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LOAD FOLLOW OPERATION IN NUCLEAR POWER 
PLANTS AND ITS INFLUENCE ON 
PWR FUEL BEHAVIOUR 

Y. NAGINO, Y. MIYAZAKI 
Nuclear Fuel Department, 
The Kansai Electric Power Co., Inc., 
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Abstract 

The contribution of nuclear power generation to our company's grid system 
is becoming greater each year, which makes it necessary to operate nuclear 
power plants with load follow mode in the near future. 

We discuss the load follow mode being planned and fuel performance 
requirements thereof from the viewpoint of a utility company as well as our 
fuel integrity verification programs. 

1. Problems of Present Nuclear Fuels 

1.1 Operating Experience 
Since 1970 when Mihama Unit No. one went into operation, our company has 
built and operated a number of nuclear power plants and in the end of 
March 1979, Ohi Unit No. one of 1,200 MWe class started commercial opera-
tion bringing to date the total of operating plants to six. Ohi Unit No. 
two, twin type of Unit No. one is in the last phase of test operation and 
is scheduled to be in commercial operation this June. The outline of 
these 7 plants is shown in table 1. As it shows, they are all PWR of the 
Westinghouse type. For 500 MWe class PWR, the core is composed of 121 
fuels of 14x14 type and for 800 MWe class, the number of fuels is 157 of 
15x15 type. For 1.200 MWe class, 193 fuels of 17x17 are used and it is 
planned to use this type of fuel for the future plants. 

During the course of our 9 years plant operation, problems emerged from 
the fuels themselves are as follows: 
a. Hydriding of Zircaloy cladding due to moisture in pellets 
b. Fuel den8ification and collapse 
c. Fuel rod bowing 

The problems of densification of pellets, cladding collapse and hydriding 
of cladding due to moisture have already been reported in many published 
papers and dealt with as to their remedies. Hence, they will bring no 
serious troubles on fuels any more in future. As to fuel rod bowing, the 
friction force of the spacer grid seems to have large contribution to it 



and sometimes the problem is compounded by a certain factor which we feel 
is attributable to pellet-clad interaction. The frequency of bowing occur-
rence has been reduced remarkably through remedies such as exercising more 
rigid QA control on fuel fabrication and by reducing length of the span 
between grids. 
Table 2 shows our fuel operating experience as of March 1979 and the 
number of leakers found by sipping test during annual plant overhaul. In 
the earlier plants, most of leakers were caused by hydriding from exces-
sive moisture in pellet. Due to the restricted rate of change of power 
level now in practice and base load operation, there was a marked decline 
in the number of leakers. At new plants, Iodine-131 activity in a reactor 
coolant has been maintained in the range of 10 5 to 10 11 yCi/cc which 
means remarkably low values compared with the technical specification 
limit. 

1.2 Role of Nuclear Power Plant as Demanded by a Grid System 
Currently, a nuclear power plant is operated, as a general rule, as a 
base load. This is allowed because, for one thing, the ratio of nuclear 
power generation to the total in our grid system is comparably low, and 
for another, the experience of nuclear power plant operation is not 
enough. Adjustment of load to meet changes in demand in daytime, night-
time or weekends is made by hydro- or thermal-electric plants. As nuclear 
power plants of greater capacity go into operation, their share in the 
total power generation gets greater. Consequently, from the point of view 
of improving reliability of a grid system as a whole, following points 
become indispensable for the operational flexibility. Under these circum-
stances, the most concern with the fuels is the influence posed on the 
integrity of fuel rods by rapid power increase and power change rate, 
primarily caused by pellet clad interaction (PCX). 

1) Relaxation of Limit on Rate of Increase of Power Level 
Our PWR plants now in operation were designed to respond to the load 
changes, ±5%/min in the ramp-wise and ±10% in the step-wise. 
In order to reduce the pellet clad interaction, the rate of power 
increase at higher power is limited to around 0.5%/hr for initial 
start-up after core loading and also after a long period of low power 
operation. After a sufficient preconditioning is finished, the rate 
of power ascent ion is Increased to 3%/hr, which are clearly on the 
safe side well under the figures recommended by fuel manufacturers. 
The records of PWR fuel irradiated in base load operations show that 
fuel leakers were kept at very small numbers. 
But this operation compels us to spend about a week to reach full 
power before preconditioning. The loss of power generated at the 826 
MWe, 3-loop plant during start up is approximately 2.0xl07 KWH com-
pared with what we initially anticipated, which equivalently causes 
a loss of 120 million yen (US$570,000) in fuel cost as compared with 
that for thermal power generation. 
Our immediate goal is to verify the fuel integrity which enables us 
to reach full power in one or two days before preconditioning by power 
increase rate of 3%/hr. The goal of long term is to bring the plant 
response ability to 5%/min as designed or close to that level. 

2) Operation by Automatic Frequency Control (AFC) 
At present we are not operating our nuclear power plants in AFC mode, 
which, by detecting the frequencies of the grid system, regulates the 
power responding to the hour-to-hour demand. Our nuclear plants are 
being operated continuously with constant load without the AFC function. 
As the percentage of nuclear power generation becomes greater in a 
grid system, nuclear power plant is required to contribute to part of 
AFC to maintain the reliability of the grid system. When a nuclear 
power plant adopts AFC, it receives AFC signals from the grid system 
and change the power output within its capability. It then becomes 
necessary for us to analyze the plant dynamic characteristics for each 
input signal and to verify fuel integrity in relation to local power 
conditions such as rate of local power increase, local power increase, 
local power change frequency etc. 

3) Load Follow Operation 
The load follow operation is one of the capabilities required for 
nuclear power plant for the reasons inherent to the grid system which 
will be discussed in further detail in the next chapter. Load follow 
operation will be put into effect in the near future. 
From the point of view of fuel integrity, this operation must be dealt 
with differently from the relaxation of limit on rate of power 
increase or AFC operation in the following two points. 

a. While the relaxation of limit on rate of power increase is a pro-
blem before the preconditioning, the load follow operation will be 
conducted after the preconditioning, that is, after a determined 
period of rated power operation. 

b. While in AFC operation, level of power follows with the frequency 
variation of a grid system, the load follow operation at nuclear 
power plant will be carried out on a program, that is, as planned 
in advance. 

Necessity for Load Follow Operation 
There are 19 nuclear power plants operating in Japan at the end of March 
1979 with a total power output of 12,700 MWe. It is rather small, re-
presenting only 11% of the total national power generating capacity. 
However, there are 7 large plants under construction with a total output 
capacity of 6,700 MWe, each 1,000 MWe class plant. With this new capacity 
added, the share of nuclear power gets substantially bigger. The Japanese 
power system is divided into nine districts, each operated by a private 
company with several nuclear power plants constructed and operated by 
each company. 
Our grid system has such big cities as Osaka, Kyoto and Kobe within its 
district and as Table 3 shows it recorded a total capacity of 19,700 MWe 
in 1978. Nuclear power was responsible for 17% of the capacity or 3,300 
MWe. At the end of June 1979 when Ohi Unit No. one and two, each capable 
of 1,175 MWe, go into operation, the nuclear power's share in our grid 
system will increase to 26%. As shown in Table 3, the percentage will 
become to 27% in 1985. 



The problem of Japanese utilities is a drop in demand from daytime to mid-
night. It becomes serious especially in summer when consumption of power 
for air conditioning rises beyond expectation. Our company has been try-
ing to flatten the demand with hydro-power by the pumping-up. Our grid 
system at the moment has pumping-up facilities of 1,700 MWe. 

Fig. 1 is our estimation of daily load curve at summer time in 1985. The 
midnight load is about 40% of the daytime peak when the capacity of pump-
ing-up is not taken into account. It seems, therefore, that hydro- and 
nuclear-power alone may be able to fill the midnight demand even leaving 
a little surplus in generating capability. 
This will make it necessary for our nuclear power plants, possibly in 1985 
and afterwards, to go to load follow operation in order to improve the 
company's overall grid efficiency. 
With this prospect'Jin mind, it is our consideration to regulate power out-
put at our nuclear power plants, as shown in Fig. 2, by several scores of 
percert, for example, to operate our plant with the pattern of 12-3-6-3 
(100% - 50% rated power) for daily load curve. Aside from the pattern of 
12-3-6-3, it aiso necessary to study the more useful pattern such as 
14-1-8-1 ' (100% - 50% rated power) in future to respond to the needs of 
our system.. 

3. Technical Considerations on Load Follow Operation 

3.1 Rate of Change of Local Power Level 
The following are points of observation obtained from load follow opera-
tions at PWR reactor core: 

a. Since reactivity control is possible by chafing boron concentration, 
control rods are inserted only in the upper section of the core. This 
keeps the change in local power by control rod movements relatively 
small. 

b. Since each control rod is composed of RCC cluster of spider shape 
which provides the core with semi-uniformity, change in local power 
by the control rod movement is kept at relatively low level. 

c. When operated under so-called "constant axial offset control (CAOC)" 
operation, that is, the reactor is operated in such a way as to bing 
axial power distribution of the core in transient state as closest as 
to that in steady state, xenon transient due to power change is kept 
at extremely low level. 

Fig. 3 shows boron concentration, control rod position, axial imbalance 
of neutron flux, etc. in a daily load follow operation of the 12-3-6-3 
(100% - 50% rated power) pattern under CAOC operation using the 17x17 
type fuels. As obvious from this Figure, movements of control rods are 
confined to the upper 30% of reactor core rendering the load follow 
possible under CAOC operation and in parallel makes it possible to 
compensate reactivity through a change in boron concentration by several 
scores ppm by the feed and bleed system or boron thermal regeneration 
system (BRRS). 

This reactivity compensation by changing boron concentration does not 
cause local power to rise abruptly because the change takes place uni-
formly. It is a very gradual change with a core average of 17.7%/hr, 
that is, in the order to 0.015 KW/FT-MIN for the core of 800 MWe class 
reactor using the 17x17 fuels. On the other hand, some calculations were 
performed on the fuel rods, showing most severe hoe channel factor on 
local heat flux (Fq) in the core in order to study the changes in local 
power due to control rod movements. The examples of calculation for axial 
power change are shown in Fig. 4. As the Figure indicates, the power 
increase at Fq peak point above the pre-conditioning level is about 1 
KW/FT and the power increase in a fuel rod adjacent to the control rod 
in question, induced by withdrawal of the control rod is calculated to 
be in the range of 2 - 3 KW/FT. As the power level of this part of core 
is rather small and as there are gaps between pellets and cladding in the 
upper part of core, it may be said that at Fq peak point in a rod influ-
ence of PCI on cladding is more severe than at a upper point where a 
control rod is inserted. 

From the above observation, we expect the power increment above the pre-
conditioning level in the 12-3-6-3 daily load follow operation using the 
17x17 fuels will be either 2 - 3 KW/FT at 6 - 7 KW/FT or 1.0 KW/FT at 
about 11 KW/FT. 

3.2 Fuel Integrity for Local Power Change 
As regard to local power increase due to control rod movements and 
cyclical load changes in daily load follow operation, it is necessary to 
take into account PCI and fatigue problems. Items to be considered are 
in Fig. 5. As the results of our study, it may be considered that the 
mechanical fatigues of fuel cladding due to local power increase, of top 
nozzle spring and spacer grid spring would not pose serious problems. 
PCI problems remain as our principal concern. Some of the points to be 
considered are as follows: 

a. Clad Creepdown and Pellet Densiflcation/Swelling 
Since PWR fuels are pre-pressurized with He gas, contact of cladding 
and pellets, due to combination of the creepdown of cladding and the 
swelling of pellet, occurs only in the middle half of the second cycle 
and after. This is preferable for PCI point of view. 

b. Pellet Deformation and Cracks 
A pellet deforms itself into "hourglassing" as linear power rate and 
burnup increase and cause PCI at end surface or center position of 
pellet. Chamfer and dish of pellet are helpful to reduce PCI. Cracks 
in pellet are also considered responsible for increase of PCI. Most 
desirable shape of pellet requires further study. 

c. Chemical Actions of Fission Products (F.P.) 
Since PWR fuels are pre-pressurized with He-gas, relative contents of 
Cs, I, etc. are considered small in the plenum gas. However, their 
effects on chemical bonding usually formed as ternary compounds among 
F.P., Zirconium and Uranium and on stress corrosion cracking (SCC) of 
Zirconium need further study. 



d. Relocation of Pellets 
PCI caused by pellet chipping or by relocation sometimes gives local 
and/or asymmetric effects. It is an important factor to be consider-
ed. 

e. F.P. Release 
Chemical attack, by certain nuclides such as cesium, iodine and others 
in F.P. has been pointed out to have important effect on PCI. It is 
necessary, therefore, to investigate the behavior of F.P. release as 
affected by cycle of load change. 

It is essential to ensure through further study of the above factors 
related to PCI that a sufficient margin is given during the life of PWR 
fuel, ordinarily for 3 cycles, to minimize leak due to PCI. It is also 
necessary to reduce leak probability through analysis of PCI mechanism. 

A number of raup tests have been conducted in test reactors throughout the 
world for overall verification and evaluation of factors which are related 
to PCT. Although there are not so many ramp test data on PWR fuel, if the 
ramp test data'of CANDU type and BWR type fuels may be counted In for 
evaluation, the local power Increment and attained local power level as 
observed in CAOC operation mentioned before are considered to be less 
than their critical values which have been obtained from the above ramp 
test data. This suggests that It is possible, at least theoretically, to 
conduct the load follow operation mentioned here on the present fuel 
specifications. 

Verification Test Program up to Load Follpw Operation 
Since there la a difference between the test data from test reactor and 
actual power increase In commercial power reactor in the following points, 
a verification test at power plant is necessary. 

a. Differnece in effective length of fuels 
b. Effect of cycle of load change 
c. Effect of fuel handling 
d. Effect of acceleration factors such as the initial gap width and 

pre-pressurization level of He gas, etc. 
We have a following test plan to verify fuel integrity so that we may be 
able to conduct the operation possibly in 1985 in the pattern of 12-3-6-3 

(100Z - 50% rated power). The general schedule is shown in Fig. 6. 

1) Ramp Test by Test Reactor 
We are presently in the process of preparing for a base irradiation 
to be conducted prior to a ramp test in R-2 reactor of Studsvik, 
Sweden. The ramp test will be carried out as our joint research 
program with Mitsubishi and two other utilities. Six fuel rods will 
be used in the ramp test and the base irradiation will soon begin in 
the R-2 Reactor so that the test may be completed in the early part 
of 1981. 
A ramp test with instrumentation is going on at Halden by the Japan 
Atomic Energy Research Institute as a national project and an over-
ramp test is being carried out as part of the international project 
which is to be completed in 1979. The data from these tests will be 
referred to in our verification program as soon as they are published. 

2) Verification Test in Actual Power Reactor 4 
If no serious problems emerge in the ramp test using test reactors, 
we will then go on to ensure fuel integrity in a RCC withdrawal test 
in a power reactor. We are considering using for this test a method 
usually referred to as "power ramp demonstration." In this method, 
a control rod is inserted into a fuel assembly which is scheduled to 
be discharged at the end of the cycle and is left in the position for 
a certain period of time and withdrawn in a quick motion to verify 
fuel integrity against sudden rise in power by monitoring fission 
product concentrations and also by examination of fuel leakers by 
sipping test after the discharge. 
If no problem arises in this power ramp demonstration which will be 
conducted in a power reactor, we will go ahead to verification of the 
long term load cycle test as well as verification of performance 
response and controllability of the plant as a whole, that is, a 
cycling test of actual daily load follow operation. 

3) R & D for Fuel Characteristics in Test Reactor 
In parallel to the verification test on load follow with the fuels of 
current specifications, R & D work will be carried out as to the 
followlngs: 

(1) Finding out the failure limitation of the present design 
regarding power change 

(2) Clarification of PCI (SCC) mechanism of fuel 
(3) Improvement of fuel to mitigate PCI before preconditioning 
A remodelling of facilities is under way on JMTR in our country so as 
to enable it to perform ramp test. As soon as the JMTR becomes 
available for ramp test on PWR condition, we will carry out such a 
ramp test collaborating with fuel manufacturers. 

SUMMARY 

(1) It will become necessary for our nuclear power plants, possibly in 1985 
and afterwards, to go to load follow operation with an eye to improve 
our company's overall grid efficiency. 

(2) Our present effort is directed to enable daily load follow operation with 
a pattern of 12-3-6-3 (100% - 50% rated power). 

(3) Our load follow program Is deployed on a bases of recognition that 
integrity of PWR fuels presently designed will be maintained even under 
load follow operating condition without major design modification. 
This assumption is based on ramp test data from test reactors and actual, 
though limited, experiences at several power reactors. 

(4) Moreover, for the purpose of final proof and confirmation, such verifica-
tion test as power ramp demonstration and load cycle test are being 
contemplated in our power reactor before starting operation of our 
commercial nuclear power plant with load follow mode. 
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Table 1 Abstruct of KEFCO' s nuclear power plants 

Bleotrloal 
Output 
(We) 

Reactor 

Type 

Start 

or Operation 

Cumulative 
Out put* 
(xio* nil ) 

Puel Specification 
Name Bleotrloal 

Output 
(We) 

Reactor 

Type 

Start 

or Operation 

Cumulative 
Out put* 
(xio* nil ) 

Ho. of 
ARseiitoly 

Puel Bod 
Typo 

Linear Heat 
Bating (a/PT) 

MI HAMA »III t 8 4 0 PWR 1970.11 6.4 0 9 1 2 1 14X14 4. 6 4 

2 6 0 0 a 1972. 7 1 6.8 9 8 ë a 6. 4 6 

8 8 2 6 a 1976.12 1 1.8 8 6 1 6 7 16X16 6. 1 6 

TAKAHAUA 0NIT 1 8 2« # 1974.11 1 4.8 0 1 a ! » 

2 a » 1976.11 1 6.7 4 0 a # a 

OBI DKIÏ 1 117 6 a 1*79. 8 1.6 6 6 1 9 6 17X17 6. 4 4 

2 a a (1 979 . 6) 6 1 1 a ' • 

TAKAHAUA ÜH IT S 8 7 0 a (1 988 ) — 1 6 7 a 6. 2 8 

4 » a (1984 ) - a a a 

• As of Da0ember 1978 

Table 2 Fuel Operating Experience 

Fuel Assembly Bumup 

(As of March 1979) 

Buroup ( I M / t ) Ko.of Aaa'y 

0 - 1 1 0 0 0 • t o 

1 2.0 0 0 - 2 0.0 0 0 4 ( 6 

2 0.0 0 0 - 2 1.0 0 0 I 7 T 

! 8,0 0 0 - » «.0 0 0 1 t 1 

Fuel Integrity (Results of Leak Test) 

(As of Sept. 1978) 

Pual Type 
Mo. of Puel Aao'y 

Pual Type 
Spent Puol In-Roaetor Leaked Puel 

1 4 x 1 4 2 0 8 2 4 2 1 4 

l i x l i 2 t I 4 7 1 2 

1 7 X 1 7 4 2 8 6 > 

Tota l 1, 0 9 2 4 2 6 1 2 

Table 8 Capacity share of Nuclear Power 

in the KEPCty s Grid System 

•aro». 1 I T 8 1 2 2 S ( Planned ) 

Hydro U I ) n l i l i » 

Pumping up Hydro 1. « 7 2 1 1 1 1 

Oi l F i red 
Stoaa I 1. « 6 « U l i 1 

Ruoloar 1. 2 1 2 M i l 

Tota l l l î l l 2 I. 4 6 2 

R u o l e a r / T o t a l 1 «. 2 • 2 7. 4 * 
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DESIRABLE LOAD FOLLOWING CHARACTERISTICS 
FOR NUCLEAR POWER PLANTS 
ON THE TVA SYSTEM 

J.R. RATLIFF 
Division of Fuels, 
Tennessee Valley Authority, 
United States of America 

The need to employ nuclear power plants In a load following mode of 
operation constitutes the most significant basis for providing nuclear 
fuel which is capable of sustained operation in a power cycling environ-
ment. The actual need to load follow with nuclear plants will vary 
considerably between power supply organizations- The dominant factors 
which establish this need are the generation "mix" or fraction of each 
type of generating capacity, including nuclear, relative costs of each 
type of generating capacity, and the magnitude and characteristics of 
the power demand or load. 

In principle, the shape of the daily load pattern dictates actual 
operation of generating units on any power system. The least expensive 
units to operate are loaded first (referred to as baseload units) and 
operate virtually all of the time at full load output. Intermediate 
units are flexible enough to operate at full load output during peak 
hours and then be backed down to some minimum level of output during 
offpeak hours. These units are more expensive to operate than base load 
units, but less expensive than peaking units. Peaking units, such as 
gas turbines, are capable of responding quickly to help meet peak loads 
and can be started or stopped virtually on demand. They are, however, 
generally the most expensive units to operate. Figure 1 shows this 
conceptual three tiered generation mix employed on a hypothetical daily 
load variation. For load following considerations, the most important 
factor is the difference between the peak load and the minimum load or 
the daily load swing. 

The Tennessee Valley Authority (TVA) currently operates a large and 
complex system consisting of about 4,500 Mtfg hydro, 17,800 MWg coal-
fired, 3,500 MWe nuclear and 2,500 MWG combustion turbines for an 
installed capacity in excess of 28,000 MWG. As shown in Table 1, TVA 
has additional nuclear generating capacity, totaling over 18,000 MWE, 
under construction with planned operating dates between 1979 and 1986. 
The additional nuclear generating capacity features both boiling water 
reactor (BWR) and pressurized water reactor (PWR) types and includes at 
least two units from each of the four U.S. light water reactor (LWR) 
suppliers. 

The TVA power system experiences annual peak, loads in the June through 
September time period and again in the December through March time 
period. Peak loads are generally experienced during July and January of 
each year with the January peak historically being higher. 

The forecast of future loads, including magnitude and daily load swings, 
is made using over 50 different planning scenarios. These scenarios 
currently examine variables such as level of economic activity in the 
TVA service region, cost of alternate fuels, cost of electricity, and 
the effect of conservation and load management programs. The various 
scenarios are compiled into load growth forecasts with varying prob-
abilities that the actual load will be less than the forecasted amount. 

Using information provided by these load forecasts, daily load swings 
can be estimated. Current forecasts show that, even though the magnitude 
of forecasted peaks in the mid-to-late 1980's are comparable for summer 
and winter loads, the daily load swing in the summer may be much more 
severe. As an example, in 1980 the winter daily load swing is predicted 
in the range of 1,000 to 4,000 MW with a peak of about 22,000 MW while 
the summer daily load swing is predicted in the range of 5,000 to 8,000 MW 
with a peak of about 20,000 MW. By 1988, these daily load swings could 
be in the range of 4,000 to 6,000 MW in the winter with a peak of 29,000 MW 
and 8,000 to 10,000 MW in the summer with a slightly higher peak. 

During this same time period, the percentage of nuclear generating 
capacity on the TVA system will increase from about 12 percent to about 
45 percent. Since TVA has substantial peaking capability with gas 
turbines and hydroelectric power including about 1,500 MW of pumped 
storage, it is doubtful that nuclear units would be called upon to 
follow "instantaneous" load changes even in the late 1980's. However, 
with nuclear generation comprising about 21,000 MW at full load, peak 
loads of about 30,000 MW, and daily load swings of 8,000 to 10,000 MW, 
it is obvious that nuclear units may have to be maneuvered to accomo-
date these daily load swings. Our present forecasts indicate that this 
need could be most severe during the summer months in the late 1980's. 
As an illustration, Figure 2 shows possible system operation over a 
typical two day summer period in the late 1980*s. The daily load swing 
is about 10,000 MW with nuclear units required to absorb about one 
fourth of this swing. The benefit to be gained by "flattening" these 
peaks is substantial and TVA is currently examing a broad range of 
innovative programs to minimize the magnitude of these daily load swings. 

However, if substantial daily load swings occur, nuclear fuel designs 
must be capable of sustained operations in a load following environment. 
The daily schedule as currently envisioned would involve: 

1. Operation for 12 hours at the full power rating 
2. Power reduction to some "lower" level at a uniform rate during the 

next three hours 
3. Operation at the "lower" level for the next six hours 
4. Return to full power rating at a uniform rate during the next three 

hours 



Under the above schedule, a "lower" level of 75-percent power appears 
essential to accomodate potential daily load swings. In view of un-
certainties associated with load forecasts, unplanned outages and other 
anomalies, the ability to cycle power on a daily basis between 100 percent 
and 50 percent would be highly desirable. With a daily load swing of 
about 10,000 MW from a peak of 30,000 MW, nuclear units could routinely 
be required to maneuver to accomodate 2,000—3,000 MW of this load swing 
on a daily basis. Even though this level of load following could be 
supported by all nuclear units maneuvering between 100 percent and 
75 percent of full power, unplanned events could require nuclear units 
to absorb 5,000 MW or more of the daily load swing. Further, the flexi-
bility provided by units capable of daily maneuvers between 100 percent 
and 50 percent could permit some innovative strategies, such as base 
loading a fraction of the installed nuclear capability and using the 
balance to meet daily load swings. 

In summary even though TVA nuclear units are currently employed in a 9 
base load mode of operation, this situation could be changing rapidly in 
the early 1980's. By the mid-to-late 1980's, current predictions indicate 
that nuclear units may have to routinely maneuver to accomodate daily load swings, 
particularly during the summer months of each year. The major factors 
influencing this requirement are the peak power generation requirements, 
magnitude of the daily load swing and fraction of generating capacity 
represented by nuclear units. Under current forecasts nuclear fuel 
designs capable of daily power cycling between 100 percent and 75 percent 
of full power are considered essential and similar power cycling between 
100 percent and 50 percent of full power very desirable. 

Table 1 

TVA Nuclear Power Plants 

Nuclear Plant 

Number 
of 

Units 

Type 
of 

Unit 

Capacity-MWjj 
(Maximum Generator 
Nameplate Rating 

per Unit) Supplier 

Commercial 
Operating 
Date 

Browns Ferry 3 BWR 1152 General Electric 1 -
2 -
3 -

1973 
1974 
1977 

Sequoyah 2 PWR 1221 Westinghouse 1 -
2 -

(1979) 
(1980) 

Watts Bar 2 PWR 1270 Westinghouse 1 -
2 -

(1980) 
(1981) 

Beliefonte 2 PWR 1332 Babcock & Wilcox 1 -
2 -

(1981) 
(1982) 

Hartsville 4 BWR 1287 General Electric Al -
A2 -
B1 -
B2 -

(1983) 
(1984) 
(1983) 
(1984) 

Phipps Bend 2 BWR 1287 General Electric 1 -
2 -

(1984) 
(1985) 

Yellow Creek 2 PWR 1375 Combustion Engineering 1 -
2 -

(1985) 
(1986) 
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ABSTRACT 

When the PWR are an important part of the power installed on a network, 
and that will be the case of the £DF network in the comming years, the 
participation of those plants to the power regulating becomes a necessity 
for the operating staff. 

This load regulating includes : 

- daily variations of high amplitude 

- a permanent frequency - Power regulating 

The first part of the communication shows the network exploitation princi-
ples, and the resulting power variations concerning the existing nuclear 
power plants. 

Such transients are leading to stresses on fuel. 

The second part of the communication reports about the test program 
engaged by EDF in collaboration with the CEA and FRAMATOME, in order to 
study the fuel behaviour in real power conditions and power cycles, and 
that, just to the operational burn up of this fuel. 

I - INTRODUCTION 

Concerning the french nuclear power plants, this note resumes the network 
needs, the possibilities of the nowdays plants and actual developments. 

Its aim is to introduce an information exchange on exploitation experiences 
and middle range forecasts. 

2 - PREVIOUS NEED OF THE NETWORK 

2.1 Programmed power variations 

Indication of needs in matter of load variation depends from the possible 
extrapolation of the daily power curves. The prevision accuracy doesn't 
allow to reach better than an average value per "Hour Step". 

Supposing it's possible to base oneself on such an extrapolation, it risks 
to hide important gradient apparitions which are very limited in the time 
and which are, for example, from the 22 PM maximum type and correspond to 
the beginning of the off-peak hours rate. Then, it's easy to conceive the 
necessity to be careful when forecasting the power variation speed need. 

That beeing said, we notice that the biggest power slope is 1% per minute 

(at about 7 AM 7h 30 AM) . 

We must also consider the unavailability of some plants in the morning 
(for example after a week-end if several production units have been stopped). 

Then, it is necessary in order to realise the programmed load following to 
ask a minimum variations speed of 1,5 Z Pn. 

To consider moreover the uncertainty on the gradients at some hours of the 
day, it is to be hoped to reach 2 Z of the nominal power per minute. 

Those different speeds must be possible in a decreasing mode as well as in 
an increasing mode. 

2.2 Loading variation in reserve 

The exploitation of all production units lead to use a certain number of 
reserve groups. 

This use corresponds to two main needs : 

- compensation of consumption long lasting risks (forecast error) 

- compensation of production long lasting risks (hydraulicicy variation or 
production unit loss) 

A third need, more exceptional appears which consists in asking to the PWR 
plants fast power variations in order to eliminate the overloads appearing 
on the network. 

The two first needs are the most frequent, they lead to a power variations 
comparable with the daily power following (1,5 to 2 % Pn/mn), but unlike 
the programmed power variation, its realisation is unforeseen. It must be 
realised without warning. 

