 1979 11]. common concerns about the necessity of operating nuclear 
power plants in a load follow mode of operation led the promotors to sug
gest complementing the national experimental investigations by a multina
tional programme designed to acquire a better understanding of fuel behav
iour under the relevant operating conditions. 

Through consultations of experts from the 3 most concerned countries (Bel
gium France and Japan) and successive organizational meetings (October 
1979, December 1979 and September 1982) it has been possible to assess the 
results obtained in the national programmes, to evaluate available experi
mental facilities adaptable for providing the required data and to select 
and commission the adequate facility (nl. the CAMERA rig). 

The name ELF (Effects of .̂oad Follow) has been maintained to acknowledge 
the continuity of views of the team who has prepared this programme. As 
will be outlined, the present version of ELF reaches well beyond the ini
tial goal : it aims at providing a generic data base applicable to all ope
rating conditions in which the proper balance between cladding stress re
laxation and fuel accommodation is the key condition for fuel survival. 

PCI OCCURRENCES IN PWR FUEL 

As a general rule, a nuclear power plant is currently operated at base load 
The ratio of nuclear power generation to the total installed capacity is 
low in most countries, and the high capital cost of nuclear powei plants 
leads to consider them as base units; moreover, the experience of nuclear 
power plant operation at variable power levels is still limited and resul
ted in some fuel failures. Adjustment of load to meet changes in grid 
demand (day/right, week-ends and spinning capacity) is made by conventional 
plants. 

In the future (already now in France), some utilities will have a large 
share of nuclear plants in their installed capacity; some nuclear plants 
will have to contribute to the fluctuation of the grid demand. Typical re
quirements for daily, weekly and seasonal load following have been expres
sed by utilities at Specialists' Meetings at Aries [1], Williamsburg [2] 
and Petten (21. In most cases, the power increase rates applied to the fuel 
can be kept, without inconvenience, within the recommendations resulting 
from experience accumulated in power ramping. 

Simultaneously, the tendency of installing nuclear plants of great capacity 
increases with time. The present approach of regulating the frequency by 
modifying the turbine power only, while acceptable, leads to a net loss of 
efficiency. Desire to economize power resources will favour a frequency 
regulation by the reactor power itself. The power fluctuations are rapid 
and of small amplitude (e.g. 3-10X Pn) for the whole core, but lead locally 
to variations as large as 30% of the LHGR. 

The local power increase and cyclic load changes consecutive to the operat
ing conditions mentioned in the two preceding paragraphs, induce PCI and 
fatigue phenomena in the fuel rods. A few demo type experiments have been 

or are being performed [1,3] within national programmes by Belgium, r'K of 
Germany, France (the most extensive in this field), Japan and the L'SA; they 
indicate that load follow does not lead to catastrophic failure of the fuel. 
This data base is however insufficiently broad to be of statistical signi
ficance for all foreseable duty cycles; while performed on well characteri
zed fuel and undei properly monitored irradiation conditions, most of the 
data include only examination of the fuel after the test and not direct ob
servation of fuel performance during the events. Although encouraging, 
this data base is not generic enough to be applicable to any fuel and all 
operating conditions. Application of those data in safety analyses and 
licensing submittals has therefore to incorporate undue conservative assum
ptions and has resulted in limitations Imposed by the licensing authorities 
I3J. 
This experience was valuable in providing that : 
- before PCI is established, load follow operation does not result in ab
normal fuel behaviour; 

- after PCI is established, fuel can be operated under load follow condi
tions of repetitive periodicity, provided the fuel is conditioned and 
cladding fatigue limits are not exceeded; 

- when load follow is initiated or restarted after a perturbation in the 
periodicity, quite large local power peaks are generated by the combined 
effect of the fluctuating axial offset and the Xe reactivity override. 
The cladding tends therefore to be severely solliclted precisely during 
the conditioning and reconditioning periods of the fuel rod. 

3. MODELLING PREDICTIONS 

3.1. The kinetics of conditioning and decondltloning are influenced by fuel 
and cladding attributes resulting from as-fabricated characteristics 

and from previous irradiation history. Fuel conditioning is recognized to 
be important, not only in Initiating or restarting a load follow mode of 
operation, but for any perturbation in the fuel irradiation history. 