This variation is in most of the cases a power increasing. The exceptional 
fast power variation is necessary to eliminate the possible overloadings 
appearing on the network, for example, in case of electric lines discon-
nections . 



The operating staff in this case has two ways to eliminate the overload 

- by acting on the network topology, 

- by causing a production planning readjustment. 

In addition, the acting time in this type of situation is 20 minutes, 
corresponding to the tunning adjustment of the lines overloading protec-
tions . 

These factors lead to ask to the power plants a fast variation in an about 
15 minutes delay. 

This variation value has to be very important, for example, from the 
maximal power to the technical minimum. The needed power variations may 
be in both directions up or down, but in the next 10 or 15 years the 
nuclear power plants will be probably used most of the time in power 
variation decreasing conditions. 

This although exceptional need, asks from the nuclear reactor a quite 
hard performance, which corresponds to a 5 % per minute power variation. 

The use of the turbine loop may reduce the stress on the boiler during a 
power decreasing but in case of a power increasing, the performance has 
to be possible for all PWR elements. 

2.3 Load variation in a regulating mode 

The exploitation previsions lead, 

- or. one hand, tc. make the PWR plants work on a frequency primary regulating 
mode , 

- on the second hand, to make che PWR plants work on a teleregulating mode. 

The all system has, of course, to stay compatible with the necessary 
qualities for a good european network regulation ; this lead to ask a PWR 
teleregulating participation of ± 5 7. Pn and the system has to allow, inside 
this regulating band, a manual power variation slope of 1,5 % Pn/mn and 
exceptionally A,5 % Pn/mn. 

The uncertain character of those variations led us to define by statistical 
analysis, a day considered as average day for the frequency variations and 
the teleregulating level. 

3 - POSSIBILITIES OF ACTUAL PLANTS 

3.1 Limitations introduced by the safety criterions 

The criterions ECCS 1973 of the SRC, especially those imposing a maximal 
cladding temperature of 120 "C in case of LOCA lead in normal working 
conditions to a lineic power limitation. 

The consequence on the PWR plant working is an obligation on the flux 
axial imbalance, and consequently, a limitation on the rod load variation 
possibilities. 

We come so to a limitation of the power plant intrinsic functional possi-
bilities, especially concerning the load variation possible slopes and the 
possible working rampes in a regulating mode. 

3.2 Resulting performances 

Load variation : High amplitude load variations may occur by variation of 
the boron concentration, 

The working possibilities are depending then, 

- on one hand, from the possible flow of the load-unload circuit, 

- on the other hand, from the power boron concentration. 

The load variations possibilities are (with the considered datas) about : 

- 2 Z Pn/mn at the beginning of the cycle, 

- 0,3 Z Pn/mn at the end of the cycle. 

Regulating : The nowdays performances are limited and they don't allow to 
realise completely the primary and secondary regulating needs. 

The studies made on the working simulation code as well as on the BUGEY 
driving simulator, allow us to think that it is possible to work quite 
a long time in a primary regulating mode and in a teieregulating ¡rode in a 
reduced band (e.g. ± 2,5 % Pn). 

3.3 Previous experiments in FESSENHEIM 

To check those results some working tests, first realised in a primary 
regulating mode, and then mixed with a secondary regulating mode, are 
scheduled in FESSENHEIM at the beginning and at the end of the Fuel cycle. 

The E.D.F. prospective studies show the necessity of a progressive partici-
pation of the nuclear plants in the years 1980-1981.. 

Considering that the use of "grey rods" will only take place in 1982, we 
must look now for possible 900 MW PWR fast power variation performances 
with a small amplitude, allowing to obtain a participation to the telere-
gulatir.g mode and to the frequence primary regulating mode. 

4 - DEVELOPMENT 

4.1 Reactor driving using "grey rods" 

To be able to work as it has been explained in the chapter 2, we have asked 
to the constructor a change in the reactor driving conceiving. 

The new system is actually developed and will be used in the year 1982. 



This system includes a group of less absorbent driving rods, whose opera-
ting, because of the less deforming flux axial trace allows necessary load 
variation performances. 

\.2 Fuel qualification 

The making of the forecasted workings is only possible with a good fuel 
mecanical holding along the cycles induced by the load variations. 

Now the experience in daily load following and in telereguláting nearly 
doesn't exist, that's why the security authorities want to test the Fuel 
resistance before allowing E.D.F to work in such conditions. 

For that reason a definite test campaign is now beeing driven on a CEA 
reactor in CADARACHE (Advanced boiling system, Prototype C.A.P.). 

This C.A.P. test is realised through a tripartite agreement between EDF, 
CEA and FRAMATOME. 

Among the 12 joints consistuting the reactor core, 8 are a CEA design 
and 4 a FRAMATOME design. The caracteristic joints conceiving and working 
principles are referenced in paper [1]. The tripartite agreements are 
concerning only the four joints designed by FRAMATOME. 

4.2.1 Definitions elements and realisations of the C.A.P. test 

From Che analysis of the network needs presented in this paper, the 
determination of a power call spectrum seen from the turbine side has been 
defined. 

This stage has allowed to define the main parameters caracterisir.g a 
working mode following the network needs : 

- reference power, maximum value, and power variations, 
- power increasing and decreasing speed, 
- constant power level working time, 
- transients frequency. 

In a second stage, this datas permitted to obtain the sequences and kinetic 
of the rod movements and so the kinetic of local power variation on fuel 
rods. 

This simulation has been realised on a core configuration at the equilibriun 
and allowed the establishment of a rod power history and a rod power 
variation history with the highest load during 
in power reactors. 

It is this power history which is simulated in the C.A.P. under pressure 
and temperature conditions comparable to those existing in a PWR. 

Elsemore, to obtain a statistically representative irradiation, this test 
is realised on four joints (more than 1000 rods) having a reduce active 
length but the same conception, and made on the same production line, with 
the same,main specifications as the standart elements FRAMATOME. 

Caracterisation and tracability of the controls during making have been 
made for all the fuel rods. 

The rods move plan in the CAP reactor which allows to simulate fuel rods 
local working conditions is done from a nuclear code 3D which is reloaded 
by instrumentation campaigns and frequent nuclear tests (every 2500 MW á/t). 

To sum up, those CAP tests will represent a three PWR cycles working time 
of a core at the equibrium in the conditions of the "hot rods" class. 

The power chronology taken in account is a daily load following with the 
superposition of a telereguláting signal (equivalent to both following 
effects : a participation of ± 5 Z Pn, and a frequency primary regulating 
mode). 

Today, a burn up of 10 000 MWj/t aas been realised in conformity with this 
diagram and the exploitation reports do not show any important incident 
due to this particular working mode. 
This program will stop at the end of 198). At this time, the fuel irradia-
tion will be representative of the power reactor operational burn up. 
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ABSTRACT. 

In recent LWS designs, the fuel rod failures are induced by a chemical-
ly assisted mechanical process, i.e. stress corrosion cracking. 

The analytical approach towards the analysis of PCI - SCC failures is 
mainly based on the predictions of the COMETHE code. 

The failure criteria rely on the concept of a stress threshold toge-
ther with fission product availability. 

In the present paper, the use of the COMETHE code to minimize PCI in-
duced clad failure occurrences is illustrated by parametric studies to de-
fine acceptable fuel specifications and reactor operating conditions (stea-
dy and transient). 

1. INTRODUCTION. 

Nowadays, most of the fuel rod failures in L WR can be attributed to 
PCI - SCC of Zircaloy claddings. These failures are correlated to the cha-
racteristics of the fuel rod as well as to the operating conditions. The 
analytical approach of fuel rod failure by PCI - SCC is mainly based on the 
predictions of the integral fuel rod modelling code COMETHE. Its utiliz-
ation to minimize PCI induced clad failure occurrences is illustrated by 
parametric studies performed to define acceptable fuel specifications and 
reactor operating conditions (steady and transients). The effect of va-
rious fuel characteristics have been reported previously [ll [2] [3] [4] ; this 
paper will concentrate on the impact of the fuel rod pre-pressurization 
coupled with the power history, related to the in-core fuel management, on 
the PCI failure occurrence. 



2. PCI FAILURE CRITERIA. 

Out-of-pile experiments on unirradiated and irradiated Zircaloy clad-
dings and post-irradiation examinations of failed rods led to the conclu-
sion that crack formation is the key event in Zircaloy clad PCI - SCC fai-
lure. A crack can initiate if the hoop stress at the cladding inner surf-
ace exceeds a critical level (stress threshold for SCC) in the presence of 
a significant amount of corrosive fission, products (mainly iodine) [4] . 
The COMETHE III-J version presently utilized by BELGONUCLEAIRE for its de-
sign and licensing calculations does not include any clad failure model. 
Therefore, the criteria as adopted by BELGONUCLEAIRE for PCI are quite con-
servative. : 

(a) the hoop stress at the clad inner surface cannot exceed the minimum 
stress threshold for SCC. The threshold stress is expressed as a fraction 
of the yield stress. It enables to take into account the effect of the 
irradiation (irradiation hardening). The adopted criterion for stress 
threshold is about 30 % of the yield stress. It means that once the 
ratio of the hoop stress at the clad i.d. to the yield stress exceeds 
30 %, the cladding is supposed to be severely damaged, provided the 
amount of fission products is sufficiently high. This concerns the se-
cond criterion,; 

(b) the amount of corrosive fission products which have been released from 
the hot fuel and have deposited on the colder inner clad surface, must 
be low. The way by which the corrosive fission products are made avail-
able at the clad inner surface is not yet clearly established. Likely 
mechanisms have been discussed elsewhere [5] . In the absence of any 
model, it is assumed that the amount of corrosive fission products sus-
ceptible to induce SCC is proportional to the fission gas release. It 
has been reported that a quantity as low as 5 10" 3 mg/cm^ of free iodi-
ne would be largely sufficient to induce SCC [6] [7] [8] . It corresponds 
for a 15 xl5 typical fuel rod (like TIHANGE) to 0.6 Z of the iodine in-
ventory at 20,000 MWd/tU burn-up. In fact, a significant amount of 
' iodine is bonded to the cesium. We will assume that 50 % of the iodine 
is free and 50 Z bonded and that the release of free iodine follows 
the same mechanisms as fission gases. From this, we deduce a critical 
fission gas release limit of 1.2 % at 20,000 MWd/tU. 

3. PARAMETRIC STUDY. 

The performance of a 15x15 typical LWR fuel rod has been evaluated 
for three different power histories (Fig. 1), related to the in-core fuel 
management : 

§with no power ramp at BOC ; 
with a power ramp at BOC 2, and 
with a power ramp at BOC 3. 

In addition, the influence of the rod pre-pressurization has been in-
vestigated for fuel considered power histories. 

The calculations have been performed for an unpressurized rod (initial 
pressure, 1 kg/cm^) and for a fuel rod pre-pressurized at 30 kg/cm^. The 
characteristics of the fuel rod are summarized in Table I below. 

- T A B L E I -

FUEL ROD CHARACTERISTICS 

Array 15x15 
Clad OD 10.72 mm 
Clad thickness 0.62 mm 
Diametral gap 190 ̂ m 
Fuel bulk density 93.5 Z TD 
Active length 3642 mm 

The results are illustrated in Figs. 2 to 7. For each power history, 
the evolution versus the irradiation time of the following variables have 
been plotted and the effect of pre-pressurization is compared ; 

- peak pellet linear power (q®aX)> central temperature (Tc), integral 
fractional fission gas release (f), pellet-clad gap heat transfer coef-
ficient (h) and the radial pellet-clad gap at ridge location (5r) in 
Fig. 2 (power history Q)), Fig. 4 (power history @ ) and Fig- 6 (power 
history (3)) ; 

- peak pellet linear power (q^^), radial pellet - clad gap at ridge location 
(5r) and contact pressure at ridge location (Pc) in Figs. 3, 5 and 7 res-
pectively for power histories Q , @ and Q) . 

4. DISCUSSION AND CONCLUDING REMARKS. 

Before starting the discussion, it is good to insist on the fact that 
the specifications of the evaluated fuel rod (i.e. density, fuel grain 
size, ...) have been unchanged in all cases. 

As the goal of the present study is to investigate the impact of fuel 
rod pre-pressurization and operating conditions on the PCI - SCC failure oc-
currence, the discussion will concentrate on the predictions at the time 
where the pellet - clad mechanical interaction is maximum. As it is illus-
trated in Fig. 1, that time is very different according to the power his-
tory. 

Although it is generally thought that pre-pressurization of fuel rod 
leads to less fission gas release - and therefore, lower corrosive fission 
product availability at the cladding i.d. - than in the case of unpressuriz-
ation, the present calculation would seem to demonstrate the contrary. In-
deed, as it is shown in Figs. 2, 4 and 6, the pre-pressurized fuel rod re-
leases more fission gases than the unpressurized one, whatever may be the 
power history. That phenomenon is a matter of the pellet-clad gap heat 



transfer coefficient variation during the irradiation. The heat transfer 
through the gap mainly depends upon two components : the gas mixture conduc-
tivity (directly proportional) and the gap thickness (inversely proportion-
al). That latter decreases during the irradiation as a result of the fol-
lowing effects acting simultaneously : the fuel thermal expansion, the fuel 
swelling and the cladding creep down. In the unpressurized fuel rods, that 
latter is the leading effect in the gap closure. Indeed, in those rods, 
the inner gas pressure (less than 3 bar at BOL) is negligible compared to 
the system pressure (about 157 bar). High compressive stresses are gener-
ated in the cladding resulting in a very fast gap closure both by thermal 
creep (acting at BOL) and irradiation creep. The more the gap size is de-
creasing, the more the heat transfer through the gap is improving. As a re-
sult, the fuel temperatures fall down. As for the fission gas release, the 
release of corrosive fission products such as iodine is very sensitive to 
the fuel temperature. In the pre-pressurized fuel rods, because of the 
higher inner gas pressure (about 80 bar at BOL in fuel rod pre-pressurized 
at 30 bar), the compressive stresses in the cladding are strongly reduced. 
For instance, the magnitude of the compressive stressât BOL is about -16 
kg/mm2 in an unpressurized rod and about a factor 2 less in a pre-pressuriz-
ed one. The cladding creep down rate is reduced and the gap closure is 
slowed down. As long as the gap thickness remains significant (> 10 ßm), 
the heat transfer between the gap and the clad is bad, which leads to higher 
fuel temperatures and therefore to a more important fission gas release. 
Once the gap is closed and the pellet-clad interaction is onset, the heat 
transfer through the pellet-clad gap is highly better in the case of the 
pra-pressurized rod - as it is mainly attributed to the gas mixture conduc-
tivity - which decreases the fuel temperatures. Therefore, due to the gap 
closure kinetics, more fission products would be made available on the clad 
inner surface at the moment when the pellet - clad interaction is maximum 
in the pre-pressurized fuel rods. 

However, a benefit consequence of the rod pre-pressurization is to de-
lay the onset of the pellet clad interaction and to reduce the magnitude of 
that interaction as shown in Figs. 3, 5 and 7. The Table II below gives 
the burn-up at which the PCMI starts (at ridge location) as a function of 
the power history and the rod pre-pressurization. 

It can be noticed that the time when the pellet - clad interaction 
starts up is very dependent upon the type of the power history. Apparently, 
the power history (3) would be the ideal one, the time required for the gap 
to close being the longest. Nevertheless, it is premature to conclude on 
the basis of the results presented here above. The Table III summarizes 
the most important results on the basis of which constructive conclusions 
and recommendations will be retrieved. That table gives for each power 
history and rod pressurization, the following results : the time when the 
pellet-clad interaction is maximum in terms of burn-up, the associated fis-
sion gas release, contact pressure, inner gas pressure and the ratio of the 
hoop stress at the clad i.d. to the yield stress. That latter is calcul-
ated from the creep correlation at ordinary strain rate, taking into the 
irradiation hardening. 

From the results displayed in the figures and tables presented here 
above, it may be concluded : 

- T A B L E II- 16 
ONSET OF PCMI AT RIDGE LOCATION AS 

A FUNCTION OF THE ROD PRE-PRESSURIZATION 

Power history Fuel rod 
pre-pressurization 

Onset of PCMI 
- burn-up 
(Mtfd/tU) 

© No 
Yes 

940 
11,730 

CD No 
Tes 

4260 
14,900 

<D No 
Yes 

7690 
18,040 

- the fuel rod pressurization is benefit as it delays the onset of mechanic-
al interaction and reduces the magnitude of that interaction. Neverthe-
less, due to the slower creep down, the fuel temperatures decrease very 
slowly which leads to an increased fission product release ; 

- the PCI failure is unlikely in the considered cases, which are repre-
sentative of peak rated rods for this type of power plant. Some cases 
provide more maneuver margins than others. In this frame, the fuel mana-
gement policy must be chosen in order to minimize the rating during the 
last irradiation cycle of each rod. That compromise is achieved by power 
histories of the types (Î) or However, a power history of the type 
@ could be acceptable whether a power ramp is imposed at the beginning 
of the cycle 3, as shown in Fig. 8. These limitations on power maneuvr-
ability will reduce the plant capacity and lead to an important loss of 
energy production. 

Finally, an economical compromise must be reached between the conflict-
ing requirements of core reactivity, power map, fuel rod specification and 
fuel rod behaviour at high burn-up : this aloue will allow an increasing load 
follow capability without any significant rod failure detrimental effect. 

These conclusions are valid for the characteristics of the evaluated fuel 
rod and might be different for fuel presenting other specifications. There-
fore, iC would be recommended Co gather AS many as possible data related to 
the effect of pre-pressurization and operating conditions. 
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POWER RAMPING/CYCLING EXPERIENCE 
AND OPERATIONAL RECOMMENDATIONS 
IN KWU POWER PLANTS 

R. von IAN, F. WUNDERLICH, R. HOLZER 
Kraftwerk Union AG, 
Erlangen, 
Federal Republic of Germany 

SUMMARY 

The power cycling and. ramping experience of EOT is 
based on experiments in test and commercial reactors, 
and on evaluation of plant operation (EHWR, FWK and BWR). 
Power cycling of fuel rods did never lead to PCI failures. 
In ramning experiments, for fast ramps PCI failure thres-
holds of 480A20 W/cm are obtained at 12/23 GWd/t(U) burn-
up for pressurized PWR fuel. No failures occurred during 
limited exceedance of the threshold with reduced ramp rate. 
Today and in the near future, operational recommendations 
cannot be derived from mechanistic PCI models because of 
the lack of knowledge about the many different interacting 
mechanisms during a power ramp. A useful application of 
empirical models is limited to the specific design, pre-
irradiation and ramping conditions as used for the 
calibration of the model. Therefore KWU uses operational 
recommendations which are derived from experiments and 
plant experience. The effects of ramping considerations 
on plant operation is discussed. No rate restrictions are 
required for start-ups during an operating cycle or load 
follow operation within set limits for the distortion of 
the local power distribution. In a few situations, e.g. 
start-up after refueling, ramp rates of 1 to 5 %/h are 
recommended depending on plant and fuel design. 

1. INTRODUCTION 

The fuel behaviour during an increase of local rod power 
is strongly influenced by the preceding power history which 
determines the conditioned power of a fuel rod. For appli-
cations, the conditioned power is normally defined as the 

maximum steady state power held for a mi n-i m m time (12 to 
72 h) in some specified burnup interval (typically 
1000 MWd/t(U)) before the power increase."Power cycling" 
includes all power changes below the conditioned power, 
"power ramping" means an increase beyond the conditioned 
power. 

In actual plant operation it is essential to distinguish 
between local power (power density or LHGR) and reactor power, 
since local power changes are often not proportional to the 
initiating reactor power change, but may be amplified in 
height and rate by shifts in the power distribution due to 
control rod movements and xenon effects. Fuel conditioning 
relates to the envelope of preceding steady state power 
distributions rather than to the preceding reactor power. 

This paper will briefly summarize the power cycling and 
ramping experience of KWU which has been published elsewhere 
/1 - 4/, and assess the present capability of theoretical PCI 
models. Then the operational recommendations for KWU reactor 
fuel and the effects on plant operation will be discussed. 

2. POWER RAMPING / CYCLING EXPERIENCE 
The good fuel behaviour during power cycling has been 

early demonstrated by experiments in Petten (400 cycles) and 
Obrigheim (880 cycles) /5/, and has been confirmed by evaluat-
ing shut-down/start-up and load follow manoeuvers in KWU 
reactors: No failures occurred during all fast plant 
manoeuvers with no or only limited (< 10 %) transient local 
power increase beyond the previous steady state power 
distribution /4/. This implies that not only" power cycling 
is safe, but also repeated fast small ramps beyond the con-
ditioned power. 

The KWU ramping investigations include experiments in 
operating reactors and in test reactors. Consistent results 
were obtained for pressurized KWU FWB rods /1 - 3/. Failure 
thresholds are 480 W/cm in the lower burnup range 

12 GWd/t(U)) and 420 W/cm in the higher burnup range 
23 GWd/t(U)). Fast ramps to powers above the threshold 

had a non-zero failure probability. Fast ramps to powers 
below the threshold did not lead to failures, as has been 
demonstrated by additional experiments in power reactors /2/. 
Earlier operating experience with BWR fuel has indicated 
that for unpressurized rods the failure thresholds may be 
lower. Future evaluation of plant experience and planned 



ramp tests will provide new data for unpressurized and 
pressurized BWR rods. 

Substantial efforts have been made to determine the 
allowable ramp rate for safely exceeding the failure threshold 
during high power ramps. With individual rod testing of PWB 
rods up to 70 W/cm beyond the threshold /2/, failures could be 
prevented by reducing the ramp rate above the threshold to 
values in the range 0.1 - 5 W/'cm min (Pig. 1). FWR and BWR 
plant experience gives a more detailed picture /1,4-/: 
(i) Local ramp rates > 3 W/cm min did lead to failures, 
(ii) ramp rates é0-3 W/cm min did not lead to failures with 
ramps to LHGBs in the range 400 - 4-50 W/cm, (iii) above 
A-50 W/cm peak LHGR, there is no confirmed PWE plant experience 
with high and slow ramps, but BWB experience indicates that 
with unpressurized rods ramp rates <0.1 W/cm min are required 
to prevent failures. Therefore one might speculate that the 
safe ramp rate is not a single number, but may depend on 
design and peak LHGR. 

3- MODELLING CONSIDERATIONS 
Today it is generally accepted that PCI failures are 

caused by a combination of clad stress and chemical attack 
at the clad inner surface. Nevertheless, at the present time 
it is not possible to describe the PCI failure mechanism by 
the aid of first principles. There are too many interacting 
mechanisms which are not yet fully understood. 

In order to predict the clad stress during a power ramp, 
it is necessary to have full knowledge of the following 
effects : 
- gap size at the start of a ramp (mainly depending on fuel 

densification, swelling, relocation and. thermal expansion, 
and on clad creepdown,ovalization,and thermal expansion), 

- gap conductance (mainly depending on the size of the 
residual gap due to surface roughness and waviness, on the 
composition of the gas in the residual gap, and on the 
contact pressure contribution to the gap conductance), 

- fuel relaxation (mainly depending on the reversibility of 
relocation and the fuel creep properties), 

- stress localization at the clad inner surface (opposite 
to radial fuel cracks and at pellet/pellet interfaces). 

The knowledge of the kinetics of transient fission gas 
release is a pre-requisit for the knowledge of the gap con-
ductance during a power ramp, since it is well known that 
power ramps up to power levels where PCI failures can occur, 
are accompanied by large amounts of transiently released 
fission gas /1/. Due to the fact that the thermal conductivity 
of the fission gas is about 20 times lower than the thermal 
conductivity of the fill gas helium, the transient gas release 

during a power ramp may significantly influence the gap con-
ductance /6,7/ and thereby fuel thermal expansion and clad 
strain and stress. Mechanistic modelling of the chemical 
aspects of PCI is preséntly even more difficult than 
calculation of clad stresses because of the lack of basic 
information (e.g. species of volatile fission products causing 
stress corrosion cracking, chemical state of the species 
reacting with the clad, necessary fission product con-
centrations). 

Bnpirical PCI models as e.g. the CANDU Fuelograms /8/, 
the POSHO model /9/, or the EWU interference approach /6,10/ 
can only be valid for the specific fuel design, preirradiation 
and ramping conditions as used for the calibration of the 
models. As an example unpressurized CANDU fuel with collapsed 
clad and pressurized PWB fuel with freestanding clad behave 
differently /1,4/, since the mentioned design differences have 
a strong influence on the gap size at the start of a ramp 
on the gap conductance during a ramp (increasing gap con-
ductance with increasing prepressurization). 

As pointed out in chapter 2, power cycling in contrast to 
power ramping does not lead to PCI failures. This is under-
standable because there is practically no clad stress due to 
mechanical fuel/clad interaction during power cycling: The 
fuel-to-clad gap and - particularly at high power - cracks 
within the fuel open during the power decrease and close again 
during the power increase. Also transient fission product 
release is not given in the case of power cycling, since the 
fuel has already released the fission products at previous 
high power levels. 

4. FUEL OPERATING BEOOMMEffDATIONS 
Because of the uncertainties in PCI modeling, it is the 

general philosophy of KWU that fuel operating guidelines, 
which are both effective in preventing failures and economic 
by minimizing availability losses, must presently be based on 
experience rather than models. Obviously, such guidelines have 
only to be applied in those operational conditions and power 
ranges, where local exceedance of the PCI failure threshold is 
anticipated. The main features of the guidelines for KWU fuel 
may be summarized as follows. 

(i) An optimized operating mode has to be used to limit 
the distortion of the power distribution during fast plant 
manoeuvers. In modem EWU PWBs this is done by an operational 
safety grade limitation system which limits local power density 
and shifts in power distribution /11/. In EWU-BWEs there are 
limitations on rod control, and mainly flow control is used in 
the high power range (Pig. 2). The continuous control rod drive 
enables to restrict the motion of rods in the high power range 
(e.g. for burnup compensation) to small steps which do not 
require preconditioning. 



(ii) There is no rate limitation on power cycling, i.e. 
load changes or start-ups during an operational cycle, within 
the envelope of the conditioned power or the preceding steady 
state full power distribution. In BWEs this may require 
temporary surveillance of in-core detector signals at odd 
xenon conditions. Experience shows that repeated limited 
exceedance of the envelope (5 - 10 %) is tolerable. In 
particular, load follow operation and frequency stabilization 
seem to be no problem, since the fuel remains conditioned to 
higher than the steady state local power (schematically shown 
in Fig. 3). 

(iii) A rate limitation to ± 3 % Pti/b is recommended only 
if a conditioned power distribution does not exist or is 
significantly exceeded in the high power range (ramping beyond 
the PCI threshold). This mainly applies to the first start-up 
after refueling, the first start-up after control rod pattern 
exchange in BWRs, and the first return to full power after 
extended (> 4 weeks) part load operation. (Additional re-
commendations and <1 % Pff/h ramp rate in the above cases are 
applied for unpressurized BWR fuel, particularly for 7x7 fuel.) 

The effect of these guidelines on plant availability is 
not very significant in standard plants. The optimized operat-
ing mode as outlined under (i) has practically négligeable 
effects. The requirement (ii), that the envelope of the con-
ditioned power distribution is not significantly exceeded, also 
imposes only small restrictions which are comparable to those 
resulting from the additional requirement not to exceed design 
limits (e.g. max. LHGR). The effect of the rate limitations in 
the particular situations stated under (iii) can easily be 
estimated. If one conservatively assumes 5 - 1 0 events per 
operational cycle (year), which require a 5 %/h rate 
limitation from 70 to 100 % power, the loss will be less 
than 10 full power hours or <0.15 %• 
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PCI-OGRAMS: APPLICATION OF 
CANDU FUELOGRAM METHODOLOGY 
TO PCI DATA FROM 
LIGHT-WATER REACTORS 

J.C. WOOD 
Atomic Energy of Canada Limited, 
Chalk River Nuclear Laboratories, 
Chalk River, Ontario, Canada 

ABSTRACT 

The FUELOGRAM model was derived to predict PCI defect prob-
abilities for CANDU fuel bundles that had experienced power 
increases after being irradiated to burnups mostly in the range 
100 ± 60 MW.hAg U- It is inappropriate to extrapolate the 
FUELOGRAM model to predict the performance of differently de-
signed fuels at burnups up to 600 MW.h/kg U. Therefore data 
obtained from the operation of a Boiling Water Reactor were 
analyzed using the FUELOGRAM methodology to assess fuel perform-
ance criteria at high burnups. The resultant PCI-OGRAMS 
evaluate defect probabilities in terms of power increase (âP), 
ramped power (P) , and the burnup Ci»)) of the most highly rated 
rod in a fuel assembly. Defect probability also depends on the 
dwell time (t) of fuel at the ramped power. The predictions of 
the PCI-OGRAM, FUELOGRAM and other models are compared in three 
dimensional sketches of P, AP and U) with the dwell time t held 
constant. 

INTRODUCTION 

It has been known for about fifteen years [1] that increasing the power 
of UOî-fuelled, Zircaloy-clad fuel pins with appreciable burnup can cause 
fuel defects. The term PCI defects suggests that their origin is from 
mechanical £ellet-clad interaction but the concensus of opinion is that 
fission product-induced stress corrosion cracking (SCC) is the principal 
defect mechanism [2-4]. Iodine is an abundant fission product that, when 
sufficiently concentrated, is capable of inducing SCC of Zircaloy on exceeding 
a critical stress, sustained for sufficient time [5]. The fuel burnup w 
determines the iodine inventory and the ramped power P regulates the UO2 
temperature and hence the release of iodine to the Zircaloy surface. We 
have noted that fission gas release from UO2 increases sharply at P = 46 kw/m 



which was also the threshold power for PCI defects in the Pickering CANDU 
reactors 16]. Thus if iodine is released in the same proportion as the noble 
gases, the threshold power for PCI defects would appear to be closely related 
to a threshold iodine concentration [3]. Conversely the power increase AP 
would govern the threshold stress for SCC. Since either insufficient iodine 
or insufficient stress will preclude SCC defects [5] we consider fuel defect 
probabilities to be governed by P or AP whichever is the lower with respect 
to the (burnup and time dependent) threshold values. 

BWR DATA AND ANALYSIS 

The data [7], compiled from normal reactor operation of a boiling water 
reactor (BWR), described the irradiation histories of 302 fuel assemblies, 
65 of which contained at least one defective rod. (This is termed "Data 
Set 2" to distinguish it from the CANDI) Data Set 1.) The rod power increases, 
powers and burnups judged to be the most severe, in the reactor cycle 
immediately preceding testing of whether the assembly was intact or 
defective, were extracted from data printouts. Power increases that 
occurred at the very start of a reactor cycle were discounted because slow 
startup rates may have prevented defects at that time. The data were 
plotted (Figures 1 and 2) to show P and AP versus w and threshold curves 
were drawn beneath the defects, except that two data points were ignored 
because they were sufficiently below the rest that they possibly represented 
defects other than PCI. At low burnups the BWR data were sparce so the 
CANDU thresholds (for t S- 2.5 h) were drawn converging smoothly with the 
P versus to curve but effecting a sudden change of slope with the BWR AP 
versus to threshold. The discontinuity of slope of the AP threshold curve 
occurred because the BWR fuel either did not suffer "ripple defects" [6] or, 
more likely, "ripple defects" occurred in fuel that also experienced larger 
recorded power increases therby masking their occurrence. ("Ripple defects" 
occurred in CANDU fuel [6] during ostensibly steady high power operation and 
are possibly due to unrecorded power fluctuations or "flux ripple".) 

Above the threshold curves in Figures 1 and 2 dashed lines were drawn 
at intervals of 2 kW/m. The numbers of data points representing defective 
and intact fuel respectively in each 2 kW/m band above the threshold curves 
were counted. Then histograms were plotted showing the percentages of 
defective fuel assemblies as a function of the height above the threshold 
power curve (P-Pc) in Figure 3 and above the threshold power increase curve 
(AP-APC) in Figure 4. The numbers of defective and intact fuel assemblies 
included in each interval are shown above each histogram. The defect prob-
ability does not begin to rise steeply until reaching about 14 kW/m above 
P c or about 20 kW/m above APc- Also there is an abrupt increase in defect 
probability immediately above the defect threshold similar to the step 
increase previously observed with CANDU fuel [6]. 

PCI-OGRAMS 

Equations defining the defect threshold criteria described in Figures 
1 and 2 were derived and generalized using the dwell time dependency pre-
viously determined for CANDU fuel: 

360. 
30 < Id < 80, Pc = 44.6 + ~ - 22 10.5 - exp(-2.3 t) ] 

80 < to < 360, P = 51.7 - 5.3 x 10-2 til - 22 [0.5 - exp(-2.3 t)] 
c 

360 < (0 < J00, Pc = 35.9 - 8.2 x 10~
3 01- 22 [0.5 - exp(-2.3 t) ] 

30 < 01 < 130, AP = 6 + ̂ ^ _ 24 [0.5 - exp(-2.3 t) J 
c til 

130 < w < 600, AP = 19.1 - 4.2 X 10~3 til - 24 [0.5 - exp(-2.3 t) ) 
c 

The PCI-OGRAM obtained from these criteria representing t £ 2.5 h is 
shown in Figure 5 and a defect probability grid was generated (Figure 6) 
•which when overlaid on the PCI-OGRAM allows direct reading of defect 
probabilities for the BWR fuel. A defect may occur if a point (P,AP) is 
included in the "L" shape (Figure 5) that defines values of APC and P c at 
the burnup of the fuel rod concerned. Fuel defects can occur if both the 
criteria in terms of P and AP are satisfied, i.e. 

p - p > 0 and AP - AP > 0 
c c 

and the variable that controls defect probability is the one that gives the 
lower probability. Defect probability predictions as a function of P, AP 
and u are given in Table 1. 

The model is deficient in that no account was taken of ramp rate 
(because ramp rates were not included in the data) . The rainp rates 
experienced during normal operation of a BWR would probably be fast compared 
with the operating management recommendations (PCI-OMR) of 0.2 kW/m.h for 
safe reactor startup at the beginning of a BWR reactor cycle. Until reliable 
ramp rate data become available it is possible to estimate rate effects by 
multiplying defect probabilities obtained from the PCI-OGRAM model by a 
factor varying between 0 and 1.0 in the range of rang? rates 0.2 kW/m.h to 
> 20 kW/m.h. This approach is based on laboratory studies simulating ramp 
rate effects [3] as well as known safe ramping rates in boiling water 
reactors. 

PREDICTIVE COMPARISONS 

We can gain a broader perspective on the predictions of the PCI-OGRAM 
model by comparison with other models. Two other models are available for 
such a comparison, namely the CANDU FUELOGRAM ¡6] and the POSHO model [8] 
which when applied to CANDU fuel with collapsible cladding we will term 
"Model p". Figure 7 compares defect probability predictions at a burnup 
of 150 MW.h/kg U, for a dwell time at the ramped power of 2.5 h or more. 
Salient characteristics are: 

(a) Model P was based on the assumption that the PCI defect mechanism was 
local mechanical overload. Therefore the power shock that causes 
defects is closely related to AP (Figure 7a). 



(b) Defect probabilities predicted by the FUELOGRAM model depend with 
variable (sometimes equal) weighting on both P and AP. Predictions 
(Figure 7b) are based entirely on CANDU fuel data allowing for 
differences in dwell time at the ramped power. 

(c) The PCI-OGRAM predictions (Figure 7c) are similar to those of the 
FUELOGRAM model but also display the characteristic strong AP 
dependence of Model P. 

There are a few points of common agreement in the predictions of the 
various models. For example if fuel is ramped from 30 to 60 kW/m at a 
burnup of 150 MW.h/kg U and dwells for 2.5 h or more at the ramped power, 
the defect probability is 80 ± 20% according to all models. Also fuel 
ramped from 35 to 40 kW/m at the same burnup has 10% or less chance of 
defecting judged by any model. 

CONCLUSIONS 

- A graphical method is now available for predicting defect probabilities 
of BWR fuel in terms of power, power increase, burnup and dwell time for 
fuel operating at very high burnups. 

- Fuel defect thresholds of P c » 20 kW/m and APC « 6 kW/m at a burnup of 
550 MW.h/kg U show that highly irradiated fuel retains reasonable 
resistance to PCI defects. 
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TABLE 1 PCI-OGRAM PREDICTIONS OF DEFECT PROBABILITIES 
WHEN THE DWELL TIME AT HIGH POWER P EXCEEDS 2.5 h 

P AP Defect Probabilities % 
kW/m kW/m 100 MW . h A g U 300 MW.h/kg U 500 MW.h/kg U 

50 40 33 100 100 
50 30 33 72 83 
50 20 15 17 18 
50 10 9 11 12 

40 30 11 38 75 
40 20 11 17 18 
40 10 9 11 12 

30 20 <1 12 15 
30 10 <1 11 12 

20 10 <1 <1 <1 
20 5 <1 <1 <1 



FIGURE 1 The distributions of ramped powers and burnups of 
defective and intact assemblies. The threshold line 
drawn beneath the defects is curved at the upper 
left side to comply with the CANDU threshold. 
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FIGURE 2 The distribution of defects and non-
defects as a function of the power 
increase and burnup. The curved 
part of the threshold on the left 
complies with CANDU data (not 
shown here). 
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FIGURE 3 Histogram showing percentages of defective 
assemblies as a function of the height 
above the threshold power curve (Figure 1). 
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FIGURE 5 PCI-OGRAM defining the threshold 
values of ramped power and power 
increase as a function of fuel 
bumup: dwell time ̂ 2.5 h at 
the ramped power. 
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FIGURE 6 Defect Probability Grid to be overlaid 
on the PCI-OGRAM (Figure 5) to estimate 
defect probabilities of ramped BWR 
fuel. The axes of this grid are laid 
over the "L" shaped lines representing 
fuel burnup on the PCI-OGRAM. 

FIGURE 7 

Comparison of defect probabilities at a 
fuel bumup of 150 MW.hAg U 
(6.25 GW.d/te) by various models over 
the same ranges of ramped power P 
(40 to 60 kW/m s 12 to 18 kw/ft) and 
power increase AP (0 to 30 kW/m » 
0 to 9 kW/ft). 



ECONOMIC IMPACT OF PCI REMEDIES 
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ABSTRACT 

The paper first outlines the data base on which the economic evaluation is 
performed. It includes : 
- modifications of the design of the fuel, 
- preconditioning of the fuel, 
- ramping limitations, 
- in-core fuel management modifications. 

The economic assumptions on which the study is performed are also outlined. 
They are representative of a PWR situation. 
For what fuel design modifications are concerned, some have a minor cost 
impact (e.g. pellet density, pellet length to diameter ratio, gap size, 
etc ...), while some others may have a quite large impact on the fissile 
material cost (e.g. duplex pellet), the fabrication cost (e.g. coating of 
the cladding ID) or the reprocessing cost (e.g. interloper between pellet 
and cladding). 

The preconditioning of the fuel may require to run the reactor in a mode un-
related to the energy demand. This aspect can be minimized by a proper 
adjustment of in-core fuel management. 

The ramping limitation is the most usually adopted approach. Different 
cases are investigated and the impact on generating cost is discussed. 
The in-core fuel management can also contribute to a better ramping perform-
ance of the fuel. Exerrplative cases show that this leads to a minimum cost 
penalty, 

1, INTRODUCTION. 

It is generally agreed that PCI is the most limiting phenomenon in the be-
haviour of fuel under power ramping and under power cycling conditions.This 
is however not the only limiting factor > e.g. licensing requirements may 
lead to more stringent constrains than what would be required to avoid PCI. 
This was namely the case for the PWR fuel, in which the reduction of dia-
meter of the rods (to meet LOCA criteria) and prepressurization (to cope 
with the regulation concerning densification) has almost reduced PCI fail-
ures by a factor 10. Although safety analyses do not address PCI per se, 
at present, the fuel must meet the Specified Acceptable Fuel Design Limits, 
taking into account that it experiences PCMI. 

This paper limits itself in assessing only a few PCI remedies ; it is not a 
comprehensive insight into the cost-benefit analysis of possible remedies 
or improvements to the fuel. Such an analysis would be difficult : new 
remedies or remedies applicable in a given context are necessarily overlook-
ed and, on the other hand, each economic context is different from any 
standard one that can be adopted for such an analysis. 

2. DATA BASE. 

Most of BELGONUCLEAIRE's experimental data arise from the operation of the 
BR 3 or from irradiations performed in BR 2 either on fresh fuel or on fuel 
pre-irradiated in BR 3 [l, 2], Till now the experiments have essentially 
been focused on the load following behaviour. In the Belgian context, 
indeed, one quarter of the electricity is generated in nuclear plants and 
this proportion will raise to 50 % in 1984. Experience should include the 
effect of a load following mode of operation on fuel ramping behaviour. 
Such a programme can never be comprehensive enough to cover all fuel para-
meters and operating conditions to be assessed. We have therefore develop-
ed and benchmarked a computer code (COMETHS) able to model in great detail 
the behaviour of fuel under irradiation. A previous presentation to this 
Symposium [3] gives an example of the approach used. 

Furthermore, the present paper will be guided by the results of foreign 
programmes«e.g. the data utilized for benchmarking probabilistic or best 
fit codes [4]. 

Finally, remedies proposed by various organizations will also be consider-
ed [5, 6, 7, 8]. On these bases, the parameters outlined in Table I will 
be analyzed hereafter. 

3. ECONOMIC ASSUMPTIONS. 

The impact of fuel behaviour must be considered by each Utility in its own 
context which is not only limited by straight economic considerations, but 
also by constrains which have an economic impact, e.g. licensing implic-
ations, the social context, etc ... 

We shall consider a typical lOOOMWe PWR,the economic parameters of which are 
given in Table II. The cost of fuel failures was evaluated with the CHEPA 
computer programme outputs [ 9] . The case taken as basis case is very close 
to the PWR example case given in [9], except that all failures were suppos-
ed to occur at or near the beginning of cycle and to be limited to one rod 
per assembly, and that the resulting loss of power generation is IS 000 MWd/t 
on the average for a prematurely discharged assembly. This situation is deem-
ed to be representative of most cases of PCI occurrences involving a limited 
number of failures. The data are given in Table III. The replacement cost la 
assumed to be 600 k$/d GWe. 
We will consider that the present failure level attributable to PCI is 0.01%, 
i.e. the most likely world-average for the PWR's. All costs will be given in 
k$ per year operation for the notional 1 000 MWe PWR plant, i.e. k$/yr. 



4. PELLETS. 

4.1. FGR inhibitors. 

Fission gas release (and therefore I release) can be reduced by promoting 
closed porosity and large grains. Both characteristics can be achieved by 
blending an additive with the powder. 

The use of a pore former is already applied industrially. Its economic impact 
is to increase only slightly the fabrication cost (13 k$/yr) ; for the select-
ed economic and failure assumptions, it is therefore cost effective if it re-
duces the failure rate by 5 % relative. In this perspective, the incentive 
to utilize a pore former is sufficient to warrant its application. While the 
concept has been demonstrated for the present power reactor conditions, it 
remains to be demonstrated that the large closed pores are efficient in 
accommodating the fuel swelling occurring in low rated fuel irradiated to the 
extended burnup range presently envisaged (40 GWd/t assembly average and 
60 GWd/t peak pellet). 

A fuel with a large grain size can be obtained by blending a sintering dopant 
with the UC>2 powder. In addition to the slight increase in fabrication cost, 
some grain growth dopants induce a reactivity penalty ; e.g. for the 
concentrations usually considered, the reactive lifetime is reduced by 0.2 % 
for AI2O3, 0.9 % for Nb2C>5 and 2 % for MgO, Ti02 and Cr203 additions. If 
compensated by adjusting the enrichment, the additional cost penalty is between 
40 and 400 k$/yr. It is only half if cm (eventual) stretchout operating mode 
is acceptable at EOC, which is unlikely, contractual penalties being usually 
linked to reactivity lifetime. To be cost effective, doping fuel with AI2O3, 
Nb2C>5, MgO, TÍO2 or Cr203 should reduce the failure rate respectively by 20, 
70 or 100 % relative. This is a field that justifies a R&D programme : it 
should indeed be ascertained that the increased tendency of grain growth 
under irradiation, observed in some tests, does not produce increased FGR due 
to the grain boundary sweeping effect. 

Another likely side-effect of doping the fuel with some grain coarsener is to 
increase its pasticity ; this should reduce the stresses in the cladding and 
therefore be beneficial. If utilized in conjunction with a pore former, it 
most likely helps making the closed spherical porosities available to 
accommodate fuel swelling in the most adverse irradiation histories. Almost 
no additional fabrication cost is to be foreseen when two additives (i.e. a 
pore former and a grain growth dopant) are incorporated instead of only one j 
the profitability threshold is therefore the same. Doping the fuel with a 
grain coarsener should then be an incentive to adopt also a pore former. 

4.2y Density. 

A stochastic analysis of an irradiation data base [4] seems to indicate that 
the failure probability drops by a factor 2 when the fuel density is de-
creased from 95 % TD to 93 % TD. The phenomenon is most likely assignable 
to the usually higher creep rates of lower density fuel. It is however 
probably not the case for a low density pellet resulting from the utiliza-
tion of a pore former, already discussed (§ 4.1.). Beside a potential 

increase in pellet manufacturing costs to meet the standard specifications 
(density tolerance, resintering test stability, H content, etc ...), the 
main economic impact results from the adaptation of the enrichment. The 
increase in enrichment is less than proportional to the density decrease, 
since an improved fuel utilization ̂ results from the higher water-to-fuel 
ratio. The net result.is a marginal cost increase (9 k$/yr). Even if the 
effect were only to reduce the failure level by 3 % relative, the trend to 
lower average densities should be pursued, inasmuch it is in line with 
the modifications requested to increase the discharge burnup. 

The same effect can be achieved by adopting an annular pellet design. Most 
specification aspects mentioned hereabove are as easy to meet as for plain 
pellets. Pellet defects are however more difficult to keep within 
specified limits, resulting in a higher control cost and reject rate. The 
central hole can practically be as ;large as 1/3 of the pellet OD ; the 
water-to-fuel ratio increases by oyer 10 % and the fuel utilization by 3 to 
4 %. Even taking into account the fabrication penalty and additional 
engineering duties (design, safety analysis, etc ...) a benefit of 600 k$/yr 
is foreseeable. Since a reduction of fuel failures is almost certainly to 
be foreseen (reduction of FGR ; reduction of PCMI for most power histories), 
the global benefit is certainly over 600 k$/yr. Demonstration programmes 
have however to be (and are being) conducted to demonstrate, at a statistic-
ally significant level, that the concept is licensable, without undue 
limitations. For instance, if the admissible local peak LBGR were to be 
decreased to account for a potential filling of the central hole by fuel 
fragments and if, for a given plant, the peak pellet rating were continuous-
ly at the licensing limit (an unlikely hypothesis), such plant would have 
to be derated to almost 94 % of its capacity, resulting in a loss of 
11000 k$/yr (i.e.17 times the benefit expected from the annular pellet 
concept). 

4.3, Structure. 

Some structure related remedies have already been discussed sub § 4.1. 

Developments and experiments have been reported on an original approach 
resulting in an open structure of high density agglomerates, know as the 
DCI process [10]. Being applicable to the manufacture of low density fuel, 
it should take advantage of the benefits mentioned sub § 4.2. The 
structure should result in a high FGR (which adversely affects PCI 
resistance of the fuel), a high thermal conductivity (which is beneficial) 
and a high mechanical resistance. Some evidence indicates that such fuel 
should present a negligible amount of radial cracks [10 ] ; this will most 
likely result in an increased PCI resistance. The economic impact is 
limited to the pellet manufacturing step, which adds probably some 80 k$/yr 
to the fabrication cost. It is therefore attractive if it results in 30 % 
reduction of the failure rate. This might be achieved if the properties of 
the structure are maintained throughout life and if the porosity is 
accommodating fuel swelling at high burnups under low rating conditions, 
without stressing the cladding. 



4,4, Ge ome t r j j . 

A proper design of the end features of the pellets (dish, shoulder, 
chamfer, admissible defects) influences PCMI at or near the pellet/pellet 
interfaces, where most PCI failures are observed. Improving this design 
is therefore worth the money and time most concerned organizations have or 
are spending on this subject. Discounted over the reactors in which the 
design improvements have been implemented, it does probably not represent 
more than 7 k$/yr. The control of specifications concerning the end 
features represents some additional 8 k$/yr. This total effort of 
15 k$/yr, for the exemplative 1 000 MWe PWR, has certainly played an import-
ant role in reducing the 0.1 % failure rate observed a few years ago to 
the present level of 0.01 % and has therefore paid off (see Table III). 

The L/D ratio is also recognized to influence the PCMI. Depending on the 
equipment of the fuel fabrication plant, a reduction of the L/D ratio may 
increase the fabrication cost to a very variable extent (from a negligible 
amount up to 260 k$/yr). since the benefit to be expected, as reduction 
of the cost of fuel failures, from adopting a small L/D ratio is most 
likely a minor proportion of the failure cost adopted as best estimate in 
the present paper (271 k$/yr), it is normal to see small L/D ratios only 
adopted by the manufacturers able to cope with it at a reasonable cost. 

Various organizations have promoted fuel concepts in which the enrichment 
at the fuel periphery is higher than in the central part : e.g. the 
"heterogeneous" fuel approaches developed by BN-SCK/CEN from 1959 through 
1969, the duplex pellet being developed by OKAEA-BNFL til], the LOWI fuel 
promoted by Risíá [12], etc ... The main advantages result from a lower 
central temperature, with consequently a lower PGR and a smaller number of 
cracks at the pellet periphery. The fabrication costs were reported to be 
increased by 10 % [12]. The effect of the concept on fuel utilization is 
complex (reduced conversion resulting from the shielding of part of the 
U 238 ( improvement resulting from the higher "effective" water-to-fuel 
ratio) } it would require a complete design exercise, far beyond the scope 
of this survey, and is therefore neglected. Assuming depleted U is adopt-
ed for. the central part, only the enrichment cost is then increased ; this 
is the major item of cost increase. This increase totals over 1 000 k$/yr. 
The concept can therefore only be taken into account for reactors present-
ing high failure rates or for fuels in which the enrichment is obtained by 
blending (e.g. Pu recycle fuel). 
^ * ̂  • 

Our experience with vipac fuel is that PGR is larger than in pelleted 
fuels but the propensity to PCI failures is lower under normal operating 
conditions. This is probably assignable to a more uniform distribution of 
the corrosive species and of the stresses at the cladding ID. It must 
however be mentioned that the statistical significance of the results can 
be questioned and that a PCMI leak has developed during an abnormal oper-
ation experiment. This concept would therefore require additional testing 
to confirm its likely advantages. If the technology were implemented at a 
same commercial level as the pellet route, the fabrication costs would be 

reduced by some 300 $/yr ; with the additional effect of the lower density, 
the total benefit would be 600 $/yr. However, during the first 10 years 
the vipac process would have to compete with the pellet route applied in 
large manufacturing plants, the cost of vipac fuel would be very high and a 
total penalty of some 400 $/yr is to be foreseen. It is therefore unbeliev-
able that the vipac process could be marketed on purely economic groundrules; 
it would necessarily require to be launched by long-term policy consider-
ations. The break-in cost of such alternative process is of course smaller 
for non-standard fuel, like mixed oxides. 

5. CLADDING. 

5.1. Structure and texture. 

Although the opinion is controversed, most indications are that a CW-SR 
structure presents a better PCI resistance than an annealed structure. 

Indications also point to. the advantage of a 0° texture at the tubing ID, 
rather than the 30° texture typical of commercial tubing. 

Specifications relating to such characteristics should, most likely, have 
no other cost effect than a possible increase of control level to assure 
that the requested characteristics are met. This would add no more than 
70 k$/yr to the base case and would most likely be cost effective, as 
mentioned in a paper by a Utility [13]. 

5.2. Thickness, 

The thickness-to-OD ratio ranges between 5.9 and 7.1 % amongst the various 
fuel vendors. Most tubing manufacturers have set up to meet this range of 
demands. In such conditions, the economic balance is only affected by the 
quantity of Zry, the number of pellets (for an identical L/D ratio) and the 
water-to-fuel ratio. The net balance from increasing the thickness-to-OD 
ratio from 5.9 to 6.7 « is to decrease the generating cost by 80 k$/yr. It 
is therefore worth being considered, irrelevant of any effect on the failure 
rate. 

The rationality of the better behaviour of thicker claddings has already 
been presented earlier [1,2,14], It is confirmed by the statistics based 
on the ramping experiments analyzed in [ •v], which present a minimum failure 
probability for a thickness-to-OD ratio of 6.7 %. 

5.3. ID surface. 

The smoothness of the inner surface of the tubing and an absence of inclu-
sions at or near this surface improve the resistance to SCC. Most of the cost 
related to a more stringent specification in this respect is assignable to 
additional controls and rejects. It is probably not more than 70 k$/yr and 
is paid-off by a 30 % decrease in the failure rate, for the selected base 
case. 

An efficient solution to improve the inner surface morphology and mechanical 
properties of the cladding is a Zr liner. It has probably the same cost-
benefit implications as mentioned in the previous §. 

A Cu barrier plated to the ID of the tubing has also been proposed as a 



remedy. Beside the drawbacks resulting from defects in this barrier on its 
efficiency, the acceptability by the reprocessor and by the plant operators 
(effect on the primary circuit in case of gross failure rates)is questionable 
The additional costs are associated not only with tube manufacturing but also 
with the reduction in reactivity lifetime > they are evaluated at 100 k$/yr 
and therefore cost effective, if it reduced the ..failure level by 40 % 
relative. 

Graphite (and alternatively siloxane) coatings have proven to be efficient in 
HWR fuels. This efficiency could be lower in a LWR » indeed, in a HWR, the 
cladding collapses against the pellet early in life and the lifetime is quite 
short ; in a LWR, the coating might well flake-off locally. Except the 
effect on reactivity lifetime, the other arguments presented in the previous 
§ should also be considered [5]. The increase of costs is evaluated at 
30 k$/yr. 

6. ROD. 

6.1, Gap size. 

The importance of gap size has also been reported in earlier presentations 
[e.g.14]. It is confirmed by an analysis of experimental data [e.g. 4]. 
Most of the tolerances on the gap size result from the tolerance on tubing ID 
A reduction of this tolerance would likely cost some 70 k$/yr and thus be 
cost effective if the failure level were reduced by 30 %, which is question-
able. 

6.2, Prepressurization. 

Experience indicates that prepressurized rods behave better than unpressuriz-
ed fuel. The catastrophic FGR phenomenon resulting from the so-called 
"triggering" effect, first observed in the MAINE YANKEE fuel and explained by 
the COMETHE code, is greatly attenuated in a prepressurized rod. An other 
paper presented at this meeting [3] indicates however that the various 
effects are complex and that the pressure level should be adapted to the 
foreseen fuel duty cycle. Even accounting for the additional design and 
manufacturing steps, the related cost should not be higher than 9 k$/yr. 
Since prepressurization is applied by most fuel vendors, it is not an addi-
tional cost to present practice. 

6.3, Fuel loading. 

Spatial variation of the enrichment has been proposed to inçrove fuel utiliz-
ation. Incorporating axial blankets of natural or lower enriched fuel, will 
most likely adversely affect the propensity of the fuel to fail (higher rat-
ing and bumup of the central proportion of the fuel, axial power and 
temperature discontinuity at the blanket edge). The foreseeable U saving is 
most likely worth 300 k$/yr and is economically justified if it does not in-
crease the failure level by a factor 2 or more. 

7. IRRADIATION CONDITIONS. 

7.1. Power ramps. 

Recommendations to raise the power at a reduced rate at BOC and after oper-
ating for an extended time at reduced power level, often referred to as 

PCIOMR's, have proven effective in reducing the fuel failures by an 
appreciable factor. 33 

A companion paper [3] presents 4 startup histories : 
1. corresponding to no loss in generating capacity, 
2. (full power reached after half-a-day) corresponding to a 0.08 % 

loss of capacity, i.e. a cost of 200k$/yr, 
3. (full power reached after 3 days) corresponding to a 0.2 % loss of 

capacity, i.e. a cost of 400 k$/yr, 
4. (full power reached after 6 days) corresponding to a 0.5 % loss of 

capacity, i.e. a cost of 900 k$/yr. 
Since 2 was shown not to be more efficient than 1 in providing a margin against 
PCI failure and 4 not more efficient than 3, the cost-benefit of PCIOMR's is 
very difficult to assess. It also indicates that any money spent on calculat-
ing or experimenting power ramp restrictions, to minimize the cost of lost 
capacity for a selected safety margin against failures, is paying off. 

On the average, a plant is twice a year in a situation where the PCIOMR must 
be applied. Given the cost levels indicated hereabove, a plant with a 
failure level of 0.01 % (nl. the plant taken as base case in the present 
study) has no economic incentive to apply the recommendations. It must howr-
ever be recognized that the ALARA guideline will increasingly be applied to 
fuel failures and overrule any other consideration (except power maneuver re-
quirements, e.g. to avoid the plant being disconnected from the grid). The 
PCIOMR's will therefore be applied in most circumstances. 

It adds in fact the cost of lost capacity to the failure costs given in 
Table II. While losses of capacities up to 6 % have been mentioned [6], the 
real figure is more likely around 0.4 % representing some 800 k$/yr, for the 
plants with a low failure level. In some older plants with a higher propen-
sity. to fuel failures, more restrictive PCIOMR's might well cost up to 4 -
7 M$/yr. 

7.2. Power, 

The power level at which the fuel operates plays also an important role in 
fission product release. Experience shows that a reduction of the maximum 
LHGR has reduced the PCI failure occurrences. 

The main effect has been through the reduction of the fuel rod diameter (adopt-
ed to cope with LOCA related SAFDL's). The cost increment of a 17 x 17 over a 
15 x 15 design.is mainly linked to an increase in fabrication costs and 
amounts to some 800 k$/yr. It would therefore not economically be justifi-
able on fuel failure reduction grounds, for the base case considered. 