3.2. Investigations [4] have been performed with the COMETHE III-L code, 
with the main objective to calculate the cladding stresses in a fuel 

rod irradiated under well defined base and load follow conditions and to 
find out the influence of some important parameters which may have a major 
impact on the stress calculation results. The basic calculation represents 
an actual 17 x 17 fuel rod irradiated at steady state in BR3 to a burnup of 
40 GWd/tM and then submitted to a hypothetical load follow. The main para
meters investigated are related to the load follow conditions (nominal 
power, power amplitude, hourly or daily load follow) and to the fuel rod 
characteristics (Zircaloy clad mechnical properties, clad corrosion). At 
the end of the steady state operation, PCMI is just established at mid-pel
let levels and ridging has occurred at pellet ends; it is the conditions 
generally observed in commercial fuel at 30-50 GVId/tM (5). The calculation 
assumes a 150 W/cm uprating at initiation of the load-follow operation. 
Under those conditions, the following Is predicted by the COMETHE runs : 
- as expected, the highest stresses are found at the pellet to pellet in

terface, due to the hourglasslng shape taken by the fuel pellet; 



- the time to stabilization of the stress is ranging between 16 and 33 days 
(daily cycling) and between 120 and 160 hours (hourly cycling). The max
imal asycptotic hoop stress ranges between 4 and 14 kg/ran^; 

- the asymptotic stress and the time to stabilization are almost not affec
ted (3*) by an increase of 20£ of Che nominal power during load follow; 

- a modification of the cladding material properties strongly affects the 
results; this means that an accurate evaluation of the stresses requires 
a good knowledge of Che material properties and of Cheir evolution with 
Irradiation time and neutron dose; 

- the cladding corrosion strongly reduces the asymptotic stress due to a 
temperature effect on the creep properties; 

- the effect of cycling amplitude is negligible, due to the fact that the 
gap Is always open at the low power level; 

- there seems to be an increase of the asymptotic stress level In case of 
the hourly cycle and a decrease of the time required; 

- the evolution of hot hoop strain with time (Fig. 1) could give a good 
benchmarking data base provided adequate experimental sensitivity can be 
reached. 

In conclusion, the stress values obtained from modelling codes depend 
strongly on the condition of the fuel rod at the cime of the load follow 
initiation : gap size, fuel swelling, cladding creep properties, waterside 
corrosion oxide thickness, etc. Large variations in the stresses can be 
found depending on the Input data considered. The determination of the 
time-to-rupture through fatigue correlations Is thus also submitted to 
large uncertainties. 

3.3. The factors affecting fuel conditioning and deconditionlng have been 
analyzed for Tl'G (6]. The results provide a comprehensive view of 

what can occur in 1MR fuel when the power regime is modified : 

a) Fast deconditionlng 

At high fuel temperatures, two phenomena occur which accelerate strongly 
the deconditionlng of the fuel rod : the fission gas bubble swelling (FGBSw) 
and the fission gas release (FGR). 

The deconditior.ing effect of the FGKSw is illustrated in Fig. 2. After 
an irradiation at low power to a burnup of 20 GWd/tU, the power is rapidly 
increased to a level precalculated in order to give the desired fuel cen
treline temperature : 1200, 1400, 1600 and 1800°C respectively. The fuel/ 
clad gap closes within 400 to 10000 MWd/tM after the power ramp depending 
of the initial gap and the central temperature; in a typical 17 x 17 fuel, 
this corresponds to 10 days to 1 year operation. 

The second fast deconditioning phenomenon, FGR, is very sensitive to the 
fuel temperature, either directly in the 900-1200°C range or through the 
tunnelling effect. The fission gas dilutes the filling gas, generally 
helium, deteriorates the gap conductance, particularly when the gap is 
still large open, and increases the fuel temperature all over the rod. That 
thermal feedback can be so sensitive that it leads to an avalanche effect 
once it has been trigg-red. Fig. 3 presents a COMETHE result where that 
avalanche effect is observed on a rod irradiated at constant power : it 

shows deconditioning to occur within 200 MWd/tM, which correnpond» to 4 
days operation of a 17 x 17 PVR fuel. An immediate deconditionlng occura, 
of course, during the raap Itself, when the terminal power It higher than 
the power for which the fuel was conditioned prevloualy. 

b) Conditioning 

The conditioning occurs by the creep of fuel and cladding or by hot 
pressing,i.e. shrinkage of the bubbles generated by FoBSw under hydroatatlc 
stress. In case of subsequent power increase or restart to a higher power 
level, those effects contribute to reduce the PCMI and to increase the mar
gin to failure. 