7.3. Power history. 

Another contribution to this meeting [3] has outlined the importance of the 
power history on the margins to PCI failure. Preconditioning the fuel by 
running at high LHGR1 s at or near BOL is beneficiad.. Fuel management schemes 
(e.g. thein-out scheme) providing a reduction of LHGR at each successive 
refuelling should be adopted whenever SAFDL's can be met in such management 
scheme ; this is unfortunately not the case in most plants. Beside the benefit 
of reducing PCI related failures, at no additional cost, such management 
schemes improve the fuel utilization to an extent that can reach 300 k$/yr. 



EOC stretchout has been proposed as another means of Improving the fuel 
utilization. Its benefit (some 200 k$/yr) has to be balanced against the 
lost power (up to 1 000 k$/yr) and the risk of having to impose a more 
restrictive PCIOMR at the next BOC. Given the costs of PCIOMR"s (cf. § 7.1), 
the adoption of stretchout as a routine mode of plant operation should 
thoroughly be assessed before being adopted. 

<9, CONCLUSIONS. 

Some fuel Improvements are justified economically, irrespective of their 
beneficial effect on fuel performance and maneuverability. In this category 
are : 
- annular pellets, 
- vipac fuel, 
- falling rating fuel-management schemes : in-out, ... 

In a power plant operating at a low fuel failure level (0.01 %), the implement-
ation of the other PCI remedies can hardly be justified on cost-benefit bases, 
grounded only on a further reduction of this already low failure level. The 
maneuverability restrictions (PCIOMR's) applied to maintain this low failure 
level are however quite costly (800 to 4 000 k$/yr). Many improvements to the 
fuel or to its management are justified, if the PCIOMR's can be thereby re-
laxed (which needs to be demonstrated). This is likely the case, to a variable 
extent, for : 
- the utilization of a pore former, 
- low density fuel, 
- the DCI fabrication process, 
- a proper design of the pellet end features, 
- thick claddings, 
- more restrictive cladding specifications : structure, ID surface, ID 
tolerance, ... 

- a Zr liner on the cladding ID, 
- a graphite or siloxane coating (if it does not penalize the fuel cycle 
back-end), 

- prepressurization. 

The other PCI remedies are only economically justified if they cure a solution 
for plants still experiencing high failure rates. Amongst those remedies are : 
- the grain size dopants, 
- a small L/D, 
- duplex or LOWI pellets, 
- a Cu barrier on the cladding ID, 
- PCIOMR's, 
- small diameter fuel rods. 

Some improvements do not seem justified in the restricted domain investigat-
ed in this paper, the reason being either that they are likely to have an 
adverse effect on PCI failure propensity or that the associated cost increase 
does not justify them being adopted ; amongst them : 
- axial variation of the fuel enrichment, 
- EOC stretchout. 
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BN 

BOC 

BOL 

CW-SR 

DCI 
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PGR 

ID 

k$/yr 

L/D 

LHGR 

LOCA 

LOHI 

O & M 

OD 

PCI 

PCMI 

PCIOMS 

SAFDL 

ZRY 

NOMENCLATURE : 

as low as reasonably achievable. 

BELGONUCLEAIRE 

beginning of the reactor cycle, 

beginning of l i f e (= fuel irradiation), 

oold-utorked, stress-relieved. 

"double cycle inverse" ; powder preparation process 
characterized by the utilization of a granulation pressure 
higher than the pelletizing pressure. 

end of the reactor cycle. 

fission gas release 

iraider (Kameter of the cladding. 

yearly influence of the considered item on the 1 000 MWe 
PWR pouer plant (kt/GWe yr). 

pellet length-to-diameter ratio 

linear heat generation rate (W/cm). 

loss-of-coolant accident. 

loo-interaction pellet concept, characterized by .2 
concentric pellets, the inner one having a lower enrich-
ment than the annular one. 

operation and maintenance of the power plant, 

outer diameter of the cladding, 

pellet/cladding interaction (mechanical and chemical 
aspects). 

pellet/cladding mechanical interaction. 

Preconditioning Interim Operating Management Recorrmendation. 

Specified Acceptable Fuel Design Limit (10 CFR SO App. A). 

Zircaloy. 

TABLE I - ITEMS ANALYZED IN TBE PRESENT PAPER. 

1. DESIGN MODIFICATIONS. 

1.1. Pellets : 

- large grains : doping with Nb^O^, ... 

- density, 

- structure : closed porosity, DCI, ... 

- shape : dish, chamfer, L/D, annular, ... 

- enrichment distribution s duplex, LOWI, ... 

- vipac. 

1.2. Cladding : 

- heat treatment : CW-SR versus annealed, 

- texture : 0° (versus 30° typical oí commercial tubing), 

- thickness, 

- ID surface : smoothness, Zr liner, Cu barrier, 

graphite or siloxane coatings, ... 

1.2, Rod : 

- gap size, 

- prepressurization, 

- spatial variation of enrichment. 

2. IRRADIATION CONDITIONS,. 

- power ramps : PCIOHR, ... 

- power : fuel rod diameter, ... 

- power history : preconditioning, core management schemes, 
EOC stretch-out, ... 



TABLE II - PWR ECONOMIC PARAMETERS - BASE CASE. 

Coat component % 

Generating cost amortization 50.3 
- fuel cycle cost 30.1 
- operating cost 19.1 

Fuel cycle cost - 0 ore 51 Fuel cycle cost 
- conversion to UFg 2.3 
- enrichment services 34.7 
- fissile material 88 
- fuel fabrication 12 
- fuel cycle back-end pm 

Fabrication cost UFß withdrawal and conversion S 
- rod hardware Id 
- pellet and rod fabrication 26.5 
- assembly hardware 15 
- assembling operation S 
- shipments 3 
- engineering 19 
- contingencies (0 losses, etc ...) 7.5 

TABLE III - COST OF FUEL FAILURES (k%/GW& yr - Aug. 1978) 

EOC failure level % 0.001 0.01 0.1 0.5 

Lost power : 
13 040 - derating - - - 13 040 

- shutdown - - - -

Fuel cycle cost : 
- sipping - - 1 772 3 070 
- inspection - - 195 975 
- hot cell examinations - - 180 180 
- reconstitution - - 390 1 950 
- shipment 6 62 624 3 120 
- lost burnup - - 8 140 40 540 
- non-optimum load - - 827 4 135 
- new reload calculation - - 60 60 
- storage - 10 98 488 
- reprocessing penalty 6 59 585 2 925 

0 & M cost : 
- plant 0 & M - 40 400 2 000 
- radwaste treatment 7 70 700 3 500 
- radiation exposure 3 30 300 1 500 

Total w/o maneuver restrictions 22 271 14 240 77 480 
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PCI ANALYSIS OF A 
STAINLESS-STEEL CLADDING FUEL ROD 
FOR A SMALL-SIZED PWR 
UNDER POWER RAMPING CONDITIONS 

M. MUKAI 
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Minato-ku, Tokyo 

H. NUNO, T. TAKAHASHI, S. OGAWA 
Mitsubishi Atomic Power Industries, Inc., 
Omiya-City, Saitama, 
Japan 

S U M M A R Y 
In order to evaluate the behaviours of a fuel rod for a small sized PWR, 

PCI analysis has been carried out, with special emphasis on the performances 
for a rapid power ramping that is important for this type of reactor. 

The analytical procedures used were divided into two phases. First, the 
whole-rod-wise calculation was performed by using a general fuel performance 
code, and the fundamental behaviours of rod were obtained for an averaged op-
erational history over the life of rod. Then, these results were transfered 
to the second phase analysis, in which very localized PCI behaviours were 
calculated by using a finite element program. One radial slice was taken out 
of the axial position of rod where the severest PCI was expected to occur, 
and it was analyzed in detail for a rapid power ramping condition, taking 
special consideration for the pellet relocation effect. On the choice of the 
other calculational conditions, the worst combination of parameters was as-
sumed. 

It was found, from the results of analysis, that in spite of the conserv-
ative calculational conditions, the stresses in clad were well below the clad 
strength criteria, and excellent performance for power ramping is expected. 



1 Introduction 
The general features of the reactor core and the fuel rod investigated 

are briefly shown in Fig. 1. Considering the variety and frequency of power 
changes that are essential for this type of reactor, the fuel rod was designed 
so as to use stainless steel cladding taking an emphasis on the reliable per-
formances under power variations rather than on the neutron economy (see Fig. 
2 for typical power ramping patterns). 

This paper covers a part of the analytical evaluations done for the fuel 
rod, in which mainly the local PCI oriented analysis was dealt with. 

2 Method of Analysis 
The analytical procedures used are shown in Fig. 3. First, the general 

performances of the fuel rod following operational histories were analyzed by 
using a whole-rod-wise calculational code. After interpreting the above re-
sults, the calculational conditions for the next step analysis were settled 
taking the conservative combination of them. 

Subsequently, as the second step, the local PCI under power ramping was 
analyzed in detail, considering the pellet relocation effect in particular. 
This calculation was performed by using a 2-dimensional FEM code (R-S Plane), 
and the resulting stresses and strains of clad were evaluated with the re-
spective criteria. 

3 Whole-Rod-Wise Performance Analysis 
The major results of the first step calculation are shown in Fig. 4. 

Very low creep rate of stainless steel clad, together with low swelling rate 
of pellet, contributed to keep a certain pellet-clad gap throughout the life 
of rod even on the full power condition; thereby the hard contact problem 
would not be anticipated. 

It was considered, however, that the pellet relocation mechanism might 
be a possible cause of PCI under power changing condition, and this should 
be treated in the second step analysis in which localized PCI was dealt with. 

4 Local PCI Analysis 
4.1 Pellet Relocation and PCI Calculational Model 

The pellet relocation model considered here is shown in Fig. 5. A big 
wedge-shaped pellet chip was assumed to have fallen into a diametral gap in 
zero power cold state, thus forming two-point touching condition, and no re-
covery of the relocation was assumed during the subsequent power increase. 

Then, as shown in Fig. 6, a thin radial slice of the fuel rod was taken J7 
out of the place of relocation, and a quarter segment of it was put into a 
2-dimensional FEM calculational model, by dividing the pellet and clad into 
21 and 18 quadrilateral plain strain finite elements respectively and by using 
the gap elements to deal with the nonlinear mechanics involved in gap closing 
process during power increase. 

4.2 Calculational Conditions 
The calculational conditions relevant to the PCI analysis were chosen 

from the results of the first step calculation taking the severest combination 
of the parameters as shown in Table 2. The phenomena considered in this anal-
ysis are listed in Table 1, together with those for the first step analysis. 
Since the deformations due to densification, swelling and creep were consid-
ered to be very small within the rapid power ramping that were usually on the 
order of tens of second, they were neglected in the calculation. Plasticity 
was also omitted because the prediction finally proved the clad stresses to 
be less than yield stress. The omission of these phenomena should result in 
conservative clad stresses. 

4.3 Calculational Results and Evaluations 
Some of the calculational results will be presented below. Fig. 7 shows 

the process of gap closure associated with power increase, and Fig. 8 shows 
the clad stress distribution along the innermost elements at various power 
levels. The peak clad stress was found be be caused by the combined circum-
ferential tension and bending moment as indicated in the figure. Further, 
the variation of the peak clad stress with respect to linear power is plotted 
with solid line in Fig. 9. The maximum circumferential clad stress caused by 
maximum linear power of 9.7 KW/FT was found to be 31.5 Kg/mm2 (33 Kg/mm2 in 
terms of Mises stress) which was less than the clad stress criterion (taken 
as yield stress at BOL) of 50 Kg/mn?. The corresponding stress variation 
without considering the pellet relocation is also plotted by chained line for 
comparison. The difference between the two curves shows the effect of pellet 
relocation. 

Power cycling effect, which was not treated in the present analysis, did 
not seem to be so significant as in the usual PWR fuel rods; since in the 
present case, the ratcheting growth of pellet-clad gap was expected to be very 
small because of no plastic deformation and very low clad creep, and this 
would suppress the further thrusting down of pellet chips into the gap. 



5 Conclusion 
A stainless steel cladding PUR fuel rod was investigated especially on 

the power ramping capability. The localized PCI analysis for power ramping 
predicted the maximum clad stress to be well below the clad yield stress and 
also the clad deformations to be very small. From these results, together 
with a chemical stability of cladding material, the reliable performances for 
power ramping operations could be expected. 
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FIG, 2 TYPICAL POWER RAMPING PATTERNS 
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CALCULATIONAL SYSTEM FOR THE 
ASSESSMENT OF CORE PERFORMANCE 

H. LARSEN, I. MISFELDT 
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ABSTRACT 

Operational restrictions are imposed on nuclear power reac-
tors in order to avoid fuel failures. Knowledge of the lo-
cal power ramps and their consequences for the fuel is re-
quired in order to mitigate the restrictions. A system which 
calculates the number of failed fuel pins for given operatio-
nal conditions is being developed. The return to full power 
after a specified change in power distribution is analysed. 
The consequence, as failed fuel pins and lost power for dif-
ferent return strategies is presented. 

INTRODUCTION 

The general performance of LWR fuel has been considerably 
improved in recent years, but problems with failures cau-
sed by pellet-cladding interaction (PCI) still exist. In 
order to avoid fuel failures, or at least diminish the num-
ber of failures, restrictions are imposed, on reactor ope-
ration, i.e. power levels and local ramp rates are restric-
ted. However, as such restrictions necessarily result in 
reduced power production from the reactor they are undesi-
able from an economical point of view. 
A system for the calculation oí the fuel failure probabi-
lity based on information regarding the reactor design and 
operation is under development. The system is composed of 
the following parts: Overall neutronic/hydraulic core cal-
culations, calculation of the local pin powers based on the 
overall power distribution and calculation of the pin fai-
lure probability. 



2. DESCRIPTION OF THE SYSTEM 
In Figure 1 a diagram of the calculational system is shown. 

For the neutronic/hydraulic calculations the 3D program 
NOTAM [1] is employed for BWR calculations, whereas 
the ANTI [1] program is employed for FWR calculations. 
In both programs the neutronics part is based on nodal 
theory. The cross section representation is based on tabu-
lated precalculated 2 group cross sections. The cross sec-
tions are tabulated as a function of various parameters as 
for instance burn-up and void. As regards the hydraulic 
model a one-dimensional flow model for each individual fuel 
channel is combined with the. nodal model for the neutronics 
in the BWR code NOTAM. The subchannel model TINA [1] is com-
bined with the nodal model in ANTI. TINA can be used for 
both single fuel channels and for whole PWR cores with cross 
flow. The above mentioned codes have been verified by com-
parison with operating reactors. 
The local pin powers are as a first approximation estimated 
on the basis of the fuel box calculations performed in order 
to generate the necessary box-average cross sections for the 
overall calculations. These box calculations are'performed 
using reflecting boundary conditions, i.e. no account is ta-
ken of the environment. It is intended to develop more ac-
curate methods utilizing the approximate boundary conditions 
for the nodes obtained in the 3D overall calculations. 

The calculation of the fuel pin failure probability is per-
formed with the statistical fuel performance model, FRP 12]. 
FRP calculates the statistical distribution for parameters 
characterizing the fuel performance and the failure probabi-
lity. The program utilizes the deterministic fuel performan-
ce model FFRS [3], which has been verified by comparison 
with data from ramp experiments. The distribution for all 
material data utilized in the model is estimated from 
the best available information in the literature. 

Instead of following the sophisticated sequence of calcu-
lations described above the possibility of replacing the 
fuel pin failure calculation with a simple check on devia-
tions from operational margins is included in CASCOP. In 
this case only an account is kept of the nodes which ex-
ceed specified limits for ramp rate, power, etc. 

3. EXAMPLE 
The typical application of CASCOP is prediction of the con-
sequences (for the fuel) for different operational conditions 
and thereby facilitating the choice of the best operational 
strategy. The system is not yet fully developed, the appli-
cations are illustrated by an example where the fuel rod load 
is specified. The attention is focused on a single event 
where the power distribution in the reactor is changed, for 
example caused by a shuffling or a change in control rod pat-
tern. Th.j consequences as fuel failures and lost power are 
calculaiiad for different operational strategies. 

The fuel is a typical 17x17 PWR pressurized fuel design. The 
uncertainties on both material and design data are described 
in ref. 2. The reactor is assumed to contain 50.000 pins, 
each divided in 40 nodes of approximately 10 cm length. The 
total number of nodes is then 2xl06. 

The nodal power distribution before the power change is shown 
in figure 2. The nodal power is assumed proportional to the 
overall power both before and after the change in power dis-
tribution. The burn-up is for each power level divided into 
three groups, the irradiation history is simplified to one 
period at the power level given in figure 2, the period be-
ing defined from the burn-up. Burn-up groups exceeding 30.000 
hours irradiation time are excluded. 

The power change is defined in figure 3, only the changes 
to higher ratings are shown. The maximum power increase is 
50 W/cm for the high burn-up groups, 100 W/cm for the medium 
burn-up groups and 150 W/cm for the low burn-up groups. The 
power distribution is changed at zero power (at least below 
75% power). The approach to full power after the change is 
illustrated in figure 4, different strategies are shown. 

The predicted number of failures is show, in figure 5 versus 
the lost power. A fast return to full power after this quite 
severe change in power distribution would result in approxi-
mately 100 fuel failures. The strategy resulting in no fuel 
failures involves a loss corresponding to 24 hours at full 
power. 
FFRS is mainly verified against ramp tests where the ramp 
rate is fast. For that reason the accuracy of the failure 
prediction for the very slow ramps necessary to reduce the 
failure prediction to less than 1 failure, must be taken 
with some caution. 
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Figure 4 Approach to full power 
after the change in power distri-
bution 

Figure 5 Lost power versus fuel failures for the return to 
fuil power after the change in power distribution. Shown for 
three strategies. 
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Summary 

Two ramp experiments have been performed in the Biblis-A reac-

tor on two-cycle standard fuel assemblies. The power range of 

these experiments covered the conditions representative for 

extreme transient operation of large FWRs. 

In order to perform such ramp tests in power reactors, a mo-

dified control rod inserted into the assembly for its second 

operational cycle was rapidly withdrawn. Furthermore, ramp 

powers of up to 410 W/cm have been achieved only by special 

reactor operation deviating from standard operation. 

The fuel rods with burnups of up to 30,600 MWd/t(M) showed a 

very good ramping behaviour. No fuel defects have occurred. 

This has been demonstrated on a statistically significant 

number of fuel rods. 

1 Introduction 

At present most LWR fuel suppliers carry out power ramp experi-

ments in research reactors or participate in international pro-

grams in that field /!/. 

These ramp programs are geared to determine failure thresholds 

for PCI defects in light water reactor fuel rods, to give impor-

tant new knowledge about PCI defect mechanisms 12,11, and test 

the effectiveness of possible improvements in fuel rod design 

(remedies). 

However, ramp experiments in research reactors always have to 

compromise on fuel rod geometry and irradiation conditions with 

the available reactor possibilities. This restricts the number of 

experiments and fuel rods and. hence reduces the statistical basis 

of the results. 

Therefore supplementary ramp experiments in power plants are re-

quired to statistically confirm the results of the research re-

actor experiments especially with regard to the range of defect 

free operation of standard fuel rod« under unrestricted reactor 

operation. 

In order to supplement the KWU ramp experiments being carried out 

mainly in thé HFR Pètten 5/ Kraftwerk Union and Rheinisch West-

fälisches Elektrizitätswerk have jointly performed two ramp experi 

ments /6/ in the 1 200 MWg nuclear power plant Biblis-A (PWR) 

with full length standard fuel assemblies. Details of these as-

semblies are given in Tab. 1. 

2 Experimental Procedure 

Two standard Biblis-A fuel assemblies containing a number of well 

precharaeterized fuel rods were irradiated during two subsequent 

reactor cycles at core corner positions (Fig. 1) during their 

first cycle. For each of the respective second cycles these fuel 

assemblies were loaded in the center position of the core togeth-



er with a special control assembly inserted. This control assem-
bly caused an average reduction in fuel assembly power of about 
20 %. At the end of the 2nd operational cycle, the control as-
sembly was rapidly and fully withdrawn from the fuel assembly. 
Thereby, positive power ramps occurred in the central and the 
surrounding fuel assemblies. 

In order to achieve higher terminal powers and larger power ramps, 
a power peak was formed prior to the ramps near the bottom of the 
core. About one week before the experiments L+D bank control as-
semblies were slowly inserted so that only a small margin was 
maintained before the reactor power limitation system was effected. 
This caused a power shift towards the bottom with a maximum at 800 mm 
above the lower end plug as shown in Fig. 2. During this period 
the reactor was operated by careful control of the power distri-
bution by the operator. 

The rapid withdrawal of the special control assembly resulted in 
a significant power increase in the bottom portion of the fuel 
assembly. The terminal power distribution was maintained for 48 
hours. For power control, the aeroball-system as well as the 
n-ß detectors located in the neighbourhood of the ramped assem-
blies habe been used. The rise in coolant temperature was also 
monitored. All control systems worked well and the results were 
in good agreement with predictions based on physics calculations. 
Coolant activity analyses were performed at short intervalls dur-
ing the experiment and several hours afterwards. 

3 Power Evaluation 

The first ramp experiment (3a) was performed on fuel assembly 
190 after an average burnup at 24,220 MWd/t(M). The power histo-
ry of this assembly during steady state operation prior to ramp-
ing is shown in Fig. 3a. Insertion of the L+D bank control as-
semblies raised the power by about 10 % locally to values between 
240 W/cm and 260 W/cm at those rods surrounding the control rod 

guide tubes. Withdrawal of the special control assembly resulted 
in a fast ramp of about 100 W/cm to terminal powers of 340 W/cm 
to 360 W/cm. The ramp rate was between 130 W/cm min and 30 W/cm 
min. 

For the second ramp experiment (3b) fuel assembly 258 was used 
whose average burnup was 19,070 MWd/t(M). The power history of 
this assembly during steady state operation before ramping is 
shown in Fig. 3b. Adjustment of the reactor power control system 
allowed a deeper insertion of the L+D bank control assemblies so 
that a power increase of about 16 % locally to values between 
285 W/cm and 315 W/cm was achieved. The fast ramp during this 
experiment reached 111 W/cm to a maximum terminal power of 
407 W/cm again at a ramp rate between 130 W/cm min and 30 W/cm 
min. 

4 Results 

4.1 Ramp Behaviour 

The results of the two Biblis-A experiments are summarized in 
Fig. 4, supplemented by results of a ramp experiment in the KWO 
reactor /6/. No fuel rod defects occurred. This has been confirm-
ed by monitoring of the primary coolant activity during and after 
the ramp, sipping tests after reactor shut down, and pool inspec-
tions. 

4.2 'Post-irradiation Examinations 

Post-irradiation examinations of fuel assembly 190 were perform-
ed in two steps, first in the pool and second in the hot cells. 

Pool examinations comprised eddy current testing, diameter meas-
urements and visual inspection of a larger number of fuel rods 
of both the ramped fuel assembly and a non-ramped fuel assembly 
for comparison. 



The visual inspection revealed the typical surface appearance of 
PWR fuel rods after two cycles of operation. Eddy current tests 
confirmed the integrity of the fuel rods and gave no indications 
neither of cladding imperfections nor incipient cracks. Fuel rod 
outer diameters decreased by 0.76 % (mean value) in agreement 
with results of fuel rods operated under steady state conditions 
in other PWRs. No difference in diameter decrease between ramp-
ed and non-ramped fuel rods has been found. However, circumferen 
tial ridges at pellet interfaces were slightly more pronounced 
on rods with the highest terminal power during ramping. 

A limited number of ramped and non-ramped fuel rods for compari-
son were subjected to further detailed examinations in the Hot 
Cells, comprising fission gas release measurements, ^"-spectro-
metry, metallography, and ceramography. 

The amounts of fission gases released are generally low as shown 
in Pig. 5. Comparison between the release values of ramped and 
non-ramped fuel rods however indicate, that the ramp itself has 
caused.a somewhat increased release of fission gases. This is 
consistent with the appearance of the fuel cross sections. 

The cross sections of the ramped fuel rods showed somewhat more 
pronounced grain growth in the centre of the pellets together 
with clearly visible precipitates of metallic fission products 
than the non-ramped fuel pellets. At mid-radius, the cross sec-
tions of ramped fuel rods revealed dark rings as shown in Pig. 6 
However, these rings have only been observed at axial rod posi-
tions whose final power during ramping exceeded 270 W/cm. It is 
suggested that these rings are due to an enhanced diffusion of 
fission products from the centre of the pellets towards the rim 
of the pellet and the agglomeration of the fission products at 
a certain temperature region. This process is assumed to start 

first above a certain fuel temperature which was exceeded during 
ramping. 

An axial migration of fission products due to the higher fuel 
temperatures during the ramp has not been found. Furthermore 

no indications of a chemical interaction between fuel and cladd-
ing has been observed. 

5 Conclusions 

Fast power ramps of about H O W/cm to a terminal power level of 

a) 360 W/cm at local burnups between 24,000 and 30,000 MWd/t(M) 
and 

b) 410 W/cm at local burnups between 18,000 and 25,00 MWd/t(M) 
did not cause any failure in Biblis-A standard fuel assemblies 

These high ramp powers could only be achieved by special reactor 
operation near the response threshold of the reactor power limi-
tation system deviating from the normal operation which is con-
trolled by the automatic reactqr power control system. 

Post-irradiation examinations of fuel rods ramped under condi-
tion a) (first ramp experiment*) revealed no significant differ-
ences in fuel rod behaviour between ramped and non-ramped rods. 
In particular average diameter decreases were identical, but 
ridging was slightly more pronounced at the ramped rods. 

Fission gas release was generally low. Ramped rods showed an in-
creased fission gas release but the values were still within the 
scatter band of standard PWR rods under normal operating condi-
tions . 

The fuel structures were very similar except for slightly increas 
ed grain growth and annular agglomerations of probably fission 
products at pellet mid-radius in the ramped rods. 

The results, when compared with those from the Petten ramp tests, 
confirm the range of defect free operational capability below the 
failure threshold as reported in /5/. 

• PIE of the second experiment is planned.» 
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Tab. 1 Biblis-A: Characteristic data of fuel assemblies and fuel rods 

No of rods per assembly 
No of control rods per assembly 
Rod length 
Rod outer diameter 
Cladding material 
Cladding wall thickness 
Helium prepressure 

U02 fuel stack length 
Density of the U02 
(ex AUC powder process) 
Pellet. L / D ratio 

236 
20 

4407 mm 
10.75 mm 
Zry-4, stress relief annealed 
0.72 mm 
28 bar (1st Core) 
23 bar (Reload) 
3900 mm 
10.35 g/cm3 

1.2 
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SYNOPSIS 

Power ramp failures have occured in water reactor fuel elements. 

In this paper we summarise their incidence in power reactors. Illustrate 

what is now known about the failure mechanism and list the remedies 

that are receiving attention. 

1. INTRODUCTION 

Systematic failures have occurred in water reactor fuel elements 

during and after power ramps. The Zircaloy sheath splits 

longitudinally, apparently as a result of the thermal expansion of 

the pellet. Power ramp failures have been reported for PWR, BWR, 

CANDU and SGHW fuel elements. They also occurred in AGR but effective 

remedies seem to have been found for that case. 

In this paper the failure experience in power reactors is first 

reviewed. Then the mechanism of failure is described. Finally the 

proven and potential remedies are listed ¿undtheir actual or hoped-for 

benefits explained. 



2. EXPERIENCE FROM POMER REACTORS 

LWR 

Many hundreds of thousands of PWR fuel rods, some pressurised 

and others not, have been Irradiated in power reactors. They have 

exhibited failures due to densifieation, hydriding and pellet-clad 

interaction. Figures 1 and 2 summarise the situation: they exclude 

densifieation-induced failures. In the non-pressurised fuel rods 

(Pig. 1), of which more than have reached 15 GWD/t, more than 

0.2¡É failed at low burn-up due to hydriding. Above 20 GWD/t up to 

0.2$ have failed due to power ramps. Pressurisation has reduced (by 

a. factor three) the incidence of power ramp failures (Fig. 2). 

The dependence of power ramp failures on the magnitude of the 

power increase is illustrated by the failures that occurred due to the 

withdrawal of a control rod in the BWR Oskarshamn 1 (Fig. 3). Here 

the majority of the failures in the group of 45 rods at risk, occur 

at the axial node where the power increase was greatest. Eddy current 

examination was the source of the failure data plotted in Fig. 3. The 

maximum rate of power increase was about 0.5$ per minute. 

CANTO 

Experience from the CANDU reactors plus experiments performed on 

CANIXJ fuel in the NHU loops illustrate that both the magnitude of the 

power increase and the magnitude of the final power level help to 

determine failure probability. Figure 4 shows that the permissable 

power increase falls to a low asymptote as the burn-up increases: in 

a power reactor the failure threshold is somewhat higher than in the 

loops. A remedy, CANUJB, has the mean effect illustrated (for loop 

irradiations) in Fig. 5- By reducing mechanical and chemical inter-

actions at the pellet-clad interface, CANUUB approximately doubles 

the permissable power increase at¡most burn-up levels. 

CANDU data also reveal effects of power level: non-CANUJB fuel 

in a power reactor does not fail if the power level does not exceed 

about 35 kW/m. If the level exceeds 45 kW/ra then some failures occur 

immediately: between 45 kW/m and 35 kW/m failures occur an hour or 

two after the ramp. 

SGHWR 

Three power ramp experiments have been done in the Steam Generating 

Heavy Water Reactor at Winfrith Heath, UK. In the first experiment 

two of the fuel pins failed and calculations using the SLEUTH-SEER 

fuel element computer model show that in these failures the cladding 

was subjected to a stress of nearly 500 MPa eis a result of pellet-

expansion during the ramp (Fig. 6). Most of the pins were less 

highly stressed and did not fail. 

The same pattern emerges from the second and third experiments 

(Figs 7 and 8): taken together (Fig. 9) the results suggest that the 

failure stress falls with Increasing burn-up level. It is not certain, 

as yet however, that this last trend is genuine and further 

calculations are planned. 

Suimnary of failure experience 

This is provided by Fig. 10, in which have been plotted contours 

of constant failure percentage on axes of maxltnim IHGR (after the 

ramp) and burn-up level (at the moment of ramping). Pressurisation 

is seen to raise the failure thresholds. CANDU and BWR fuel have 

similar thresholds and SGHW failures occur under such the same 



conditions. Some Maine Yankee failures occurred at an unexpectedly 

low value of maxinum IHxR. 

3. OHE FAILURE MECHANISM 

The most likely mechanism Is stress corrosion cracking or liquid 

metal embrlttlement. The stress arises from thermal cracking of the 

pellet coupled with pellet expansion; 

Pellet cracking 

The pellet cracks because of the temperature difference between 

its centre and Its surface (Fig. 11). As the pellet expands It 

presses against the clad. Simultaneously the pellet-cracks open and 

may propagate through the cladding. Axial expansion of the pellet 

centre, as it heats up, causes the pellet fragments to slide in the 

tube. Friction resists sliding and tilts the fragments, producing 

ridging. 

Axial expansion causes each pellet to exert a force on the 

contacting end face of its neighbour and calculations show that cracks 

In one pellet are quite likely to propagate Into another (Fig. 12): 

observations confirm this, showing that axially continuous cracks 

occur in several adjacent pellets, sometimes. These long cracks are 

more likely to propagate Into the clad, just as large flaws are more 

easily propagated than small flaws in a solid body. 

The crack propagates Into the clad because the hoop force in the 

contacting arc of clad is highest over a pellet crack (Fig. 13). In fact 

theory shows that the force decreases exponentially as we move round 

the clad away from the pellet crack. The stress produced by this 

force is highest on the inside surface and lowest on the outside 

surface of the clad (Fig. 14). 

Instead of propagating into the clad (Fig/ 15B), the stress due 

to an opening pellet crack may merely deform It locally (Flg. 15A). 

If we lubricate the Interface In the manner which CANLUB was meant to, 

then deformation is delocalized (Flg. 15C). 

Thermal feedback 

In the previous section we showed how cracks open die to central 

expansion of the pellet during a power Increase. The surface of the 

pellet heats up, too. This Is due to the Insulating effect of the 

pellet clad interface, particularly when a large pellet clad gap 

exists. If, in such a gap, there are pellet fragments then they 

stress the clad as the pellet expands. If they are not too 

numerous then they will not conduct much heat. It Is believed that 

these were the circumstances that obtained In the Maine Yankee Batch B 

failures, mentioned above. A large gap formed due to denslflcation 

(the adoption of non densifylng fuel has since obviated this 

phenomenon) and by insulating the pellet raised its temperature 

slightly (Fig. 16 broken line). Fragments of pellet became wedged 

in the gap, conveying stress (but little heat) from the pellet to the 

clad. As burn-up proceeded the small mass of helium in these 

unpressurised pins was quickly diluted by low conductivity fission 

product gases (Xe and Kr) which raised the gap resistance and caused 

the pellet to heat up (Fig. 16 solid line) and stretch the clad. The 

rate of fission gas release rose steeply as the pellet temperature 

Increased and this caused even more fission gas to be released: a self 

augmenting process of pellet expansion had been triggered and this 

split the clad. Note that the cracks in the pellet did not (theoretically) 

open: instead the pellet expanded uniformly. One would then expect 



failure to be initiated by the pellet fragments that had become 

wedged In the pellet clad gap. 

Fig. 17 shows that prepressurisation will have helped to 

eliminate this "thermal feedback" effect. The helium swamps the 

insulating effects of fission gas. 

Cracking of the clad 

the pellet crack penetrates the oxide layer on the Inner surface 

of the contacting clad (fig. l8a) and nucleates a stress corrosion 

crack in the underlying metal. The branching stress corrosion crack 

worms its way through the Zircaloy until finally the remaining 

ligament of metal shears. Iodine, a fission product, is the most 

likely stress corrodant. There is a threshold stress, reduced by 

irradiation, below which (Fig. 18b) failure has not been observed. This 

Is in keeping with the SGHHR experience and also with the general 

finding that there is a threshold in the mnvt.iinim power level, below 

which failure does not occur. The lower the stress (above the 

threshold stress) the longer the failure time (Pig. l8b). The crack 

propagation rate is in fact a function of the stress intensity (Fig. 19), 

seems to be faster at 3to°C than at 300°C and switches from 

transgranular (TG) at 300°C to intergranular at j W c . 

Ahead of the propagating crack (Fig. 20) there is a craze, or 

region of partial fracture where the crack is spanned by occasional 

grains whose orientation does not favour stress corrosion. If a 

fraction q of the fracture comprises such unbroken grains then the 

stress supported by the craze is qay. Further from the crack tip there 

are no fractured grains and here the metal Is at the yield stress (ay). 

Further still from the crack tip the stress falls off and the material 

in this region is elastic. Hie condition for eraok propagation is 

that the CTOD equal The condition for craze propagation is a 

"craze tip opening displacement "of Together and define the 

size of the craze. The island grains in the craze fail in a ductile 

mode. They fail more easily when irradiation has reduced their 

ductility and this accounts for the effect of irradiation upon stress 

corrosion failure time. 

Iodine release 

Gamma radiolysls of Csl can release iodine even when, thermodynamLcally, 

decomposition of Csl is not expected (Fig. 21). Excess caesium will, 

however, inhibit this decomposition process. A gamma photon can, via 

the Compton scattering effect, displace a valence electron from Its 

orbit round an iodine atom nucleus, leaving an electron hole. A V^ 

centre forms when this hole is shared with an adjacent iodine Ion. 

If now a free electron combines with the hole, the binding energy so 

released causes the halogen ions to separate. They finish up in 

interstitial positions, diffuse to form pockets of Iodine vapour at 

the oxide grain boundaries and are eventually released from the 

pellet. In this manner free iodine finds its way to the inner surface 

of the Zircaloy where it causes stress corrosion. 

The time delay, T, before failure occurs 

In Rig. 22, the clad stress calculated from the fuel element 

computer model CREEP'NCRACK is plotted for a power ramp together with 

representative curves for iodine release and the resultant rate of 

SCC growth. At point F the remaining ligament of cladding is 

ruptured by the stress and a power ramp failure has occurred. 



Diffusion of the Interstitial Iodine is accelerated by the rise 

In pellet temperature produced by a power ramp and so the concentration 

of Iodine In the pellet clad gap rises during the power ramp and this 

rise continues for a temperature dependent period after the ramp: 

the higher the pellet centre temperature the briefer this period . 

The "relaxation time", Tj, for this process of iodine release 

will vary inversely with the terminal pellet temperature, i.e. with 

R : 
max 

l A l = f(e*p - [ R r e f / V j ) -.(I) 

Simultaneously the stress produced by the power ramp is falling due 

to irradiation creep in the outer rim of the pellet ¿und in the 

cladding. The relaxation time (T ) for this process varies inversely s 

with the R , too. but the dependence is much lesa steep than that 
max 

of the diffusion controlled process of iodine release: 

1/T = fcR ... (2) 
' s max 

Typically Tg lies in the range 1 day to 1 week and is simply 

proportionate to the reciprocal of R^^ 1 as equation (2) 

indicates. 

To a reasonable approximation the delay time, T, between the 

ramp and failure (Fig. 22) will be Tj if failure is "chemistry controlled" 

and T if failure is "mechanically controlled". In the former instance 
s 

a plot of log T versus — } would be a straight line: in the latter 
-, ^ max 

a plot of — versus R would be a straight line. Data with which to 
T max 

test these hypotheses are coming available. If they suggest that 

chemistry is unimportant then remedies that involve making the pellet 

better able to retain fission products will be of diminished interest. 

4. HfcMKDIES 

Restricted power rang) parameters 

Pig. 23 shows a power ramp, like the one examined In Fig. 22. 

Power is raised from Rq to RJNAX (a ramp of magnitude AR ) at a rate R. 

The ramp occurs at burn-up B^. After a time t^ mflY , power is 

reduced. Then: 

a. Power ramp failure will not . occur providing R ^ ^ 1s below a 

certain threshold. Indications are that this threshold is 

about 30 kW/m for unpressurlsed BWR fuel, CANDU and SGHW. It 

Is higher (40 kW/m, perhaps) for pressurised PWR fuel (Fig. 10). 

b. If R, the rate of rise of power, Is kept low then failure is 

inhibited. Calculations Indicate that if a burn-up of several 

hundred MWd/t oocurs duping the rasp then failure is unlikely. 

This is because the stresses are then relaxed by Irradiation 

'Ï creep in the outer crust of the pellet (Fig. 24). Power 

reactor experience confirms this deduction, 

e. Calculations, such as those that produced the stress contours 

plotted In Rig. 7, show that failure is unlikely if AR is low. 

Experience in SGHW (Figs 6, 7, 8) and CANDU (Fig. 5) confirms 

this prediction. 

d. If t„ < T (Figs 22, 23) then failure is theoretically 
A max 

unlikely: this prediction and the predicted inverse dependence 

of T on R receives support from CANDU and Studsvik experience, 
max 

e. Power ramps that occur before creep of the clad (and pellet 

swelling) have closed the fuel clad gap, produce less stress 

and so are less likely to cause failure: Fig. 10 shows that, in 

fact, the threshold In R does fall during the first 5 to 10 OWD/t 



and so new fuel is more tolerant than high burn-up fuel. That 

is the lower Bp (Pig. 23) the less likely a given ramp is to 

cause failure. 

f. FOSHO and the F-code are examples of fuel element computer models 

which are potentially capable of calculating the current extent 

of SCC, from the power ramps that fuel elements have received. 

They are being developed and incorporated into systems that will 

advise power reactor operators on the likelihood that a planned 

power ramp will produce failures. EPRI, Scandpower and TUG are 

involved in these developments. 

Prepressurisation 

Prepressurisation with helium is a source of reduced power ramp 

failures in PWR fuel (Fig. 2). In part it owes its effect to a 

reduction in the rate of clad creep-down, so that B^ increases 

(Fig. 23). It also reduces thermal feedback by reducing the 

sensitivity of interface temperature rise to fission gas release 

(Fig. 17). 

Barrier layers 

CANIilB or copper are examples of barrier layers that, by reducing 

friction at the pellet clad interface help to reduce the stress 

produced in the clad when the cracks in the pellet open during a 

power ramp (Fig. 14). In addition to the extent that they prevent 

iodine from contacting the clad they help to stop SCC. 

Hollow pellets 

In the UK Advanced Gas Cooled Reactor (AGR) calculations suggested 

that a hollow pellet would reduce the incidence of power ramp 

failures. Experience has amply confirmed this. The thermal strains 

and crack opening are less in a ramped hollow pellet than In a solid 

one (Fig. 24). 

Fission product retentive U0„ 

If iodine release Is delayed, then the stress intensi tyjnay have 

fallen to a level at which (Fig. 19) the rate of SCC growth is 

negligable. 

To delay iodine release, UOg of large grain size is being 

developed. Time T^ is the time taken for interstitiell iodine to 

diffuse from the grain interior to the grain boundary and so DT^ 1S 

proportionate to the square of the grain size. Here ,D is the diffusion 

coefficient (which increases with temperature, i.e. with R^^). 

Another approach is to add molybdenum to the UO,,, thus raising its 

thermal conductivity and reducing its temperature: the fall In D 

Implies a rise in Tj since the product Dr^ remains constant. 

The early densifying UOg tended to release fission products 

more readily than contemporary non-denslfying fuel (of high density 

or made using pore formers) and It is significant that the anomolous 

Maine Yankee Batch B failures were In fuel elements that embodied 

densifying pellets (Fig. 10). 

Vibro fuel 

The tendency for stress to be concentrated is small if there 

are many cracks in the pellet. This is because the stress fields 

produced by adjacent cracks overlap significantly when the pellet 

cracks are close together. It has been suggested, therefore that 

vibro contacted fuel should be less likely to cause power ramp failures. 



Polished clad; zirconium barrier layers 

SCC is nucleated at inclusions that lie on the inner surface of 

the Zircaloy clad (Big. l8a). By electropolishing the surface, laser-

glazing, or interposition of an inclusion-free (pure zirconium) 

barrier layer, it is hoped to inhibit nucleation. 

Zero degree texture Zircaloy 

Conventional Zircaloy cladding has the so- called = (+ JO ) 

texture, Fig. 25, which shows what is meant by this terminology, 

also reveals that | = (0 or 90°) texture confers a higher plane 

strain yield stress. Figs l8b and 20 suggest that this should render 

power ramp failure less likely. 

5. CONCLUSIONS 

Power ramp failures are produced, most probably, by stress 

corrosion cracking of the Zircaloy fuel sheaths. They have occurred 

in FWRs, BWRs, CANDU, SGHWR (and AGR). 

The stress is produced by thermal expansion of the UOg pellet, 

which stretches the clad and can produce yielding. The stress is 

highest in arcs of cladding that bridge cracks in the pellet. 

Iodine vapour, produced by transmutation is the likely corrodant 

in the stress corrosion failure process. It is probably released by 

the radiolytic dissociation of Csl and diffuses as Interstitial atoms 

to the UOg grain boundaries from which it escapes to attack the clad. 

Power reactor experience shows that there is a threshold rating, 

below which failure is unlikely and that power can be safety ramped 

to above threshold levels providing this is done slowly. Prepressurisation 

with helium seems to have halved the power ramp failure rate in PWRs 

whilst the adoption of hollow pellets virtually eliminated power ramp 

failures in AGR. CANLUB, a pellet clad barrier layer, has reduced the 

the failure rate in CANDU. Other remedies, such eis copper barrier 

layers and fission product retentive pellets are under development. 
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Abstract 

An Agreement between the Utility GKN and the Fuel Supplier BNFL has 
eliminated any Utility imposed penalty clauses for fuel failure due 
to operational conditions and, consequently, there are no restrictions 
imposed by the Fuel Supplier on the reactor operational manoeuvres. 

The result is that the Utility can now decide if the risk of fuel clad 
failure during a reactor power ramp outweighs the financial loss due to 
slower ramp rates. It is the Utility and not the Fuel Supplier who is in 
the best position to make this judgment provided adequate operational 
experience and computer codes are available to quantify the risk. 

The paper discusses the reactor operational experience, including the 
fuel failure rate and the confirmation of PCI failure by post irrad-
iation examination. It establishes the practicality of the Agreement 
for the Dodewaard reactor and suggests such arrangements could be 
beneficial to other Utilities. 

INTRODUCTION 

In the present climate of rising prices it is worth examining the cost 
effectiveness of the warranty clauses, usually written into fuel supply 
agreements, to see if alternative arrangements could reduce the cost of 
generating electricity from nuclear power plants. A recent article by 
Roberts in the EPßl Journal suggests that ia the USA alone the loss of 
plant output because of restrictions designed to reduce PCI events leads 
to replacement power costs of over $100 million a year at the present 
time. In general the Utilities, worried by the possibility of massive 

fuel failures, have written penalty clauses into their fuel supply agree-
ments to provide compensation from the fuel vendor in such an event. The 
fuel vendor regards failures as likely if the reactor is operated as 
required by the Utility so he places restrictions on the mode of operation. 
The nett result of this system is that the fuel price is increased 
slightly and the Utility is forced to provide replacement power to com-
pensate for the loss of generation due to operating under restricting 
conditions, particularly during power raising. 

TBE DODEWAARD FUEL SUPPLY AGREEMENT (AN ALTERNATIVE METHOD) 

For the Dodewaard fuel supply agreement a different approach was adopted 
and it is the experience of operating this alternative type of agreement 
tkat is discussed in this paper. 

The Dodewaard fuel supply agreement between the Utility, GKN, and the fuel 
vendor, BNFL, contains no penalty clauses for fuel failures due to opera-
tional conditions and consequently there are no vendor imposed restrictions 
on the operational' manoeuvring of the reactor. Of course the normal good 
workmanship guarantees still apply under which the Utility would be compen-
sated for any failures due to manufacturing defects. 

The result of such an agreement is that the Utility can now decide if the 
risk of failure due to a particular operational manoeuvre outweighs the 
financial loss due to restricting the rate of that manoeuvre, and it is the 
Utility not the Fuel supplier who is in the best position to make this judg-
ment. It is necessary for the Utility to evaluate the performance of the 
core components and evolve methods of operating the reactor based on 
preferred control blade patterns, core loading, fuel design and other rele-
vant variables. 

OPERATIONAL EXPERIENCE WITH DODEWAARD 

Since the early cycles of operation of the Dodewaard reactor no restrictions 
have been placed on the rate of change of reactor power and changes in the 
pattern of control blades have been carried out unrestricted by other than 
the need to obtain reasonable flux distributions during the cycle. At the 
end of cycle k three assemblies were confirmed as leakers by the newly instal-
led wet sipping equipment. These assemblies had occupied symmetrical pos-
itions in the core, as shown in fig 1, thus suggesting local rating as the 
cause of failure as manufacturing defccts would be expected to fail in a 
random pattern. The leaking assemblies were not reloaded and at the start 
of cycle 5 the off-gas activity decreased considerably indicating no further 
defects in core. Examination of the reactor operational records suggested 
that control blade changes involving the insertion of D4 and the withdrawal 
of E3/C3/C5/E5 at the end of cycle 3» could have been the cause of the 
failures. However, as it is well known that in the case of small cracks it 
is often difficult to establish the exact time of failure from off-gas or 
water activity this operation cannot definitely be established as the prime 
cause. It should be emphasised that prior damage due to internal hydriding 
Or dcnsification had been ruled out as these problems have never been experi-
enced in Dodewaard and no fuel has ever failed during its first cycle. Fig 2 
shows the local rating history for nodes 3 and 10 of rod Fl in the failed 
assemblies and shows clearly the effect of control blade withdrawal, which is 
as normal; from the bottom of the core. 



From cycle 5 (1973) gadolinia doped fuel was also used to control re-activity 
and from that time onwards the necessity to change control rod patterns dimi-
nished and therefore fewer power shocks occurred in the fuel. At this time 
also the pellet L/D ratio was reduced to 1. Up to' the pressnt time the gado-
linia doped rods have also behaved well. Even the fuel in a core cell 
containing a rctracting control blade(comprising 3 assemblies in their 2nd 
cycle and one in its 5th cycle )did not fail. 

Bringing the reactor up to power has never been governed by the fuel behaviour. 
In many cases full power was reached from hot standby in one hour. Plant 
requirements have, however, always limited the rate of power rise at start up 
to a maximum of, 

0.55t per minute from 0 to 20$ power due to reactivity 
per minute from 20 to 40$ power - and 

2$ per minute from 40 to 100$ power. 

It should also be noted that as Dodevaard is a natural circulation BWR it is 
not possible to increase power gradually at high power levels by adjustment of 
recirculation flow. 

The total number of leaking assemblies identified since start-up in 1968 is as 
follows: 

End of Cycle No of Leakers 

4 3 
5 5 
6 2 
7 2 
8 2 
9 2 

The total number of fuel assemblies in the core is 156. 

Confirmation of failures and their cause 

Two of the three assemblies discharged as leakers at the end of cycle 4 were 
subjected to PIE in the CEGB laboratories at Berkeley, England. w Both 
assemblies were irradiated under very similar conditions of 24.4 w/g to an aver-
age assembly burn-up of 14,870 MWD/TeU. Thirty-six fuel rods from these 
assemblies were examined to locate the primary failure sites and identify the 
failure mechanisms. 

Non-dcstructivc inspection identified seven of the rods as failures, three 
from assembly Bill and four from assembly B136. Several of the failed rods 
together with some unfailcd rods were subjected to detailed' metallographic 
examination which identified the primary failure in three of the failed rods, 
together with a similar, though non-penetrating, crack in the unfailed rod 
which had experienced the greatest power increase. The characteristics of the 
failure sites were identical to those known to have been caused by power ramps 

so it was concluded that power ramping of the fuel due to a reactor opera-
tional manoeuvre had indeed caused the failures. 
Benefits of Unrestricted Reactor Operation 
Making the assumption that the fuel failures experienced by the Dodewaard 
reactor are due to operational manoeuvres we can use this experience in a 
simple calculation to illustrate the benefit of unrestricted operation. The 
values used in the following example are assumed for the purpose of illus-
tration only and are not actual values relating to the Dodewaard reactor. 
First, assuming a reactor power export of 60 MW(e), an incomc from electri-
city generation of 1.5 cents per Kw hour, replacement power costs of 4.0 
cents per Kw hour and fixed operating and depreciation charges of 0.75 ccnts 
Kw hour on the nuclear plant, we can construct fig 3 showing the cost of 
lost generation due to operational restrictions. Secondly, we can construct 
fig 4 showing the cost of providing additional fuel assemblies to replace the 
failures. Here we have made the following general assumptions to simplify 
this illustration: 

a. Ore costs j$35/lb 
b. Conversion 06.5/Kg 
c. Enrichment costs #120 per SWU (2.8$ enrichment standard fuel 

2.0$ required to replace failures) 
d. Fabrication $200/Kg (60 Kg U per assembly) 
e. Disposal jS6oo/Kg 
f. Fissile material credit - Pu - nil, U - 'new* price - jil0/Kg 
g. Only failures occurring during second cycle affect costs 

Finally by combining figures 3 and 4 we construct fig 5 which shows the break-
even relationship between loss of generation capacity due to operating with 
restrictions and the number of failures experienced when operating without 
restrictions. The average capacity loss in BkB's due to operating restrictions 
has been stated (2) as 2-8$ (average 3-5$). In our simple illustration above, 
the reactor would have to experience 8 failures per year in order to suffer 
the same financial penalty as a 3«5$ loss in generation capacity. The second 
line on figure 5 shows the break-even relationship for a 600 MW(e) BWR with 
lower replacement power costs and no reprocessing. A 3*9$ loss for this 
plant is equivalent to over 20 failed assemblies per year. 

SUMMARY 

A fuel supply agreement in which there are no penalty clauses for fuel failure 
due to operational manoeuvres of the reactor system, and consequently no 
restrictions on the operation of the reactor has been in operation for the 
Dodewaard reactor for some years. During this time operation of the reactor 
has never been limited by the fuel. It has nearly always returned to power 
at 2$ per minute over the range 40 to 100$ power and when slower rates than 
this were used it was due to plant limitations. No fuel assembly has failed 
during its first cycle in the reactor and the reactor has never had to be 
shut down prematurely to discharge failed fuel. Changes in fuel design and 
operational procedures have reduced the number of fuel failures during the 
last 4 cycles to a maximum of 2 assemblies per year. 



Applying simple cost figures to the above experience indicates a financial 
benefit to the Utility from operating the reactor in the manner described 
without restrictions imposed by the fuel. 

The application of such a supply agreement to other reactors could result in 
considerable financial savings, but it is necessary for each Utility to eval-
uate its individual situation and formulate the control and operational 
procedures necessary to minimise the risk of failure without limiting the 
rate of power manoeuvring. 
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ABSTRACT 

The theme of this paper is that for development of 
PCI-resistent fuel acceptable from the commercial 
and licensing aspects, extensive and time-consuming 
work is needed both in a test reactor and in power 
reactors. 

The test reactor is necessary for ramp testing to 
power levels not allowed in power reactors and with 
the aim of generating fuel failures. It is also used 
for other special irradiation experiments. The access 
to power reactors is necessary to generate information 
on performance in a real LWR core and to incubate at a 
reasonable cost the large amount of rods required for 
test reactor ramping. 

Selected results from the ASEA-AÏOM work are used to 
support these conclusions. 

PCI IDENTIFICATION 

for ASEA-ATOM the work 
in the PCI area started about 10 years ago. The first 
set of ramp experiments performed took place in the 
R2 reactor in e»r.ly. 1971. The aim was to reproduce 
the PCI-failures and to study the mechanism and its 
impact on LHR fuel (1). 

Since these early experiments covered a range of rod 
designs and pre-irradiation conditions, it was suspected 
that PCI was a generic phenomenon affecting all types 
of Zircaloy-clad UO_ fuel and that the failure propen-
sity in principle was increasing with burn-up and power 
rating. 



However, in the early 70's it was not clear what would 
be the quantified impact on the ASEA-ATOM BWRs with 
low-rated. 8 x 8 fuel and maximum linear heat rating of 
41.5 kW/m. To study this an extensive program was exe-
cuted. This program consisted of three parts, namely: 
o pre-irradiation in power reactors (Agesta 80 MW PHWR 

and Oskarshamn-1 440 MW BWR) of segmented test rods 
inserted during 1971-1974. The rods were of standard 
design or included minor design changes. Approximately 
200 of these rods have later been ramp tested in R2 
in Studsvik. 

o ramptesting in R2 of standard KAHL BWR fuel rods 
supplied by ASEA as part of a commercial delivery 
and irradiated to relatively high burn-up. Rods 
from 2 assemblies were used for this purpose and 
burn-up covered was up to 25 MWd/kg U. 

o to provide the link between the R2 test reactor 
ramp experiments, an exaggerated inpcore ramp was 
performed in the Oskarshamn-1 power reactor shortly 
before the summer shut-down in 1975. 

Some significant results have been published previously 
(3, 4, 5, 6). The main conclusions serving to identify 
the PCI problem and quantify its impact for further use 
in the development work were: 

PCX failure levels in R2 ramps for medium burn-up 
fuel (15-25 MWd/kg U) comprising some tens of test 
rods is typically of the order of 45 kW/m. 

When some thousends of full size rods are exposed 
to fast ramps a small number of low-probability 
failures are found at lower power levels. 

By far the most powerful way of reducing the proba-
bility of PCI-failure was found to be to restrict 
the ramp rate and to avoid step-wize power changes. 
This reduced the impact on the ASEA-ATQM BWRs to a 
0.4 % loss in capacity factor for non-failure fuel 
operation. 

- There is reasonable agreement between results from 
ramp tests in a test reactor, e.g. R2, and in a power 
reactor provided corrections are taken for 
i) low-probability failures, 

ii) that the power increase rate in a power reactor 
may be much faster than in a test reactor, 

ill) that the power profile in a power reactor may 
be axially distorded during the ramp in a 
power reactor. 

In figure 1 there is a comparison between a typical R2 
ramp and a peak dury rod in the Oskarshamn-1 ramp ex-
periment. 

These conclusions were reached primarily through power 
reactor irradiations and tests and with the R2 test re-
actor rather as a necessary complement. The importance 
of the Oskarshamn-1 ramp experiment should be strongly 
emphasized (4). 

PCI FAILURE MECHANISM 
In the early days it was believed that PCI was mostly a 
mechanical phenomenon involving overstraining of the 
cladding. However, later fuel rod experiments revealed 
that failures occurred without plastic deformation of 
the cladding and that the cracks contained both a trans-
granular and an inter-granular portion. Stress corrosion 
testing of irradiated and unirradiated Zircaloy specimens 
in simulated fission product environments produced the 
same kind of cracks. Thus it was concluded that the 
failure mechanism was fission product induced stress 
corrosion cracking (SCC). 

From these tests it was also concluded that 
1) the most probable agressive agent is iodine as 

laboratory tests in iodine give cracks with both 
trans and intergranulor portions as also found in 
failed fuel rods, 

2) A iodine concentration of only -2 yg/cm3 and thus 
low fission gas release is sufficient for SCC, 

3) minor changes of the cladding such as texture, 
heat treatment or surface treatment were not 
effective remedies to the problem. 

Considering test vs power reactors it is recognized that 
very important information has been derived from inspec-
tion of power reactor fuel rods. It has been shown that 
PCI failures in principle (although with low probabi-
lity) can be generated at power ratings below 40 kW/m 
and that they are not necessarily accompanied by either 
plastic deformation of the cladding, exessive fission 
gas release or UO^ grain growth. This would not have 
been easily found in test reactor experiments only. 

DEVELOPMENT OF A NEW DESIGN 
In developing a new fuel design that is accepted both 
from the commercial and from the licensing point of 



view, several steps have to be taken. 
These include 

- theoretical analysis of the remedy design, 

laboratory testing both with respect to PCI resis 
tence and to other effects, 
manufacturing process development, 

incubation and ramp testing of a significant 
number of rods to quantify the improvement or 
establish a conflcence level. This is necessary 
since variations in behaviour may be found for 
any remedy due to variations in quality, irra-
diation history, burn-up, etc., 

- special irradiation experiments as deemed 
necessary«for instance operation of defect fuel, 

lead test rods or assemblies, 

large scale demonstration in a power reactor. 
Basically there are two kinds of PCI remedy concepts 
illustrated by some concepts presently under develop-
ment in Sweden. They are 

"improvement by kind" such as in the case of 
copper-plating the inside of the cladding pro-
viding a barrier between the fission products 
and the cladding metal, 

improvement by degree such as in the case of 
annular pellets. 