In the programme COMETHE an interference between fuel and cladding is 
simulated by a negative gap. This negative gap is the sum of tvo terms : 
the elastic radial displacement of the Inner wall of the cladding and that 
of the outer surface of the pallet under the contact pressure. 

In the TUG study we have analysed separately the fuel contribution and 
the cladding contribution to Che conditioning. Figure 4 illustrates the 
contribution of the fuel plasticity and hoc pressing. 

At low centreline temperatures (1200*C), the fuel does not creep and 
only hot pressing occurs. At higher temperatures (1400"C and above), the 
fuel creep is dominant during the first few days after the interference has 
been applied. But the creep rate decreases rapidly and after some time 
only hot pressing occurs. The kinetics are strongly affected by the fuel 
mechanical properties which are a complex function of fuel structure and 
composition-, it can provide clad stress relaxation within 2 hours to 2 days 

In the next series of calculations, the creep of the cladding has been 
isolated. Figure 5 presents the results of three calculations : after a 
deconditioning period at low power, the linear power is abruptly Increased 
to get an interference of -10, -20 and -30 pa respectively. The diagram 
shows how those interferences relax by creep of the cladding; moat of the 
effect is operational in 10 hours to 4 days. It Is strongly dependent from 
the clad mechanical properties. 

c) Lessons learned 

The method described in the previous paragraphs to analyse the decondi
tioning and the conditioning of LWR fuel has been applied to three dif
ferent fuels : BWR 7 x 7, BWR 8 x 8 and PWR 16 x 16. 

The results have been compared and the following tendencies have been 
deduced and quantified : 
- the importance of the rod geometry and of the Zlrcaloy mechanical proper

ties has been evidenced; 
- a higher filling gas pressure slaws down the deconditionlng : it contri

butes to equilibrate the coolant pressure and to attenuate the affects of 
FGK; 

- a larger grain size leads to less FGBSw and slows down a little bit the 
deconditioning; 



- a higher clad temperature accelerates the conditioning and decondicioning 
processes. 

3.4. The models used to calculate the cladding stresses (and strains) 
during power modifications need to be calibrated using experimental 

data. Most of the basic models used in our calculations have been bench-
marked either on fuel rod irradiation experiments (steady state or ramp 
tests) or on cladding material out- and in-pile experiments. However, 
there is a lack of well characterized in-pile experimental data which could 
provide a valuable basis for benchmarking fuel rod modelling codes ia case 
of load follow. 

The examples given in this section result from published data generated 
by COMETHE. Similar conclusions have been obtained by CEA, using RESTA or 
CREOLE, and by EOF, using CYRANO. 

4. EXISTING DATA BASE 

Host of Che ramp tests performed in national or international programmes 
have as main objective to define the fuel rod failure/survival limits, as a 
function of various parameters (burnup, preconditioned pcwer, fuel rod cha
racteristics, cladding temperature, ramp rate, terminal power). Most of 
those programmes have been described at the Petten meeting [3); they inves
tigate the fuel rod behaviour undei bumping (slow power Increase), ramping 
and transient (fast power increase and low residence time at overpower) 
conditions. Some of the programmes (e.g. KBEP, Ris« FGR, TRIBULATION) do 
not seek failure limits but determine the modifications of the fuel after a 
power excursion above preconditioning levels. An example is the "blind 
problem'* run by Ris4 (?) tor the IAEA coordinated research programme D-COM. 
Although the COMETHE code performed outstandingly amongst the 15 partici
pants who accepted to disclose their predictions, it would be pretentious 
to infer from the good prediction of post-irradiation FGR and dimensional 
(Fig. 6) results that the course of events during the burnup was also pro
perly modelled. As Indicated in section 3.3. hereabove several mechanisms 
are indeed interfering simultaneously or successively. 