In the first case the integrity of the remedy element 
under all conceivable operating conditions and with 
large scale production quality has to be demonstrated 
In principle this may result in the verification of a 
PCI-immune fuel rod but requires a broad program with 
many different kinds of tests. 

In the second case, the PCI situation is basically 
retained but the failure level is displaced. Thus 
the major task here is to quantify the improvement, 
which requires a large amount of tests in a more 
narrow program. 

An illustration to the fact that an improved fuel 
design needs broad verification before it is accepted 
is given in figure 2 for the case of graphite coating 

A matrix of various limited design modifications was 
inserted in Oskarshamn-1 in 1974 and ramp tested in 
1978 at a burn-up of 15 MWd/kg U. All concepts showed 
the same behaviour in that one or several rods failed 
at a power level of -50 kW/m. The exception, however, 
was graphite coating, where all rods survived the 
ramp up to 65 kW/m. Yet this can only be regarded as 
a positive indication justifying further work but 
quite insufficient to make any quantitative statement 
as to the amount of improvement. 
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ABSTRACT 

The fuel defect rate in CANDU power reactors has been very 
low (0.06%) since 1972. Most defects were caused by power 
ramping. The two measures taken to reduce the defect rate, by 
about an order of magnitude, were changes in the fuelling 
schemes and the introduction of thin coatings of graphite on 
the inside surface of the Zircaloy fuel cladding. Power . 
ramping tests have demonstrated that graphite layers, and also 
baked poly-dimethyl-siloxane layers, between the UO2 pellets 
and Zircaloy cladding, increase the tolerance of fuel to power 
ramps. These designs are termed graphite CANLUB and siloxane 
CANLUB; fuel performance depends on coating parameters such as 
thickness, wear resistance and on environmental and thermal 
conditions during the curing of coatings. 

INTRODUCTION 

This paper summarizes and updates previous AECL publications [1,2] and 
also prefaces in-reactor test results with descriptions of important physical 
characteristics of CANLUB coatings. 

The fuel for CANDU-PHW* reactors comprises high density (10.6 Mg/m3) 
natural UO2. pellets contained in thin-wall (0.4 mm) Zircaloy-4 tubes 
(500 mm long, 13.08 mm outside diameter) sealed at each end with resistance 
welded end plugs. The cladding collapses onto the UO2 pellets in the pres-
surized (-10 MPa) heavy water coolant. Elements are resistance welded to 
Zircaloy end plates to form fuel bundles (e.g. 28 and 37 elements in 
Pickering and Bruce bundles respectively). Zircaloy pads are brazed onto 
the sheaths to space the elements and to provide a bearing surface in-
reactor where the bundles are irradiated in horizontal zirconium alloy 
pressure tubes. 

CANDU fuel has performed very well; of some 150,000 fuel bundles 
irradiated in Canada's ten operating power reactors (net 5.25 GWe) only 
0.18% have defected. The main incentive to eliminate defects is avoidance 
of contamination of the primary heat transport circuit by fission products. 

* CANDU-PHW stands for Canada Deuterium Uranium, pressurized Heavy Water 

This paper therefore describes graphite and siloxane CANLUB coatings and 
the in-reactor tests that demonstrated their ability to improve fuel per-
formance on power ramping. 

FUEL PERFORMANCE 

Defect rates in the fuel of CANDU-PHW reactors during the years 1969-
1978 are shown in Figure 1. Most defects occurred before 1973 in the Douglas 
Point and Pickering Unit 1 reactors; note that the ordinate of Figure 1 is 
logarithmic. One hundred and sixty-nine bundles have been confirmed 
defective and 82 more bundles were suspected of having been defective, on the 
basis of fission product monitoring. Of the 169 bundles confirmed defective 
134 defects resulted from power ramping. Power ramp defects have been 
observed in nuclear fuel worldwide [3-5] and have been attributed to fission 
product-induced stress corrosion cracking [6,7]. The incidence of defects 
was greatly reduced as a result of the following measures: 

- the introduction of graphite CANLUB fuel, and 
- changing the fuelling sequence, thereby flattening the flux profile and 
reducing the peak power. Also the adjuster rod insertion sequence was 
changed to avoid power transients on starting up the reactors following a 
short-term shutdown. 

Twenty bundles have defected because of either porous end plugs or end 
plug welds, handling damage, or flow-induced fretting. We have not ascer-
tained the causes of the remaining fifteen defective bundles; they were not 
examined in detail. 

CANLUB COATINGS 
Graphite 

Slurries of de flocculated graphite in either isopropyl alcohol or water 
may be coated onto the inside surfaces of Zircaloy cladding. On drying, the 
graphite platelets, typically 5 x 3 x 1 pa in dimensions, become aligned 
such that basal platelets are parallel with the tube surface. Coating 
thickness is determined by controlling the viscosity of the slurry and 
uniformity depends on the drying rate. The coatings are then baked in either 
vacuum or air, depending on the slurry type, to remove excess hydrogenous 
material and leave an adherent coating of about'50% theoretical density. 

In a laboratory test program, the thickness of graphite coatings was 
measured by scanning electron microscopy and the wear resistance of the 
coatings was evaluated by rotating coated cladding samples containing steel 
balls. Periodically the balls were removed, loose graphite was shaken from 
the tubes and the weight change gave a measure of coating wear. Adjacent 
pieces of coated Zircaloy cladding were then deformed by the controlled 
squashing of an aluminum slug in a hollow cylinder of alumina that fitted 
concentrically in the Zircaloy tube. The alumina cracked and imposed local 
stresses on the coated Zircaloy as it expanded radially. This test is 
termed the simulated fuel expansion (SIMFEX) test. Figure 2 shows a contour 
map of the total circumferential elongations attained by the coated tubes, 
before they cracked, as a function of coating thickness and propensity to 
wear. The optimum lubrication was obtained from graphite coatings in the 



range 5 to 10 ym thick that retained 80% or more of their coatings during 
the wear test (wear <20%). Failure strains were generally reduced with 
increasing wear or decreasing coating thickness below about 3 Jim. 
Siloxane 

The siloxanes are compounds whose molecules are silicon-oxygen chains 
with two alkyl or aryl side-groups attached to each silicon atom. Siloxane 
fluids can be made up into greases by adding finely divided silica of 
typical particle size 0.01 pm. Most of our experience has been with poly-
dimethyl siloxane containing 7 wt% SÍO2. The grease can be applied to the 
inside surfaces of tubes by drawing a plug-spreader through the tube; 
alternatively the grease can be thinned with paraffins such as heptane for 
flood-coating. When baked in air at 573 to 623 K some siloxane side groups 
become scissioned from the siloxane chains and the siloxane molecular chains 
cross-link to form a hard adherent siloxane lacguer. The most important 
control parameters are coating thickness, baking time and temperature, and 
the residual hydrogen in the cured coating. If a coating is too thick or 
baked for too long or at too high a temperature the coating will crack and 
flake off. This cracking of the siloxane coatings is beneficial from the 
point of view of quality control - for example unacceptably thick patches, 
which could contain excess hydrogen, will crack during baking and are easily 
detected by visual inspection. 

Although siloxane coatings have a lubricating action in the unirradiated 
condition we have deduced that this is lost during irradiation [8). Post-
irradiation SIMFEX tests of siloxane-coated cladding gave circumferential 
failure strains as low as for uncoated cladding, whereas graphite coatings 
retained a definite improvement in similar tests. However an important 
action of siloxane coatings is to inhibit stress corrosion cracking and in 
post-irradiation iodine SCC tests of stressed rings at 573 K, siloxane coated 
cladding proved superior to uncoated- or graphite coated-cladding irradiated 
to the same neutron fluence (5.5 x lO2"1 n/m2, E >1 MeV) . 

Siloxane coatings are strongly adherent to the Zr02 layer on a Zircaloy 
surface and resist wear better than most graphite coatings. 

POWER RAMP TESTING 

The reactor loops at the Chalk River Nuclear Laboratories were used to 
establish margins of improvement in power ramping behaviour due to CANLUB 
coatings. Thresholds of ramped power Pjnax an<3 power increase AP, that are 
variable with fuel burnup, had to be exceeded for defects to occur in non-
CANLUB fuel [9] so. the changes in thresholds of P m a x and AP for CANLUB fuel 
are a measure of the beneficial effects of the coatings. 

Graphite CANLUB 

A total of 19 fuel bundles and 90 individual elements with graphite 
CANLUB coatings have been power ramped in the NRU loops. Their power 
increases are plotted in Figure 3 and ramped powers in Figure 4, both as 
functions of fuel burnup. In these figures the open points represent intact 

fuel, the solid points represent defects and arrows connecting points indicate 80 
an extra ramp with a short period at steady power between the ramps. Super-
posed on Figures 3 and 4 are threshold lines representing 1% defect prob-
ability for non-CANLUB fuel established on the basis of 55 bundles and 120 
individual elements II]. All of the defects in the graphite CANLUB fuel are 
above and to the right of the non-CANLUB threshold lines in Figures 3 and 4. 
This indicates improved performance to the extent that the defect thresholds 
now lie within the hatched bands shown on Figures 3 and 4. 

The five points, representing defective graphite CANLUB fuel, closest 
to the defect threshold band (Figure 3) were all from fuel elements with very 
thin graphite coatings. Conversely the fuel that remained intact when ramped 
to very high powers had the thickest graphite CANLUB coatings. The impor-
tant effect of graphite thickness was also demonstrated in the power ramping 
of a bundle in which the outer elements had either thick or thin graphite 
CANLUE coatings. Four out of six elements with thin coatings defected, 
whereas none out of twelve elements with thick CANLUB graphite coatings 
defected. Graphite coatings should be at least 3 pm thick for high resist-
ance to power ramping defects. (This result from in-reactor testing agreed 
with the laboratory test results outlined earlier in Figure 2.) 

Siloxane CANLUB 

Eight siloxane CANLUB bundles and twenty-one individual elements have 
been power ramped. None has defected at powers relevant to CANDU power 
reactors but two elements did defect when they were inadvertently over-
powered such that central melting of the UO2 occurred. The Zircaloy 
cladding of these two elements suffered ductile shear rupture with fracture 
faces inclined at about 45 degrees to the radial direction as opposed to the 
usual radially aligned SCC-type cracks in the cladding of defective power-
ramped fuel. 

Figures 5 and 6 show the power increases and ramped powers experienced 
by siloxane CANLUB fuel as a function of burnup. In these figures the sguare 
data points represent fuel with Zircaloy-4 cladding and the circular points 
indicate Zr-1 wt% Nb cladding (used in two experiments only). Again the 
arrows indicate two-stage power ramping. The hatched bands superposed on 
Figures 5 and 6 represent the defect thresholds for thin graphite CANLUB 
type fuel. Although the data are sparce the absence of siloxane CANLUB 
defects above the graphite CANLUB defect thresholds indicates that siloxane 
CANLUB fuel is more tolerant of power ramping than graphite CANLUB. The 
performance of siloxane CANLUB fuel in the NRU loops was sufficient to 
accommodate any proposed fuelling schemes in CANDU power reactors. The 
results form the basis for introducing siloxane CANLUB fuel bundles into 
power reactors in statistically significant numbers for a definitive com-
parison with graphite CANLUB at high ranged powers. 

Post irradiation examination of siloxane CANLUB fuel having coatings 
within specifications has shown that the hydrogen from the siloxane was 
distributed uniformly in the Zircaloy cladding. One irradiation was per-
formed with siloxane coatings more than ten times thicker than our specifi-
cation and also the baking cycle was sub-specification to the extent that 
our normal hydrogen concentration limit was exceeded by a factor of about 15. 
Even so, the four elements in this experiment did not fail after being 
rasped from 34 to 60 kW/m at a burnup of 50 MW.h/kg U. 



Comparitiye Test in Douglas Point 

Four bundles of graphite CANLUB fuel and four bundles of siloxane 
CANLUB fuel have been power ramped in the horizontal loops of the Douglas 
Point Nuclear Generating station. Enriched fuel was employed to reac!h powers 
greater than normally experienced by the natural UO2 Douglas Point fuel. The 
ramped powers, power increases and burnups of outer elements are given in 
Table 1 together with the test results and calculated defect probabilities 
basëd on the performance of non-CANLUB fuel in power reactors [9]. If the 
failure probability of an individual bundle is p then the chance that one n 
bundle or more would defect is 1 - [ tl-pjl (I-P2) (l-pî) (l-pO ]. Therefore 
using the defect probabilities (for non-CANLUB fuel) from Table 1 we see 
that there was a 98.2% chance of a graphite CANLUB bundle defecting (and one 
did defect) and a 78% chance of a siloxane bundle defecting (and all 4 
remained intact). The chance that two or more bundles would defect was 
about the same for graphite CANLUB (54%) and siloxane CANLUB (55%). Thus 
the results from this experiment are encouraging but inconclusive. 

CONCLUSIONS 

- The performance of CANDU fuel in power reactors has been outstandingly 
good; since 1972 the defect rate has been 0.06% of bundles irradiated. 
Power ramp defects were countered by lowering the peak powers experienced 
by outer elements of fuel bundles from about 60 kW/m to about 53 kW/m and 
also the introduction of graphite CANLUB fuel. 

- Severe power ramping in test reactor loops suggested that siloxane CANLUB 
^uel was even more tolerant of power ramping than graphite CANLUB fuel. 
Both CANLUB fuel types easily outperformed fuel with bare Zircaloy 
cladding. 
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TABLE 1 

POWER RAMPING TEST RESULTS ON GRAPHITE AND 
SILOXANE CANLUB BUNDLES IN DOUGLAS POINT NGS 

CANLUB 
Coating 
Type 

Ramped 
Power 
pmax 
kW/m 

Power 
Increase 

AP 
kW/m 

Fuel 
Burnup a) 
MW.h/kg U 

Test 
Result 

Calculated 
Defect 

Probability(a) » 

Graphite 
63 
67 
54 
44 

29 
29 
21 
16 

142 
73 
121 
114 

Defect 
Intact 
Intact 
Intact 

96 
27 
23 
5 

Siloxane 
60 
55 
68 
57 

25 
24 
25 
24 

120 
126 
80 
79 

Intact 
Intact 
Intact 
Intact 

49 
45 
15 
4 

(a) Defect Probabilities were calculated on the basis of non-
CANLUB fuel performance in power reactors. 
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FIGURE 1 Decrease in defect rates in Canadian power 
reactors due principally to reducing peak 
powers and the use of graphite CANLUB fuel 
since 1972. 
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FIGURE 2 Dependence of failure strains in SIMFEX tests on graphite 
coating thickness and its propensity to wear. This 
contour map shows ranges of total circumferential elonga-
tion (TCE) attained in 26 tests. Control specimens which 
would belong in the bottom right corner (coating 
thickness = 0, wear = 100%) reached strains of 6.7 and 
7.7%. 
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FIGURE 3 Power increase versus burnup for graphite CANLUB 
fuel ramped in the NRU loops. The dashed line is 
the defect threshold for non-CANLUB fuel and the 
hatched band contains the defect threshold for 
graphite CANLUB fuel. 
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FIGURE 4 Ramped powers, corresponding to the power increase 
in Figure 3, as a function of burnup for graphite 
CANLUB fuel ramped in the NRU loops. 
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FIGURE 5 Power increase versus burnup for siloxane CANLUB 
fuel ramped in the NRCJ loops compared with the 
threshold band (Figure 3) for graphite CANLUB 
defects. 
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STRESS CORROSION TESTING OF 
IRRADIATED CLADDING TUBES 

L. LUNDE, K.D. OLSHAUSEN 
Institutt for Atomenergi, 
Kjeller, Norway 

SUMMARY 

Samples from two fuel rods with different cladding have 
been stress corrosion tested by closed-end argon-iodine 
pressurization at 320 °C. The fuel rods with stress 
relieved and recrystallized Zircaloy-2 had received burn-
ups of 10.000 and 20.000 MWd/ton UO_, respectively. It 
was found that the SCC failure stress was unchanged or 
slightly higher for the irradiated than for the unirradi-
ated control tubes. The tubes failed consistently in the 
end with the lowest irradiation dose. The diameter 
increase of the irradiated cladding during the test was 
1.1 % for the stress-relieved samples and 0.24% for the 
recrystallized samples. SEM examination revealed no 
major differences between irradiated and unirradiated 
cladding. A "semi-ductile" fracture zone in recrystallized 
material is described in some detail. 

INTRODUCTION 

In order to determine acceptable limits for fuel clad 
interaction during power changes, a series of ramp experi-
ments has been performed over the last few years. The 
experiments have been directed towards establishing the 
combined influence of base power level, max. power, power 
change rate and burn-up. The conclusion from these experi-
ments is that the failure is caused by fission-product-
assisted stress corrosion. Ramp experiments have certain 
disadvantages with respect to a detailed study of failure 
mechanism, as it is difficult to control the exact condi-
tions in the cladding wall during the ramp. On the other 
hand a large effort has been directed to investigations of 
the PCI failure mechanism in laboratory experiments on un-
irradiated cladding. Controlled experiments on irradiated 
cladding is needed in order to link these two data groups. 
A few tests on irradiated materials have been published 
(1,2,3,4) with very contradictory results, indicating that 
the failure stress is increased in some tests while it is 
found to decrease strongly in others. The present tests 
were aimed at giving more results to this limited experi-
ence . 



As part of the Studsvik Inter-ramp experiments (5) four 
cladding samples from two different fuel rods have been 
stress corrosion tested by closed-end argon-iodine pressuri-
zation at the Hot Laboratories of Institutt for atomenergi, 
Kjeller. The two fuel rods were part of a test series 
comprising 20 fuel rods which have been basg-irradiated and 
power-ramp-tested in the R2-reactor at 280 C. In addition 
several samples from unirradiated tubing of the same two 
batches have been tested for comparison. 

EXPERIMENTAL 
Material 

The Zircaloy-2 cladding of the two rods had two different 
annealing treatments, stress relieved at 495 and recrystal-
lized at 565 C. The dimensions were 12.52 x 10.80 mm. A 
rather complete characterization of the materials in the 
unirradiated condition is found in (1). Some data in rele-
vance to the SCC tests are given in Table 1. The difference 
in texture between the two materials is only small. Stress 
relieved material has its maxima of basal pole density at 
± 33° with a shallow minimum at 0°. In the recrystallized 
material the maxima are moved to - 27° and the minimum has 
disappeared. 
The irradiation dose 

Stress relieved LS3 
Recrystallized HR4 
The SCC samples were 
indicated in Fig. 1. 
Test Procedure 

received by the two 
Burn-up 
MWd/t 
10.000 
2 0 . 0 0 0 

140 mm long and 

rods was different: 
Fast neutron 
dose n/cm2 

1 • 1 0 g 
3 • 10zi 

taken from positions 

The samples were closed in both ends with mechanical seals. 
An internal mandrel reduced the gas volume and carried the 
iodine. The mandrel was designed to give an axial gap of 5 
mm and it allowed the sample to contract under pressuriza-
tion. The test was, therefore, a "closed-free-end test". 

The test equipment used for irradiated cladding is shown 
in Fig. 2. The unirradiated samples were tested in another 
but similar test facility. The sample (with the iodine-
bearing mandrel) was placed in the furnace already heated 
to the working temperature of 322 ± 2 °C. Heating-up and 
stabilizing time was 2 hours before the argon pressure was 
applied. The amount of iodine was varied between 2, 5 and 
10 mg, corresponding to 1 - 5 mg/cm of free volume and 
0.04 - 0.22 mg/cirr of Zircaloy surface. 

The diametral strain was measured after the test on both 
unirradiated and irradiated samples. The fracture surfaces 
were examined by optical stereomicroscope and/or scanning 
electron microscope. 

RESULTS UNIRRADIATED CLADDING 
Strong Stress Dependence of SCC-Behaviour of Hard Tubes 
The time to failure as a function of stress for the stress 
relieved material is given in Fig. 3. This material has a 
marked increase of time-to-failure with decreasing stress. 
The same material has been tested at SRI International and 
these results are also included in the figure (1). It is seen 
that the failure stress is similar in the two tests at 
failure times of less than 2 hours, but for longer time 
periods failure occurs at a somewhat higher stress level in 
our case. The difference can perhaps be explained by a 
higher iodine concentration in the SRI test (25 - 250 mg), 
but we find it more likely that differences in the biaxialli-
ty ratio have led to the different test results. 

Small Differences Between Failure Stress for Creep Rupture 
and Stress Corrosion Cracking of Soft Tubes 
The stress/time to-failure relationship for soft tubes is 
given in Fig. 4. In agreement with the SRI results the 
curve is almost flat at failure times up to 10 - 15 hours, 
which means that there was a large variation in failure 
times within a small variation in stress level. At longer 
failure times our test results deviate strongly from the 
SRI results, as no threshold stress can be determined from 
our results. One sample failed by SCC after 65 hours at 
stresses below the stress threshold determined by SRI. We 
do not know whether this type of very slowly growing crack 
is relevant with respect to fuel behaviour. It should be 
noted that this sample had no other initiated cracks, while 
samples exposed to slightly higher stress levels have numerous 
initiated cracks together with the main throughgoing crack 
At the high stress side nucleation sites are few, probably 
due to the short duration of the test and to unsuited 
environmental conditions. At very short failure times the 
failures are normally associated with very strong local 
mechanical deformation on both sides of the SCC crack. We 
have observed this type of high-stress pinholes also in 
other batches of annealed tubing and suggested that it is 
related to the large ductility of annealed cladding. 

An important difference between these tubes and the hard 
ones is that the SCC failure stress is very close to the 
creep rupture stress. In fact we observed creep rupture 
failure without iodine and iodine-induced SCC at the same 
stress level. This is in agreement with SRI's experience. 
They even obtained pure mechanical failures in tests with 
iodine, concluding that the SCC threshold had been exceeded 
too fast in their test. 



It is seen that we, at failure times below 10 - 15 hours, 
found values of SCC failure stress which are higher than 
the mechanical creep rupture stress determined by SRI. 
This can hardly be explained by other factors than diffe-
rences in biaxiality ratios in the two tests. 
THE EFFECT OF IRRADIATION ON STRESS CORROSION BEHAVIOUR 

Increased Failure Stress by Irradiation 

All four irradiated samples failed near the end which had 
received the lowest neutron dose during irradiation. This 
could hardly be explained by any systematical factor from 
the testing conditions, but seems to prove consistently that 
the weakest point in the sample has seen less neutrons than 
the area which remained intact in the test. The testing 
conditions and the results for the four irradiated cladding 
samples are given in Table 2, and are included in Figs. 3 and 
4. 

The post-irradiation fracture deformation of the SCC specimens 
was obtained by measuring the diameter increase away from the 
crack. Somewhat surprisingly the stress-relieved samples 
showed a diameter increase of up to 1.1 % (4 % unirradiated), 
while the recrystallized samples had only 0.24 % diameter 
increase (10 % unirradiated). But one2^as also to keep in 
mind the different neutron dose: 1-10 n/cm for stress-
relieved, 3-10^1 n/cm2 for recrystallized material. 

Fig. 5 gives the stress history in detail for the irradiated 
samples together with some selected unirradiated samples 
which failed in about the same time. This is important when 
a comparison is to be made. It is seen that the SCC failure 
stress is unchanged or increased by irradiation. For the 
stress relieved material, one of the irradiated samples 
behaved comparable to the unirradiated, for the other the 
one-hour-survival-stress was increased from 450 MPa (failure) 
to over 530 MPa (no failure after 1 hour). In case of the 
recrystallized material the increase was from 340 MPa to 360 
MPa. 

The present results support previous experience concerning 
the influence of irradiation on SCC threshold done in our 
laboratory (4). In that case we observed a 20 % increase in 
the SCC threshold for irradiated fully recrystallized material. 
One of the samples survived even more than 3 days at the high 
stress level before it failed. Garzarolli et al. report a 
similar experience, as KWU found the same or a slightly higher 
failure stress for irradiated compared to unirradiated stress 
relieved material (3). The failure times were about 30 min. 
and 5 hours, respectively. 

Results which are contradictory to the present ones are re-
ported by EPRI (1,2). ANL's tests of irradiated Zircaloy-4 

from the H.B. Robinson reactor showed a very low SCC failure gj 
stress of 200 MPa at failure times around 10 hours. Recently 
published EPRI data from three other reactors support this 
observation. However, Big Rock Point data indicated that the 
threshold values did not fall off until burn-ups of 10.000 
MWd/ton were exceeded. EPRI suggest that the difference may 
arise from difference of internal surface. Inside surface 
characterization revealed clad-fuel contact areas and non-
uniform oxide in case of the high burn-up cladding, while the 
low burn-up cladding had a uniform oxide film. It may well be 
that cladding which has experienced bonding, also has initiated 
small cracks in the Zircaloy material. This seems all the more 
plausible since it is the crack initiation which is the deter-
mining step in the SCC fracture process, while propagation can 
proceed at a fairly low stress level. 

In the present tests we did not observe any decrease in 
failure stress for material irradiated to 20.000 MWd/ton com-
pared to unirradiated material. The material has received 
approx. the same neutron dose as the material in Big Rock 
Point exposed to the same burn-up. Thus the lowered threshold 
experienced in Big Rock Point seems not to be an effect of 
pure neutron damage of the material as such, but a combination 
of effects induced through long term reactor exposure. It 
seems difficult to find a mechanism which can explain that 
irradiation-hardened tube should fail at a low stress thres-
hold, while work-hardening increases the threshold stress. 
In case of our samples we did not observe any fuel-clad 
bonding on the inner surface. The stress relieved rod 
had been exposed to a minor ramp level, while the re-
crystallized had been close to the failure limit determined 
in the ramp experiments. No defects were detected by eddy-
current testing. The observation of an unchanged or 
increased failure stress and the fact that the failure 
occurred near the low-exposure end, both indicate that no 
pre-existing cracks had been present before the SCC-testing. 

Relation Between SCC-Failure Stress and Mechanical Properties 

It is important to see if SCC properties of irradiated clad-
ding can be related to the traditional mechanical properties 
of the material, as these properties are normally more easily 
attainable than SCC data. In a previous work including SCC 
testing and characterization of mechanical properties on 
Zircaloy tubes of different dimensions, fabrication routes, 
and heat treatments we have shown that a close relationship 
exists between the stress corrosion threshold and the mechani-
cal burst stress of the material. The ratio was found to vary 
between 0.7 - 0.9 for the different types of unirradiated 
material (6). 

In the present case, however, only axial tensile test results 
are available for the irradiated material. They were cut 



from the region inbetween the SCC samples (see Fig. 1) and as 
seen from Table 1 the strength of the two materials has become 
approx. equal during irradiation. Although the strength in 
the axial direction was similar for the two materials, the SCC 
testing gave a difference in stress threshold of 150 MPa in 
favour of the stress-relieved material. As expected, axial 
tensile test results seem to be useless in evaluation of the 
SCC properties of this hexagonal, highly textured material. 
On the other hand uniform elongation in tensile testing was 
larger for the irradiated stress-relieved material than for 
the irradiated recrystallized material, and the same was the 
case for the fracture deformation of the SCC samples. 

In lack of mechanical burst data of the irradiated material we 
have made an approach to evaluate such data from the informa-
tion we have obtained in the present tests. The four irradia-
ted samples tested in argon-iodine did fail mechanically by 
ductile rupture at the end of the test and the size of the 
ductile ligament gives information on the strength of the mate-
rial. The presence of X-marks on the outside surface of clad-
ding prior to failure also on irradiated material indicates 
that the uncracked ligament becomes fully plastic before 
failure, and the use of a linear elastic stress intensity 
failure criterion is inappropriate in this case. 

A simple approach for handling the final ductile rupture 
would be an evaluation of the net section stress, o , 
as pointed out by Cubicciotti and Jones (1). 

o net 
i - -â-w 

where a is the nomimal stress, w is the clad wall thick-
ness is the crack depth. 
This will give a rough approximation at high stresses where 
the SCC crack has penetrated only a short distance into the 
clad wall, but it seriously underestimates the net section 
stress required to rupture the final ligament in deeper cracks. 
Pig. 6 gives the net section stress divided by the burst 
stress as a function of crack depth for the hard unirradiated 
tubes. With a crack depth of 0.1 mm the net section stress is 
equal to the burst stress. The ratio increases gradually up 
to a factor of 2 for crack depth of 0.5 mm. 
Vie have used this empirical relationship determined for hard, 
unirradiated cladding tubes to evaluate the mechanical proper-
ties of the irradiated material. Calculating the net section 
stress and knowing the crack depth, it is possible to determine 
the apparent burst stress. The results indicated that the 
burst stress of the recrystallized material has increased from 
370 to 500 MPa, while the stress relieved material has increa-
sed from 550 to 6 30 MPa during irradiation. 

By using these burst strengths we obtain the result that the gg 
ratio between the failure stress of the irradiated material 
and the burst stress is 0.75 - 0.85 which is in agreement with 
previous findings based on SCC tests and real burst test of 
irradiated material (7). It should be remembered, however, 
that the failure times for the irradiated material in the 
present tests is rather short and that lower stresses probably 
would lead to failure after longer failure times. In this case 
the ratio would probably decrease. It would be a good help in 
the evaluation of ramp failures if the size of the ductile 
ligament as function of the nominal stress of irradiated mate-
rial could be established.! Fractography of the fracture sur-
face of a failed fuel pin could then give direct information 
on the stresses which led to the failure. 

FRACTOGRAPHY 
Similar fracture surface on irradiated and unirradiated mate-
rial 
The stress relieved material had a fracture zone typical for 
this type of material as seen in Fig. 7. The fracture sur-
face is mainly intergranular, visualizing the axially elonga-
ted grains of the deformed material. Similar features are 
obtained by iodine-methanol dissolution of the grain bounda-
ries in stress relieved material (8). We did observe a few 
areas with cleavage and fluting some distance away from the 
inner surface, but the dominating feature was intercrystalline. 

Recrystallized material has often three different fracture 
modes as clearly distinguished in the macroscopic overview in 
Fig. 8. There is an inner layer of SCC and an outer ductile 
fracture zone. Inbetween these two well characterized fracture 
modes we find an area which shows deep valleys or channels 
perpendiculary oriented towards the SCC area. The channels 
have many cracks at the bottom, close to the SCC area, Fig.9.10 
and become more ductile as one moves towards the normal shear 
fracture at the outer surface. This part of the fracture is 
orientated radially when seen in a transversal metallographic 
cross section. However, the different tongues in the fracture 
surface do have a 45 shear lip direction. Thus, both the 
appearance of the fracture surface as well as the metallo-
graphic cross section indicate a mixed brittle and ductile 
behaviour. This type of fracture was observed both for irradi-
ated and unirradiated material and has also been observed in 
other batches of recrystallized material. We have called this 
area a "semi-ductile" fracture surface. Its relevance may not 
be important with respect to the life time of the specimen. We 
assume that this fracture occurs rather fast, though slow 
enough to allow the chemical environment to take part in the 
cracking process. 
The SCC fracture started intergranular in all our tests with 
recrystallized material, both on the irradiated as well as on 



the unirradiated samples. Fig. 11. In some of the tests we 
observed a gradual change to a more transgranular cleavage 
cracking. This was the case for the irradiated sample HR4B as 
seen in Fig. 12. The other irradiated sample, HR4T, had an 
intergranular fracture surface all through until it changed to 
the "semi-ductile fracture mode". The reason for this differ-
ence is probably the higher crack growth rate in the former 
sample. Cubicciotti and Jones reported that they found mainly 
transcrystalline cracking in their tests of the same material 
(1) . We have here shown that the same material in soft, hard, 
unirradiated, and irradiated condition can suffer both inter-
crystalline and transcrystalline SCC. As long as we are 
dealing with a normal tube reduced materi al with an adequate 
texture we feel quite convinced that the fracture mode is con-
trolled by crack growth rate in such a way that higher fracture 
rates favour transcrystalline crack growth as previously con-
cluded (8) and not by differences in materials, as suggested by 
EPRI. (1). 

CONCLUSIONS 

- The failure stress for 1-hour survival in an iodine-
induced internal pressurization SCC-test was unchanged or 
increased by irradiation. For the stress relieved material 
it was unchanged for one sample while a 10 % increase was 
found for another. In case of the recrystallized material 
there was an increase of 5 % for two samples. 

The decrease in SCC threshold reported in the literature 
for power reactor fuel cladding with high burn-up is 
believed not to be an effect of neutron damage as such 
of the bulk material, but a combination of effects from 
long term reactor exposure, such as reaction layers, 
bonding or defects at inner clad wall. 

The burst stress of the irradiated material has been 
roughly estimated from the size of the ductile ligament 
in SCC tests. The ratio between the SCC failure stress 
and this apparent burst stress is 0.7 - 0.9, in good 
agreement with previous experience from irradiated and 
unirradiated material. 

SEM-examination of the fracture surface revealed no major 
difference between irradiated and unirradiated cladding. 
The SCC-crack of stress relieved and recrystallized material 
started intercrystalline on all samples, while some of the 
samples had cleavage combined with ductile fluting at some 
distance from the internal surface. 
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Table 1. Mechanical Properties of Interramp Material 

Anneal 
state 
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temp. 
°C 
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neutron 
dose 2 
n/cm 

a 
max 

MPa 
a0 .2 
MPa 

Elong. Burst Burst 
Yield 
MPa 

Anneal 
state 

Test 
temp. 
°C 

Fast 
neutron 
dose 2 
n/cm 

a 
max 

MPa 
a0 .2 
MPa 

U % T % 
Stress 
MPa 

Burst 
Yield 
MPa 

Recryst. 343 21 550 533 0.6 4.5 
Recryst. 343 0 259 133 49 
Recryst. 317 ? l 370 210 
Stress rel. 343 1 • 10 575 550 1 9.2 
Stress rel. 343 0 420 300 27 
Stress rel. 317 550 490 

2. Results of SCC testing of Irradiated Samples Testing Temp. 320 °C. 
Iodine Cone. 1 mg/cm-*. 

Sample Stress 
MPa 
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Microscopic 
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mm 
HR4T 
recryst. 

332 
359 

1 
0.7 0,24 

Open 
burst 

Intercrystalline 
all through 

10 0.53 

HR4B 
recryst. 359 0.4 0.24 Axial 

split 
Intercrystalline 
and cleavage 10 0.48 

LS3T 
stress rel. 

332 
stepwise 
to 545 

8 steps 
of 1 hour 

0.33 
1.12 

Mainly inter-
crystalline 20 0.16 

LS3B 
stress rel. 492 0.6 0.64 Axial 

split 
it 
n 

•> 

long 0.31 
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Fig. 1. Cutting positions of SCC samples from fuel rods. 
Gamma scans give the flux profile during irradiation. 
The crosses indicate area of failure in SCC tests. 
It is seen that failure occurs in the areas which 
have received the lowest irradiation dose. 

Fig. 2. Test equipment for SCC testing. 
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Fig. 3. Time to failure as function of hoop stress for 
stress relieved material. The numbers give the 
amount of iodine in mg. SRI tests on unirradiated 
material included for comparison (dotted lines). 
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Fig. 4. Time to failure as function of hoop stress for 
recrystallized material. The numbers give the 
amount of iodine in mg. SRI tests on unirradiated 
material included for comparison (dotted line). 
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Fig. 5. Hoop stress as function of time for the irradiated 
cladding samples (full drawn lines) together with 
results for some of the unirradiated tubes (dotted 
lines). The crosses indicate time for failure. 
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Fig. 6. Net section stress divided by the burst stress as 
function of crack depth for the hard unirradiated 
tubes. 

Fig. 7. SCC fracture zone on unirradiated stress relieved 
materail (1650x) 

Fig. 8. "Semi-ductile" fracture zone between SCC (to the 
right) and normal ductile (to the left) on 
recrystallized material (40x) 



Fig. 9. "Semi-ductile" area close to the stress corrosion 
fracture (1650x). 

Fig. 10. "Semi-ductile" area close to the ductile 
fracture (1650x). 

Fig. 11. Intergranular start of SCC crack on irradiated 
recrystallized material (1650x). 

Fig. 12. Cleavage and ductile fluting at some distance 
away from internal surface shown in Fig. 11. 
(1650X) 
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ABSTRACT 

A set of 20 well-characterized short length 8 x 8 BWR fuel rods 
were base irradiated in the Studsvik R2 test reactor under well-
controlled longterm cyclic power conditions (between about 40 and 
25 kW/m) up to exposures of about 10 and 20 MWd/kg U, at which burnup 
levels the test rods were individually power ramped at the rate of 
4 kW/m min to preset terminal power levels. Care was taken throughout 
the irradiations to simulate a BWR environment and reproduce mechani-
cally undisturbed "in situ" type power ramp conditions. 

The results obtained are reproducible and exceptionally consis-
tent when referred to the power increase during the ramp, revealing 
a distinct power ramp failure threshold about 8 kW/m above the 
previous high power operating level and about 17 kW/m above the previous 
low power operating level. In terms of absolute terminal power, ramp 
failures only occur in the range above about 42 kW/m, where incidentally 
also the transient fission gas release starts to increase abruptly 
from a low value of about 3 Z. Incipient (non-penetrating) SCC defects 
form a few kW/m below the failure threshold just above the onset of 
yielding of the Zircaloy cladding. Times-to-failure on holding at 
the ramp terminal level and induced residual deformations on ramping 
depict characteristic patterns, indicating among others a memory 
effect of the first high power operation level during the cyclic base 
irradiation. No burnup dependence has been found and there are no 
discernible effects on the ramp behaviour of the gap sizes and 
heat treatments investigated. 

The Project is co-sponsored by 14 separate organizations and 
managed by Studsvik Energiteknik AB, Sweden. 

INTRODUCTION 

The Studsvik INTER-RAMP (IR) Project is an international fuel research pro 
ject assigned to carry through a power ramp irradiation investigation of experi 
mental LWR fuel rods utilizing the R2 test reactor and associated facilities at 

Studsvik, Sweden. The project was committed on July 1st 1975 on the basis of an 
agreement set up between the joining parties following on invitation for co-
operation by AB Atomenergi in 1974 [lj . The project is co-sponsored by 14 se-
parate organizations (Table I) and is managed by Studsvik Energiteknik AB (for-
merly AB Atomenergi). The project will terminate on June 30th this summer (1979). 

Table I 

Participants in the Studsvik Inter-Ramp Project 

Organization Country 

AB Atomenergi (now Studsvik Energiteknik AB) Sweden 
AB ASEA-AT0M (AA) Sweden 
Comitato Nazionale per l'Energia Nucleare (CNEN) and 
Nuclital Italy 
Commissariat a l'Energie Atomique (CEA) France 
Electric Power Research Institute (EPRI) USA 
Exxon Nuclear Company, Inc. (ENC) USA 
Institutt for Atomenergi (IFA) Norway 
Japan Atomic Energy Research Institute (JAERI) Japan 
Kraftwerk Union Aktiengesellschaft (KWU) Federal Republic 

of Germany 
Oskarshamnsverkets Kraftgrupp AB (0KG) Sweden 
Risrf National Laboratory (Ris¿) Denmark 
Statens Vattenfallsverk (SV) Sweden 
Sydsvenska Kraft AB (SK) Sweden 
Technical Research Center of Finland (VTT) Finland 

IRRADIATION FACILITIES 

The R2 reactor is a pool-type high flux materials testing reactor operating 
at 50 MWth power. Specially designed facilities are installed to implement the 
various experimental phases involved in power ramp irradiation investigation. 
Self-convecting boiling water capsules ("BOCAs"), each containing four or five 
test fuel rods are used for the base irradiations. Fuel rod power can be varied 
for long term cyclic operation by repositioning of the BOCAs in the core or by 
using solid absorbers. Pressurized water loops with forced coolant circulation 
are used for the pre-ramp irradiation conditioning and subsequent individual 
power rampings of the fuel rods, the ramp operation being controlled by pres-
surized He-3 neutron absorber gas. The fuel rod power has an axial form factor 
of less than 1.2. These irradiation facilities duplicate closely LWR coolant 
operating pressure, temperature and neutron flux conditions. Attainable accu-
racies for the power measurement techniques applied have been carefully eva-
luated [2] . 

At the reactor pool various facilities are installed for non-destructive 
examinations of the fuel rods along with the irradiation e.g. by means of 
neutron radiography, profilometry, eddy current and ultrasonic sensors. 

PROGRAM OBJECTIVES AND TEST MATRIX 

The prime objectives of the IR program is to investigate systematically 
the failure propensity and associated phenomena of well characterized LWR fuel 



rods, when subjected to fast over-power ramping under relevant and well-control 
led experimental conditions. In realizing this objective the failure threshold 
is established as a function of burnup for a reference fuel rod design selected 
while varying only a few design parameters. (See Test Matrix, Table II). In all 
20 fuel rods are incorporated in the test program. 

In 1974/75, when the program was being defined, considerable attention was 
drawn to the failure propensity of fuel in boiling water power reactors. That 
is one reason why the 8 x 8 type BUR fuel design was selected for the program. 
The same holds for the adoption of the cyclic power pattern for the base irra-
diation within the program, as there were indications that fuel rods sitting 
close to the control rod positions, and exposed to such a duty cycle, had the 
highest probability for failure. 

Power ramping at only two burnup levels, i.e. 10 and 20 MWd/kg U, was con-
sidered preferable in order to obtain best possible statistics for the limited 
number of test roda involved. 

As regards the selection of design parameters the program scope and cost 
did not permit any ambitious comparisons. On the contrary it was considered 
important to maintain a basic design for the majority of the rods (featuring 
a diametral gap size of 0.15 mm) in order to establish reproducibility, if 
any, in the test results. Two clad heat treatments (recrystallized and 
cold-worked/stress relieved) were included as also a few variations of gap size 
and one low pellet density. 

The fuel rods were manufactured by ASEA-ATOM to tight specifications app-
lying commercial fabrication procedures. The Zircaloy clad tubing was delivered 
by Sandvik Special Metals, USA according to the same specification as used by 
Electric Power Research Institute for tubing incorporated in other research 
p^grams. 

EXPERIMENTAL PROCEDURE AND HIGHLIGHTS 

The base (incubation) irradiation of the test fuel rods in the BOCAs 
follows a cyclic power pattern with consecutive periods alternating between 
a high power level of about 40 kW/m and a low power level of about 25 kW/m, 
each of a duration of 65-70 days. The actual irradiation experienced by one 
of the BOCA rigs are reproduced in Figure 1. As seen one pair of rods operate 
at 10-20 % higher power than the other pair throughout the whole irradiation 
time. 

The subsequent power conditioning and ramp operation (Figure 1) are exe-
cuted for the individual rods by starting at approx. the same power level 
as experienced during the last low base irradiation. On detection of a fuel 
failure the holding at the ramp terminal level is interrupted and the fuel 
rod immediately removed from the in pile section of the loop. Fuel failures 
causing fission gas leakage are detected in the down-stream loop water 
coolant with a delay time of approx. 2.5 min. 

Typical of the experimental procedure of the IR-project is the fact that' 
the long term base irradiation and the consecutive power ramp operation are 
both performed in one and the same test reactor. This approach will not only 

facilitate to maintain a well-defined power irradiation history, but also 
make feasible in situ type power ramp conditions. All handling and transfer 
are executed gently within the water pool while maintaining the vertical 
positioning of the fuel rods, so that mechanical disturbances, which 
might disarrange the irradiation induced interfacial and structural conditions 
of the fuel rods, are minimized. 

Non-destructive examinations including neutron radiography and dimensio-
nal measurements were performed at the reactor pool and to some extent, on 
failed rods, in the hot cell laboratory. All rods were examined in this way 
prior to irradiation, and prior to and after ramping; the rods of Rig 2 also 
at 6 other occasions during the base irradiation. 

During the long-term base irradiation a specified water coolant chemistry 
is carefully maintained in order to minimize crud deposition on the fuel rods 
and prevent undue clad oxidation. 

A more detailed description of the experimental program and a survey of 
highlights of relevance to the project have recently been released along with 
some experimental results [3] '. Emphasis is there placed on the importance of 
the conserted modelling efforts performed during the course of the irradiation 
in providing technical direction to the execution of the IR program. 

EXPERIMENTAL RESULTS 
Dimensional changes during base irradiation 

Circumferential ridges were observed on all rods irradiated in the two 
high power positions of each rig at 10 MWd/kg U, whereas the ridging was in-
significant in the low power group of rods. The ridges were more prominent 
on the lower halves of the rods. In spite of this indication of harder mechani-
cal contact, the rods belonging to the high power group showed higher rates of 
clad creep down, measured between theridges. The mean creep strains of the 
recrystallized cladding were 1.7 x 10" at 10 MWd/kg U and 2.2 x 10~3 at 20 
MWd/kg U. The creep down of the stress-relieved cladding, was marginal ly (-15 %) 
larger. 

The elongations (mainly growth} of the fuel rods fall close to a commonly 
used relation AL/L »0.1 (0t/lO X)U %. 

Fuel stack lengths were measured on the neutron radiographs. The following 
mean values of relative stack contractions were obtained: 

10 MWd/kg U 20 MWd/kg U 
High power group 0.3 2 0.36 t 
I.ow power group 0.2 % 0.08 %. 
Incidence of fuel failures on power ramping 

Power ramp failures develop on exceeding a terminal, level of about .2 kW/m. 
Above 48 kW/m a 100 % failure rate is indicated (Figure 2). PIE metallography 
has recently disclosed that two fuel rods (HS-2, HR-5), which were classified as 
non-leakers proved to contain incipient (non-penetrating) SCC defects. One of 
these rods (HS-2) became defective at a terminal power level of about 41 kW/m. 

A closer examination reveals that actually two well-defined failure thre-
sholds can be identified in the diagram, one for the low power base irradiated 
group of rods (LPG), and one for the high power base irradiated group (HPG). 



This observation implies a power shock dependence of the failure incidence is 
seen in Figure 3. On raising the power by an increment exceeding 17 kW/m 
a 100 % failure rate is imposed (for fuel rods of similar design. Rod DR-1 
has a lower fuel density). The failure threshold appears to be sharply defined. 
There is no burnup dependence indicated within the range 9 to 23 MWd/kg U. 

On holding after ramping to various ramp terminal levels a quite, consis-
tent time-to-failure dependence of the failure incidence is recorded. A sur-
prisingly consistent correlation appears when the power increase is related to 
the average value of the first high power period during the base irradiation 
(Figure 4) [3]. The failure threshold becomes very well defined at a power In-
crease of about 8 kW/m. A complete separation of failed and non-fai)ed rods 
is obtained. 

The failure times of the high burnup rods are substantially shorter than 
those of the low bumup range. Rod HS-1, the holding of which was inten-
tionally interrupted after 25 min for the purpose of catching SCC defects in 
their incipient state, actually proved to have failed although no Kakago 
had been detected in the loop 3ystem. 

Rod LS-4, which fits perfectly into the general picture at 10 MWd/kg U, 
represent another interesting behaviour. This rod had purposely been condi-
tioned before ramping for a longer time, 16 days, at the samé high power 
level as that used during the base irradiation. No different failure beha-
viour was experienced. 

Rod BR-1, finally, which was the only large gap (0.25 mm) rod in the prog-
ram, accidentally was dropped during handling in the water pool. On subsequent 
ramping no failure signal was produced although it had failed according to NDE. 

Dimensional changes imposed by the ramp operation 

The diametral residual expansions, measured over the circumferential rid-
ges at the pellet/pellet interface positions, are seen to form a unique but 
consistent deformation pattern (Figure 5), when plotted against the over—power* 
increase • A sharp peak delineates the failure threshold at 8 kW/m. Below 
the failure level the residual deformations, produced during 24 hrs holding 
time, increase steeply with power (3.6 ym/kW/m) to a max. value of 0.1 % at the 
very failure threshold. Above that level the residual deformations, experienced 
during holding until failure, decrease abruptly to a minimum value of only 
0.03 % at some 3 kW/m above the failure threshold, after which the deformations 
again steeply increase. The partly defected rods HS-2 and HR-5 do here occupy 
positions close to the failure threshold.The consistency in this deformation 
pattern again indicates a memory effect of the initial irradiation history. 

Fission gas release 

Above a ramp terminal power level of 42 kW/m the transient fission gas re-
lease increases steeply from a low value of about 3 Z to a value of about 25 Z 
at 51 kW/m. Rod BR-1, which proved to have failed, seems to retain all its 
fission gases. 

Rod HS-2 represents an interesting boundary cast- of failure occurence as 
it formed only incipient SCC defects at the lowest fission gas release (3 ":') , 
ridge deformation (0.06 %), ramp terminal level (41 kW/m), power shock 
(17 kW/m) and over-power ramp increase (6.5 kW/m) recorded for failure within 
this study. 

Metallographic features 93 
The two fuel rods containing only incipient clad defects attract special 

interest. The tiny defects seen in Figure 7, which escaped EC inspection, exhi-
bit typical SCC features. Some regions of the clad inside are covered by a 
thicker Zr-oxide film than normal.and occasionally by adhering or bonded micro-
sized Ü0- fragments, indicating the existence of intimate and firm interfacia?. 
contacts during the base irradiation. The schematics in Figure 8 give evidence 
of the fact that the SCC defects form preferentially inbetween these inter-
facial contact regions. The fractographic studies are not yet finished. 

CONCLUDING REMARKS 

The results presented represent mainly observations and data collec-
ted. Being exceptionally consistent and precise these data should lend them-
selves to interpretation of the PCI/SCC mechanism behind the integral failure 
process and serve as bench-marking information to failure predictive modelling 
of LWR fuel rods on power ramping. 
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Figure 4. Power Increase above First High Power Base 
Irradiation Level vs Time-to-failure Detection 
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PELLET/CLAD INTERACTION: 
FRAMATOME-CEA EXPERIENCE ON FUEL RODS 
PRE-IRRADIATED IN POWER REACTORS 

R. ATABEK 
CEA, Centre d'études nucléaires de Saclay, 
Gif-sur-Yvette 

M. LEBADEZET, N. VIGNESOULT 
Société FRAMATOME, 
Paris—La Défense, Cedex, 
France 

S U M M A R Y 

The study of the pellet/clad interaction is the subject of a major 
research programme conducted jo in t ly by Framatome and the C.E.A. 

The tests are carried out either on ful l - length rods with a maximum 
length of 2 meters, taken from BR3 or CAP (PRISCA experiments) or on 
rods re-fabricated in hot cells from rods taken from power reactors 
(FABRICE experiments). 

The i n i t i a l findings reveal that the phenomenon of interaction involves 
a mechanical and chemical process : 

- the maximum power change for the fuel elements without rupture is at 
i ts minimum value when the fast fluence is of the order 
1.5 1021 n/cm2, 

- an analysis with an electron microprobe and a scaning electron 
microscope (SEM) demonstrate that the clad's corrosive agents are the 
fission products Te, I and Cs. 

1. INTRODUCTION 

With a view to gaining a better understanding of the standard fuel and 
i ts l imits and to meeting the demands of french u t i l i t y to carry out 
refuellings every 18 months, Framatome and the C.E.A. have undertaken 
a major research and development programme. One aim of the programme is 
to study the behavior of fuel elements which undergo power ramp. The 
methods of study chosen, besides participation in the international 



programmes of INTERRAMP (C.E.A.) and OVERRAMP (FRAMATOME), are to conduct 
ramp tests on either BR3 pre-irradiated rods or on refabricated rods 
preirradiated in power reactors. 

I t seems at present certain that the cladding ruptures which occur 
during power ramp are due to the simultaneous action of the stress 
exerted on the clad and of the chemical corrosion induced by the 
f ission products. To understand these phenomena therefore requires 
a thorough knowledge of : 

- variations in mechanical properties during i r radiat ion, (1) 

- the conditions for clad stress corrosion in the presence of f ission 
products. Many out of pi le tests performed in laboratories ( (2 ) , (3 ) , 
(4 ) , ( 5 ) , (6) ) made i t possible to determine the stresses required 
to i n i t i a t e a crack as well as the rate at which that crack propagate 
in a corrosive environment/Of a l l the elements l ike ly to chemically 
attack the z ircaloy, iodine seems to be the main contaminant ( ( 7 ) , (8) ) . 

I t is therefore important to know the behavior of the vo la t i le fission 
products ; the l a t t e r are closely related to the temperature gradient in the 
oxide matrix ( (5 ) , ( 8 ) , (9) ) . 

When presenting and analysing the i n i t i a l experiments carried out on PWR 
type fuel elements pressurized at 1 bar of helium, efforts wi l l be made 
to show up the two aspects, mechanical and chemical, of the phenomenon 
of stress corrosion. 

. DESCRIPTION OF EXPERIMENTS CARRIED OUT BY FRAMATOME AND THE C.E.A. 

The study of the pel let /c lad interaction is carried out on two types 
of fuel rods : 

- fu l l - length rods, maximum length 2 meters preirradiated 
in small power reactors l ike the BR3 at present and, in the future, 
the CAP. These are the PRISCA experiments, 

- short rods fabricated in hot cel ls from ful l - length rods taken 
from small power reactors l ike the PAT and BR3 and hence from 
the TIHANGE and FESSENHEIM power plants. These are the FABRICE 
experiments. 

2 .1. PRISCA Experiments 

The programme unti l 1980, together with the main characteristics 
of the PRISCA experiments, are set out in Table 1. The power ramp 
tests to be carried out in J.979 and 1980 shall be conducted on 
recrystall ized zircaloy-clad C.E.A. rods containing U02 DCI 
and pre-irradiated in the BR3 reactor. 

2.2. FABRICE experiments 

The re-fabrication in hot cells of FABRICE rods (10) from 
ful l - length fuel elements wi l l make i t possible to study the 
behaviour of fuel rods from power plants. 

After two i n i t i a l experiments in 1978 the FABRICE manufacturing 
process is being quali f ied by comparing the results obtained with 
those of the PRISCA experiments conducted under the same 
pre-irradiat ion and power ramp conditions. 

The main characteristics of the FABRICE experiments are set out 
in Table I I . 

2.3. Test conditions 

The power ramp tests involve the following three stages : 

- a pre-conditonning period of 3 days, 
- a power increase to maximum power (Pmax) at the rate of 

approwimately 5 kW/m.min, 
- an hold time at maximum power (Pmax) for at least 24 hours. 



The re - i r rad ia t ion and the power ramp test are carried out in the 

experimental reactors of OSIRIS Sac!ay and of SILOE Grenoble using 

equipment (BOSS and CADENCE for OSIRIS, BOUFFON and AQUILON for SILOE) 

which operate under normal PWR conditions. 

ANALYSIS OF INITIAL FINDINGS 

The i n i t i a l results of the power ramp tests shall be analysed mainly on 

the basis of the PRISCA experiments using fuel rods pre-irradiated in BR3 

(core 2 a) while the FABRICE re-fabrication process is being qual i f ied. 

3 .1 . Results 

The operating characteristics of the f i r s t 7 PRISCA experiments are 

summarized in Table I I I . As wi l l be seen, the power increase rate is 

in each case of the order of 5 kW/m.min. 

3 .1 .1 . The PRISCA 02 and PRISCA 05 experiments give rise to clad 

ruptures and cracks which are identical in appearance. 

- They are radial and located near the pel let to pel let 

interface, although not always apposite a U02 pe l le t 

crack 

- their path is inter - and trans - granular 

- they are extremely thin (j¡< lOy m) and free from a l l traces 

of corrosion for PRISCA 02 ( f i g . la) (hold time at 

Pmax : 15 min.) . They nevertheless show local traces of 

oxidation for PRISCA 05 (hold time at Pmax : 220 min. ) . 

For both fuel pel let /c lad interaction experiments, the process 

most in evidence was mechanical. 

3 .1 .2 . The PRISCA 01 and 04b experiments do not give r ise to clad ruptures 

a f ter a hold time at power of 49 hours at 56-57 kW/m. 

Detailed analysis of these rod, however, reveals the existence of 98 

deep cracks in the clad. These cracks are wide and highly oxidized 

(over a width of approximately 150y m) ( f i g . l b ) . 

All the cracks are located perpendicular to "phases" in the oxide/clad 

gap ; they are rich in f ission products (Te, I , Cs). 

In this case, zircaloy cracking has been caused mainly by a chemical 

process. 

.2. Fission product migration 

3 .2 .1 . Restructuration and fission gas release (Xe, Xr) 

The previous experiments demonstrate that restructuration and fission 

gas release phenomena are very rapid. 

- af ter 15 min hold-time at 57 kW/m (power ramp rate :. 5 kW/m.min), 

the "steady state" structure is more or less reached, with the 

creation of long grains and magnified equal axis grains, which 

are neverthess delimited by a porous crown rich in fission gases, 

which demonstrates that restructuration is not to ta l l y completed. 

- After 49 hours operation at 56-57 kW/m, the amount of f ission gas 

released (25 to 30 %) is of the same order of magnitude as that 

released during the "steady state" operation at the same power. 

Examinations carried out on a portion of fuel using a SEM show 

that in this case, for a specific local burn-up of 12,000 >Wd/tU, 

the xenon remains completely occluted in the U02 matrix unti l 

approximately 1,000°C and that i t begins to be released from 

1,200°C ( f i g . 2) . 

3 .2 .2 . Migration of oxygen and vo la t i le f ission products 

The in-depth study using a SEM and an electron microprobe of the 

migration of oxygen and the volat i le f ission products was carried out 

in the case of the PRISCA 04b experiment (local specific burn-up 

12,000 MWd/tU, peak temp. 2,200°C, power ramp rate 5 kW/m.min). 



This study would tend to suggest a process of zircaloy corrosion 
by oxygen and the vo la t i le fission products : 

- in the oxide matrix, migration of these elements on the periphery 
of the pe l l e t , 

- local presence in the oxide/clad gap of one phase containing the 
elements Cs, Te and 0 (occasionally U). 

- formation perpendicular to this layer of an often porous zirconia 
layer , thicker than in other ranges and containing traces of Cs, 

- local rupture of the Zr02 layer which no longer performs i t s 
protective function, and clad cracking with precipitation of 
active elements on the fresh surface of the zircaloy ( I , Cs, Te, e t c . ) . 
These highly oxidized cracks contain the fission products Cs and Te. 