Only a few experiments are instrumented in such a way that cladding strains 
can be measured in pile; even fewer ate performed under repetitive cycling 
conditions. One example is the AECL results 18] obtained from strain 
gauges. Such experimental data have been and are still being utilized to 
benchmark modelling codes (e.g. Fig. 7) but have the following limitations: 
- the fuel is Candu fuel operating at very low burnup in Candu coolant con
ditions; 

- only local strains are measured at the predetermined spots where the 
strain gauges are attached; 

- a drift of the strain gauge data was observed in comparing with pie di
mensional measurement; 

- the thin collapsible cladding, typical of Candu fuel, is not interfering 
in the process to the same extent as LWR cladding. 

Other experiments, performed at Halden [11, 13) and JAERI (12], investigate 
LWR fuel dimensional behaviour but only tn the low burnup range, I.e. up to 
- 6 GWd/t U for PWR fuel 
- 8 GWD/t U for BWR fuel 
- 12 GWD/t U for HWR fuel 

5. MISSING DATA 

Experimental evidence shows that PCMI successively develops titrough the 
following steps, as illustrated by the axial diameter profile of a HR3 fuel 
rod (Fig. 8) : 
- clad creepdown with a gradual increase of ovallty; 
- fuel/cladding contact at pellet interfaces; 
- build-up of ridges; 
- PCMI all along the fuel column with a gradual increase of tlie diameter 

and decrease of the uvality. 

The phenomena are usually complicated by fragmentation of the pellet! Into 
two or more axial pieces, resulting in additional Interfaces and secondary 
ridges (Fig. 6). The real situation is more complex than modelled In the 
design and licensing computer codes, the majority of which are axl-symme-
tric, even if the most sophisticated ones take into consideration clad ova-
lity and bending of oval tubes during PCMI |e.g. 10). 
In this perspective, ELF alms primarily at monitoring the mechanical behav
iour of pre-irradiated fuel rods while power fluctuates. The major parame
ters tested are the fuel burnup and the characteristics (ramp rate, ampli
tude) of the imposed duty cycles. 

6. RESULTING ELF PROGRAMME 

The main results of the programme will be to provide a good understanding 
of the limited features and a qualified data base to develop or validate 
the modelling codes utilized for the design and/or the licensing of commer
cial LWR fuel. 

The novel experimental feature of ELF consists in continuously measuring 
the cladding diameter during test irradiation In OSIRIS, and this for any 
position along the rod since the sensors are provided for axial *nd rota
tional movements. This option is used for obtaining well characterized and 
accurate strain curves for various modes of operation. 

The approach followed in the ELF programme is to conduct a series of tests 
in OSIRIS on fuel rods irradiated previously in a power reactor to varluous 
degrees of PCMI in order to provide strain relaxation data under various 
operating conditions. 

Based on experience in promoting and managing international research pro
grammes, ELF is constructed on a modular basis to enable the programme to 
be started as soon as enough participants have signed in to constitute the 
initial budget. When additional participants join, the additional budget 
will be devoted to expand the initial test matrix as decided by the Pro
gramme Committee. 



12 7. FUEL RODS 

7.1. The initial test matrix is constituted of furl rods from BR3 (11 MWe 
power plant), i.e. typical of the "17 x 17" PWR fuel, pre-irradiated 

up to different burnups. Table 1 gives the main design parameters of the 
BR3 rod, as well as their most important operating conditions in BR3, which 
are representative of a PUR. 

The advantage of those full length short fuel rods is to take benefit 
of the axial form factor to observe axially within one rod various degrees 
of PCMI, from diametral contacts in still oval cladding to strong interac
tion at core mid-plane. 

Furthermore in its last 17 years of operation, the BR3 has become a 
wellcharactarized reactor with the fuel operating conditions known to a 
high degree of accuracy; fuel rod powers are derived from a neutronic cal
culation fitted to the measured power distribution. This reactor has been 
and is still used by an increasing number of organizations to implement a 
data base on their own fuel. 

7.2. At a later stage, in case of programme extension, other fuel rods with 
other characteristics or rodlets (or segments) base-irradiated in 

power reactors will be added to the test matrix. 

8. TESTING CONDITIONS 

Pre-irradiated (25 to 40 GWd/tM) fuel rods are submitted to power fluctua
tions in the OSIRIS material testing reactor, in the so-called CAMERA rig. 
Such type of facility has already been used quite extensively for irradia
tion testing, in the frame of the French FBR fuel development programme. 
The fuel rods are ir^-idiated in coolant pressure and cladding temperature 
conditions of a PWR reactor. The CAMERA rig allows continuous in-pile re
cording of the fuel rod metrology (mid-pellet diameter, ridges, ovaliza-
tlon) with an accuracy similar to the one obtained in the hot cells; the 
length variations of the rods are measured in-pile also. 

Figure 9 shows the scheme for the power fluctuations and the investigation 
approach proposed in the ELF programme. It aims at determining the condi
tioning and deconditioning kinetics of the fuel rods. 

The test matrix shown in Figure 10 was finalized as a result of the con
cerns expressed by prospective participants during bi-lateral discussions. 
It is updated at each programme committee meeting as a result of experimen
tal results obtained so far and new considerations arising from each parti
cipants' evaluation effort. To that effect, the test matrix is defined 
with enough flexibility to incorporate feedback from ongoing work. For in
stance, to cope with experimental results or evaluation data, scheduled 
before che next meeting, the detailed programme includes a number of agreed 
alternatives for the experimental conditions of the test to be performed. 

The cost efficiency of the programme is thus optimized by integrating the 
evaluation efforts from all participants and the successive experimental 
results. 

9. RESULTING DATA BASE 

The following measurements will be performed on the rods : 
- non-destructive post-irradiation examinations on all rods afrer the BR3 

irradiation, and after each cycle of OSIRIS. Each campaign consits in 
the following tests : visual examination, profilometry, gross gamma-scan
ning, neutron radiography and eddy current testing; 

- in-pile fuel rod profilometry : with the CAMERA rig equipment as descri
bed in section 8; 

- destructive examinations : the detailed prograume will be established on 
the basis of the NDT results. 

The detailed fuel rod characteristics, the irradiation history and postlr-
radiaticn results are provided in sufficient detail to be used in fuel rod 
modelling codes. 

10. CONCLUSION1-

The fi< A modelling codes take into consideration the various fuel and 
ci iu"~. attributes which influence the conditioning and deconditioning 
n r 'f fuel rods. Since all those attributes are Influenced i-y exposure, 
w . .haracterized data must be available for various combinations of fuel 
ii <J cladding characteristics. 

Most of the data "base utilized up to now consists of ramp tests In which 
the fuel is only characterized before and after the ramp. Fuel character
ization during the ramp was only obtained on fuel at low burnup. The pur
pose of the ELF programme is to extend this type of information to fuel in 
the 20-40 GWd/t burnup range. 

The result of the programme will be an improved data base for the model
ling codes, and thereby a better understanding and justification of the 
fuel conditioning requirements. The most likely consequence will be to 
relax power manoeuvring restrictions and, in particular, to ease load fol
lowing requirements most power plants have to face sporadiquely (but quite 
frequently) and tome plants will have to face routinely. 
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Table 1 
FUEL ROD FABRICATION AND IRRADIATION CHARACTERISTICS 

( init ial ttat matrix) 

LJJJEL ROD DESIGN DATA. 
1.1. Pellet. 

Nature sintered uo 2 

L/D 1.5 - 1.6 
Immersion density 94 - 95 % TD 

1.2. Clad. 
Nature Zry CM SH 

Outer diameter 9.6 BB 
Clad thickness 0.S7 or 0.63 am 

1.3. Rod. 
Active length I 000 aa 
Total length 1 136 as 
Internal pressure 20 or 32 atm. 

?. m 3 IRRADIATION CONDITIONS X. 

Peak pel let burnup 

Average peak p e l l e t LHGR 

I r r a d i a t i o n time 

Coolant p r e s s u r e 

Fast neut ron dose ( > \ MeV) 

25 or 40 GWd/tM. 

200 to 270 w/ca 

590 to 980 days et power 

140 bars 

2 to 4.10 2 1 n/cra'' 
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