The images X in figure 3 show the case of a micro-crack with the 
distr ibution of the di f ferent elements upon contact with U02 - Zr 
and in the crack. The iodine, which is not detected by the electron 
microprobe examination, was detected by the scan electron microscope 
which revealed elements Cs - Te - U on the inside surface of the clad 
perpendicular to a crack ( I I ) ( f i g . 4 ) . 

I t should be pointed out that the nature óf these layers would 
seem to d i f f e r from that observed up unti l now in PWR rods 
functioning in steady state operation at power (14) (13) . No 
U-Zr-Cs compound was detected in the regions studied. However, 
cesium was observed in the zirconia layer and uranium diffused 
very local ly in the clad over 50v m. 

4. INTERPRETATION OF RESULTS 

As demonstrated by the examinations carried out a f ter i r radiat ion, the clad 
ruptures which occur during power ramp are due to the simultaneous action of 
stress and chemical corrosion by the f ission products Te, I and Cs. 

4 .1. Fission product behaviour 99 
Two pre-conditioning powers (18 and 34 kW/m) were tested. Comparison 
of these two series of experiments (ex. PRISCA 01 and 04b) demonstrate 
that , for specific burn-ups of the order of 10,000 - 15,000 MWd/tU, the 
pre-conditioning power levels have l i t t l e influence on the outcome of 
the experiments. These tests would tend to suggest that for these powers 
during the "preconditioning period", the fission gas release threshold 
is not reached (14) . this seems to be confirmed by the fact that no layer 
of oxide/clad reaction was observed (13) . The experiments therefore seem 
to be comparable. 

Moreover, no U-Zr-Cs-0 compound was observed in the regions of U02 - clad 
interaction analysed, although the threshold power for the formation of the 
oxide/clad reaction is reached for a l l PRISCA experiments ( f i g . 5 ) . 

4 .2 . Study of permissible power versus specific burn-up 

Figure 5 shows the i n i t i a l results of the PRISCA experiments (Curve 3 ) . 

To explain the di f ferent behaviour of the PRISCA 02 and 05 rods, minimum 
duct i l i ty of the zircaloy under i rradiat ion may be assumed. Figure 6 shows 
the variation in uniform elongation versus the fast fluence (E >1 MeV) : 

21 2 
beyond a c r i t i ca l fluence of the order of 2 x 10 n/cm , the duct i l i ty 
of the clad improves. The zircaloy is then more able to accomodate the 
stresses exerted upon i t . 

With regard to comparison of Curve 3 with the results obtained by 
CANDU (15) and KWU (16) for BWR rods (Curve 1) and by KWU (16) for 
pressurized PWR rods (Curve 2) i t should be pointed out that the 
instantaneous fast flux (E> 1 MeV) is greater in the PWR reactors 
than in the BR3. The fast fluence per cycle, i . e . for 11,000 MWd/tU 

21 2 
is of the order of 2 x 10 n/cm and the minimum of duct i l i ty of 
the zircaloy therefore intervenes during the f i r s t reactor power 
cycle. 

Curve 3 must be confirmed by additional tests. I t may be said, 
however, that a power of 41 kW/m is at least acceptable for burn-up 
of the order of 25,000 MWd/tU. 



CONCLUSION 

The f i r s t power ramp experiments (power ramp rate : 5 kW/m.min) 
conducted to analyse pel let /c lad interaction on PWR type fuel rods 
have revealed that : 

- The release of f ission gases and the restructuration of the fuel 

are rapid phenomena, 

- The f ission products which corrode the clad are Te, I and Cs. 
The nature of the compounds formed during the "transient period" 
is d i f ferent from that observed during the "steady state operation" 
no compound U-Zr-Cs-0 was detected, 

- For specific burn-up less than 20,000 MWd/tU, the pre-conditioning 
power (up to 34 kW/m) seems to be a secondary parameter, 

- A minimum of'acceptable power was observed for fast fluence (E> 1 MeV) 
21 ? 

of the order of (1 to 1.5 x 10 n/cm ) . One explanation may be that 
a minimum of zircaloy duct i l i ty exists for these fluences, 

- The acceptable power for these rods is at least 41 kW/m 

for 25,000 MWd/tU. 

These i n i t i a l tests conducted on rods containing U02 DCN and on 
Zr4 clads CWSR (2 hours 440°C) shall be continued for higher 
burn-up. Other experiments shall be carried out on standard fuel 
elements preirradiated in power reactors and on optimised fuel 
elements developped jo in t l y by FRAMATOME and CEA. 
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T A B L E II " F A B R I C E " T E S T P R O G R A M 

DATE 

Clad 
outside 
diameter 

(mm) 

Clad 
Thickness 

(u m) 

Pellet 
Diameter 

(mm) 

uo2 

Type 

Cladding 
type 
Zr4 

Peak 
burnup 
(MWD/tU) 

1978 
10.72 
10.73 

620 
630 

9,29 
9,19 

DCN 20000 
15000 

1979 8,70 565 7,42 DCN stress 
rel1eved 

10000 < T 

< 18000 

1980 10,72 620 9,29 DCN 
stress 

relieved 

> 20000 

T A B L E I : " P R I S C A " T E S T P R O G R A M 

DATE 
Clad 

outside 
diameter 

(mm) 

Clad 
Thickness 

(u m) 

Pellet 
diameter 

(mm) 

uo2 

Type 

Cladding 
type 
Zr 4 

Peak 
Burnup 
(MWD/tU) 

1978 8,70 565 7,42 DCN 

stress 
rel ieved 

10000 < T 
< 25500 

1979 9,46 630 8,05 DC I RecrystalHsec = 40000 

1980 9,46 630 8,05 DC I ^crystal l ised = 50000 



T A B L E I I I 

T e s t 
R e s u l t 

(Ï) 

Pmax / 

! / 

/ Pcond. 
1 KW/m 

ramp 

Íw/Üuni n 

h o l d 

t i m e 
min. 

c r a c k l o c a t i o n ( o r i n t e r a c t i o n zone ) 

T e s t 
R e s u l t 

(Ï) 

Pmax / 

! / 

/ Pcond. 
1 KW/m 

ramp 

Íw/Üuni n 

h o l d 

t i m e 
min. 

l o c a t i o n 

sottomUO 

Paix 
kw/a 

Pcond 
kM/B "lO^n/ca2 

flOCil 
MUd/tU 

PRISCA 01 NF 
57 / 

/ l ? 4.6 .2940 (20) 57 17 0.74 10000 

PRISCA 02 F 
57 7 15 22 

71 
57 
54 

17.5 
16,5 

0,96 
1.24 

12000 
14000 

PRISCA 03 F 60 / 5,1 1060 22 60 19 0,62 10500 

PRISCA 04 
(2) 

F 60 
. ^ 3 5 . 5 = 5 480 60 35,5 0.8 

\. 

11000 

PRISCA 04 b NF 56 / 
34,5 « 5 2940 

75 
145 - 160 

54,5 
50 

33.5 
31 

0 .8 ' * 
1.10-1,20 

.11500 
13500-14000 

PRISCA 05 F 49 
sS 18,5 4.3 220 

45 
120 

48 
44 

18,5 
17 

1,30 
1.70 

13000 
16500 

PRISCA 06 NF' 
41 / 

» 5,0 3400 41 34,5 2,48 

Y 

26400 

( 1 ) NF : No f a i l u r e 
F : f a i l u r e 

( 2 ) Z i r c a l o y e x t e r n a l o x y d a t i o n 

" P R I S C A " : F I R S T R A M P T E S T R E S U L T S 

Foiled rod x 100 

3 = 12 000 MWd/t 
0 = 1 x 1 0 2 1 n/cm2 

Pm«= 57 kw/m® 

Rate of power increase : 7 kw/m min 

b 

Tight rod 

S= 12000MWd/t 

IB- 0,8.1021 n /cm 2 

Pm«=56kw/m 

Rate of power increase = 5 kw/m mtfi 

x 100 

F I G : 1 . FEATURES OF CRACKS IN ZIRCALOY CLADDINGS 



o 

FI6.-3. ANALYSIS OF THE ELEMENTS AT THE U02-CLADDIN3 INTERFACE 
AND INSIDE A FAILURE DUE TO SCC. 



F I 6 : 4 . CLADDING SEM EXAMINATION = INSIDE SURFACE OF THE ZIRCALOV 
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THE BEHAVIOUR OF DEFECTIVE FUEL 
UNDER POWER CYCLING CONDITIONS 

A.K. ANAND, K. ANANTHARAMAN, S. BASU 
Reactor Engineering Division, 
Bhabha Atomic Research Centre, 
Bombay, India 

1. Abstractt 

This paper describea the Irradiation carried out with a defec-

tive fuel pin and the changes in the activity released to the coolant 

under power cycling conditions. This also describes the future experi-

ments « which are being planned. 

1. Introduction« 

As a part of our fuel development programme, fuel pins of 

different designs are being irradiated to study various aspects of fuel 

performance. The behaviour of fuel pino under power chaises is one of 

the major aspects of the study in these irradiations. Continued opera-

tion with defective fuel pins are required to avoid reactor shutdown 

an! to achieve desired bum upj but, continued operation may lead to 

release of activity and defect propagation. An experiment was conduct-

ed with an intentionally defected fuel, to study the release of acti-

vity with power changes, activity build up in closed loop operation and 

residual activity after removal of U02 fuel. This experiment was con-

ducted at Ion poner as a first step towards conducting experiments 

with high power Pu-enriched fuel pins, and also to demonstrate the work-

ing of a failed element detection system (using the gross gamma signad) 

at low release ratesO}) In the absence of other facilities for power 

cycling, power changes were achieved by cycling the reactor power. 

2. Description of the Experiment 

A collapsible clad PHïïR (Pièssurlsed Heavy Water Reactor) fuel 

pin, having a defect size of 0.4 mm diameter at the axial centre, was 

lrrndlnted for 145 dnys at 6 KW power in Prennurlsed 7at<sr loop (P'.'/L) -, 10£ 

CIROS. Table I A II give the test soeclmen and the irradiation condi-

tions. The pin was subjected to a total of 61 cycles of various magni-

tudes inclusive of scrams and planned shutdowns. To measure the loop 

water activity, continuous odine sampling, both at inlet and outlet of P'.'/Ii 

test section, was carried out using ion chambers and log amplifiers. The 

rati of change of activity release was also obtained by differentiating 

log amplifier output. In addition, water samples were also chemically 

analysed for radioactive nuclei. Pig.1 describes the variation of fuel 

pin power, water activity, radiation field at inlet and outlet of test 

section and the rate of change of activity over a period of thirty days. 

Observations and Discussions 

In the first month of irradiation, no significant release of 

activity was observed even In ease ccf power Increases, as the fission 

product inventory was low. Prora the end of first month, eudden increas-

ec in activity wag observed during eveiy power increase. The water acti-

vity during these power transients were about 30 times the steady state 

values and were dependent on rate of power rise. Initially the rate of 

rise of activity during power changes was less than 0.25$t however, this 

rate Increased to 2?! with significant build up in activity. All the power 

Increases were followed by bürste of activity release and the activity 

level returned to normal value with continued steady state operations. 

The above observations compare favourably with the tests con-

ducted in Plutonium Recycling Test Reactor (Ref-1). Series of tests were 

conducted In the above reactor with fuel pin at a maximum heat generation 

rate of 7 kw/ft. The activity burst associated with power changes were 

25 times (maximum) the steady state value in the above experimenta. 

The sudden release of activity with power changes is contribut-

ed by two processes. Firstly while going from low power to high power 

the pellets crack due to theimal stresses and' release considerable amount 

of fission gases inside the fuel oladding. This activity is released at 

a fast rate \*en the pressure inside the cladding goes up Suddenly. The 

water that leaks Inside the cladding during low power operation bolls 



into high pressure steam during power increases and leaks out aotivity 

through the defect. This is known as water logging phenomenon« CoaMned 

effect of both the »bore processes contribute to the aotivity burets« 

The aotivity «eturns to normal value during steady state operation as 

the overpressure Inside the oladding reduces with time. 

In our experiment no inmediata change in aotivity was preceded 

t>y a reaotor trip and no enlargement of defect eise was observed in post 

irradiation examination. However, experiments at AECt (Hef 2) indicated . 

activity release on a reactor trip and this was attributed to enlarge-

ment of defect holes rfaich iras later verified by post irradiation exami-

nation. This phenomenon «as not observed in our experiments^ probably, 

due to low fuel rating. 

. Our experiments confirmed the observation^ reported in (Hef.,!3) 

that when a defective element was removed fron the loop* the background 

aotivity returned to its former level immediately and showed no memory 

effect of the tests that has been carried out with defective fuel. Ex-

périmente with intentionally UOg Contaminated Zircaloy specimen indicated 

that most of the uranium is removed within first few hours or reactor 

Operation. A possible explanation to this Is that the uranium was 

knocked off from the specimen by the recoil energy of the flsslaa frag-

ments or that the reooll energy damaged the Zirconium oxide oorroaian 

fila' containing uranium. 

4« Future Experiments 

Presently facilities for power cyollng in the loop are being eia-

«:rrjjnined. The power cycling may be obtained In the loop by increasing the 

HS-3 absorber pressure in the ooll around the fuel specimens. This 

system is expected to change the power by a factor of 1.6 to 2. in ano-
moved 

ther method the fuel specimens may be^tn and out of the peak rated sone 

by a motor fixed at the top of the loop test section. 

Future experiments will be conducted at higher heat ratings with 

M H and ÏHWB fuel pins. The main objectives of these experiments are to 

Btudy pellet clad interaction behaviour with power cycles und defect pro-

pag4tion. 
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Table I 

Teilet »ai. 00g 

Cladding 2ircalojr-2 

Pellet density 10.6 g/ea 

Pellet 0.0. 14*85 «a 

Clat O.S. 15.21 m 

Clad tnlckness 0.4 ma 

length of pin 480 am 

table II 

Irradiation Conditions 

Temperature 500°P 

Pressure 1500 pal 

Maximum heat rating 

(at 10CSÈ reactor power) < 6 ** 

Maximum linear heat 

rating 3.75 JW/ft 
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EVALUATION OF CLADDING INTEGRITY 
OF RAMP-TESTED UOa-Zr FUEL PINS 

P. KNUDSEN, C. BAGGER 
Metallurgy Department, 
Ris¿ National Laboratory, 
Roskilde, Denmark 

ABSTRACT 

Ramp t e s t i n g o f s i x PWR t y p e f u e l p i n s r e s u l t e d i n f o u r f a i l u r e s . 
N o n d e s t r u c t i v e a n d d e s t r u c t i v e o b s e r v a t i o n s a r e c o m p a r e d a n d u s e d 
t o e v a l u a t e t h e c l a d d i n g i n t e g r i t y o f t h e i n d i v i d u a l f u e l p i n s . 

1. INTRODUCTION 

Cladding penetrations in failed UO,-Zr fuel pins can be extremely small 
and difficult to detect. Ultimate identification of such penetrations 
requires time-consuming destructive examination (DE) such as metallograpgy. 
It is consequently of interest to evaluate and qualify the less expensive 
techniques of non-destructive examination (NDE) regarding overall cladding 
integrity evaluation as well as detailed failure location and identification. 

This paper gives a review of observations from the NDE and DE of SÍJC _ 
PWR type fuel pins from two sets of RIS0 ramp tests reported elsewhere /l, 2/. 
It is explained how the cladding integrity was evaluated for each pin, and 
conclusions are drawn regarding the capability of the experimentell techniques 
employed in the investigations. 

2 . DESIGN AND IRRADIATION 

The fuel pin design included 9.3 mm dia. UO^ pellets of 3.16% enrichement 
(end pellets 2.25%) in 129 mm long stack lengths, clad in cold-worked and 
stress-relieved Zr-4. The gap was 0.19 mm (dia.) and the pins were pre-
pressurized with 2.84 HPa He. 

The pre-ramp irradiation and ramp testing are summarized in Fig. 1. The 
pre-ramp irradiations were terminated at burnup levels (test avg.) of 1100 
(test 048) and 1620 GJAgU (test 069), respectively. The figure also shows 
where failure indications as well as shutdown and unloading occurred. The 
fuel pins were mounted vertically in the sequences shown in Fig. 1. 

Further design and irradiation details ate given in Refs. 1 and 2. 



3. NDE AND DE TECHNIQUES 

The examinations included the following methods (although not to the 
full extent on all pins): 

- visual examination 
- neutron radiography (NR) 
- eddy current testing (ECT) 
- axial gamma scanning, directly on the pin as well as on plastic 
replicas of the pin surface 

- profilometry 
- puncturing and gas analysis 
- SFfi leak testing 
- metallography 
ECT was carried out with the double encircling, differential coil 

technique with an excitation frequency of 100 kHz. The gap between coil and 
cladding surface was approximately 0.5 mm (dia.), resulting in a high 
sensitivity. Ridge signals were electrically suppressed o.i the phase output 
giving the defect indications; the axial scale was obtained by comparing 
ridge locations as measured from the amplitude output to profilometry. 

Gamma scanning directly on the fuel pins did not contribute to the 
evaluation of cladding integrity, but scanning of surface replicas did 
provide useful information. Negative full-length replicas were taken with 
silicone rubber and used as molds to cast a positive resin "fuel pin". Local 
concentrations of fission product Cs on the cladding surface transferred to 
the resin castings and could be detected by high resolution gamma scanning, 
giving exact positions of the cladding failure. 

Leak testing was carried out with SFg as the tracer gas. After puncturing 
and fission gas extraction, the pins were pressurized with 0.2 MPa SFg and the 
outer surface sniffed with a 1 mm dia. probe, connected to a commercial ^ 
detector system. The maximum sensitivity of the procedure is about 10-^0 Ncm / 

4. OBSERVATIONS ON INDIVIDUAL FUEL PINS 

AGI 7-2 
This pin released activity to the coolant in the ramp test; the cladding 

failure was confirmed independently from hydride observations in NR and by 
several SFg indications. (The cladding surface of this fuel pin was only 
sniffed along two generating lines with the SFg probe, there may thus have 
been additional,unidentified leaks present). 

ECT gave many defect indications, and almost all could be correlated 
with observations from NR and SFg. 

The eight positions (A-D, I-IV), where metallographic observations were 
made during this investigation are shown in Fig. 2 /l, 2/, which also presents 
the diameter changes for all the fuel pins during pre-ramp irradiation as well 
as ramp testing. 

Position A.Besides ECT and SFg signals, two surface X-marks were observed 
here. The metallography revealed several almost completely penetrating stress-
corrosion type cladding cracks (SCC). Because of an unexpected fast grinding 
at the pellet interface, no observations were made over a pin length of 1.1 mm 
one or more of the cracks may thus have penetrated completely over a short 
distance and given rise to the SFg indication. 

Position B. Here, ECT and SFg signals were obtained. Two small SCC cracks 
were observed in one plane, with about 25% penetration and axial extension of 

less than 1 mm. This explains the ECT indication, but not the SF, observation. 
Position_D.ECT and NR observations at this position, near the large mid-

pellet "bump"- on the profilometry curve, were shown to originate from 
hydride concentrations, with thick hydride patches at the inner cladding 
surface. 

AG17-3 
The ramp testing of AG17-3 and AG17-5 together resulted in failure 

indication. The NDE gave no sign of cladding failure for AG17-3, and the 
composition of the extracted gas showed that the pin remained intact, see 
Table 1. 

There were small ECT signals at several of the interfaces. Metallography, 
however, revealed a few areas of fuel bonded to the'cladding but there was no 
sign of cladding defects. 
AG17-5 

The failure indication from the testing of AG17-5 together with AG17-3 
was shown to originate from AG17-5 only, based on NR, SFg, and gas analysis 
(Table I). ECT signals were obtained at the three pellet interfaces 1/2, 3/4 , 
7/8 (1/2 means the interface between pellets no. 1 and 2 from the bottom of 
the pellet stack). The 1/2 indication correlated with hydrides seen in NR, 
and gamma scanning of surface replicas revealed leaks at the other two inter-
faces. A dark-coloured surface patch! was observed visually at the 3/4 inter-
face. A SFg indication was also obtained at 3/4, but not at 7/8f other SFg 
signals were at 6/7 and at pellet 3, and perhaps pellet 6. 

Metallography at 7/8 (position Ç on Fig. 2) revealed a fully penetrating, 
very narrow SCC crack without hydrides. 
AG17-7 

There was no failure indication during ramp testing and this was 
confirmed by gas analysis (Table I). ECT gave small responses at interfaces 
2/3 and 3/4 (Fig. 2). Metallography at 2/3 (position III) showed no cladding 
defects but extensive fuel-clad (chemical) reaction. Such reaction, although 
less extensive, was also seen at position IV, away from an interface and 
without ECT indication. It thus appear that the small ECT signals at 2/3 and 
3/4 correlate with local cladding deformations at the interface rather than 
the presence of fuel-clad reaction products. 

AG17-6 and AG17-4 
Ramp testing of these pins together gave failure indication. NR and gas 

analysis (Table I) showed that both pins failed. Table I further shows that 
AGI7-6 lost very little of its He gas (by comparison with AG17-7), whereas 
more leaked out of AG17-4, the leak(s) of AG17-4 likely being larger. This 
is supported by the extent of hydriding seen in NR, at the 2/3 interface of 
both pins. 

ECT gave strong defect indications for both pins as shown in Fig. 2: At 
2/3, 5/6, and 6/7 for AG17-4 and at 2/3 and 4/5 for AG17-6, respectively. 
Comparing the signals from the two pins, AG17-4 appears more severely 
defected than AG17-6, in line with the above observations based on gas 
analysis. The 2/3 signals differ from the others; this is attributed to the 
presence of hydrides, which were only seen at these positions in NR. 



Metallography at 5/6 on AG17-4 (position I in Fig. 1) revealed three 
large SCC cracks, one of them penetrating fully. Heavy hydride patches were 
seen internally at 2/3 (position II). The metallographic examination thus 
confirms the ECT and NR observations. 

5. DISCUSSION AND CONCLUSIONS 

The overall cladding integrity of the six ramp-tested fuel pins was 
evaluated from coolant activity during the test and subsequent NR as well 
as analysis of the gas extracted from the pin interior. In-core activity 
release was obtained in all tests (052, 053, 092, see Fig. 1) with pin 
failures. NR before and after ramp testing showed local hydride concentrations, 
resulting from the ramp testing, in the cladding of all four failed pins 
(AG17-2, AG17-5, AG17-6, AG17-4). The plenum was analysed from three of 
these pins and shown to contain significant amounts of hydrogen. 

Cladding defects were located by ECT and NR, in some cases supported 
by SFß, visual examination and gamma scanning of surface replicas. Defect 
identification was performed by metallographic examination in a number of 
cases. 

ECT is considered the most important technique because it is fast and 
is expected to record the location of all defects above the sensitivity of 
the particular setup. (The sensitivity was not investigated here; as already 
mentioned, it is expected to be good owing to the small gap between ECT coil 
and cladding surface). 

Most of the larger ECT signals from the failed pins could be correlated 
with other defect observations (NR, SFg, replica gamma-scanning, visual 
examination); several of these defects were identified metallographically as 
partially or fully penetrating , narrow SCC cracks or local hydride 
concentrations. The few, larger ECT signals not correlated with other 
observations may be associated with incipient or resealed SCC cracks. The 
small ECT signals at pellet interface positions of the intact fuel pins were 
interpreted as results of the local cladding deformation in the ridges. 

NR identified local hydride concentrations resulting from cladding 
failure and ingress of coolant. Such secondary hydrides were not always 
located near the cladding penetrations. 

The application of the SFg method to two of the failed pins gave leak 
indications at several of the positions where ECT and metallography revealed 
cladding defects, but also at certain other positions. This is possibly 
because SF, gas streaming out of relatively large cladding penetrations may 
have masked the detection of small leaks with the sniffing procedure. 

Only two of the failed pins (AG17-2, AG17-5) had surface marks where 
cladding defects were identified later in the examination. The cladding 
penetrations of the two other failed pins (AG17-6, AG17-4) were very small 
as explained above; this is probably the reason why no signs of defect was 
oba^rved visually. 

Gamma scanning of surface replicas (AG17-5) was useful in locating 
cladding penetrations where out-leakage of fission product activity had 
occurred. The replication itself is time consuming and probably only feasible 
for short pin lengths. 

The ramp testing caused significant diameter increases (both local and 
overall) for all the failed pins, see Fig. 2. The same applies to one of the 
intact pins (AG17-7) but not the other one (AG17-3). Consequently, caution 
should be exercised when profilometer measurements are used in the evaluation 
of cladding integrity. 
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TAjBLE I 

Analysis of Gas Extracted from the Fuel Pins 

Pin no. AG17-3 AG17-5 AG17-7 AGI 7-6 AG17-4 

Internal pressure, MPa (RT) 3.33 0.19 4.48 4.89 2.56 
Total gas, cm (273K, O.l MPa) 51.3 3.3 67.3 76.4 39.2 
Composition, vol.% He 97.7 59.9 67.2 55.0 52.4 

Kr 0.2 0.4 3.2 0.7 1.1 
Xe 1.3 3.6 27.7 6.0 9.0 
H2 (b) 33.3 (b) 36.6 35.9 

Others 0.8 2.8 1.9 1.7 1.6 

Note: (a) The gas from AG17-2 was not collected and analyzed, 
(b) Not detected. 
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SIMULATION IN AN EXPERIMENTAL REACTOR 
OF A LOAD FOLLOW AND 
A REMOTE CONTROL OPERATION 
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Due to the increasing importance of nuclear power plants in French 
e l e c t r i c i t y production, i t w i l l be necessary in the near future 
for some nuclear plants to operate in daily load follow and remote 
control . 

This wi l l lead to much more severe conditions in the i r radiat ion of 
fuel rods than in base load operation. Therefore, in order to 
confirm fuel r e l i a b i l i t y for this kind of operation, a simulation 
of the load follow and remote control operation is presently being 
carr ied out in a CEA experimental reactor containing twelve 17 x 17 
assemblies. In this reactor the same so l l ic i ta t ions as in a power 
plant w i l l be applied to the tested assemblies unt i l they reach a 
burnup similar to that of the discharge of a fuel reload. 

The tested assemblies have now accumulated about 300 cycles of 
dai ly load fol low, associated with a remote control operation 
during 50 % of the i r l i f e , without any clad fa i lu re due to load 
follow operation. 

INTRODUCTION 

In view of the signif icant increase in the role that nuclear power 
plants play in the production of e l e c t r i c i t y in France, i t has become 
necessary to provide load follow (a previsional production program 
compatible with the anticipated consumption) and remote control 
adjustment of the set point value of power supplied according to need) 
on l ight water nuclear reactor units. 

The control system presently in use in nuclear power plants does not 
allow for this type of operation. FRAMATOME has therefore developed 
a new control mode of reactor power, cal led D.M.A. (d isposi t i f pour 
une manoeuvrabilité a c c r u e ^ ) . 

This device is characterized by the use of control rods termed 
"grey rods" which are less absorbant than those in use at present. 
This scheme makes i t possible to obtain rapid variation of the power 
produced by the core without giving use to high local peaks. None the 
less, very frequent variations in power stress the fuel much more 
severly than in base load operation. 

In addition to an analytical approach to related phenomena, i t has been 
deemed necessary to simulate operation under load follow and remote 
control in an experimental pressurized water reactor and this on a 
large number of rods in order to get the f u l l benefit of s ta t i s t i ca l 
evaluation. 

This document presents the manner with which this simulation has been 
defined on the basis of operation data on a power reactor and i t s 
implementation. 

AIMS 

The s ta t is t ica l analysis of a large quantity of data from the 
operation of conventional power plants has made i t possible to 
define a typical signal which is s igni f icat ive of operation under 
dai ly load follow and remote control conditions. 



LOAD FOLLOW 

Load variations correspond to a cycle consisting of a decrease in 
power, a plateau.at reduced power and a power escalation to f u l l 
rated power. Over a year, these reduced power plateau are d i s t r i -
buted as follows : 

. plateau at 75 % PN 

. plateau at 50 X PN 

. plateau at 30 % PN 

in 30 % of cases 
in 60 % of cases 
in 10 % of cases 

With power escalation speeds (v) to f u l l rated power of : 

V < 0.5 % PN/MN in 30 % of cases 
. 0.5 % PN/MN V 1.5 % PN/MN in 60 % of cases 
. 1.5 % PN/MN V in 10 % of cases 

REMOTE CONTROL 

A remote control**signal represented below and covering a 12-hour 
operating period is superimposed on the dai ly load follow. 

% PN 
100 

95 

90 

Load l imi ter (100 % PN max) 

r r
 i /vn f H \f ll 

* PN : Nominal power 

Remote Control In f a c t , this term designates the superimposition 
of remote control as such and frequency adjustment(l) 

Moreover : ]]3 

. The fuel is subject to remote control during 50 % of i t s l i f e , 

. Remote control amplitude is a function of the value of the 
operationg level : 

OPERATING LEVEL AMPLITUDE 

95 % PN ( - 6.5 % + 5 1) PN 
75 % PN { - 6.5 % + 6,5 %) PN 
50 % PN ( - 6,5 % + 6,5 %) PN 
30 % PN ( - 6,5 l + 6,5 %) PN 

DEFINITION OF EXPERIMENTAL IRRADIATION 

The def in i t ion of the conditions of i r radiat ion in the experimental 
reactor was based on the same power requirements as those obtained 1n 
a 900 MWe reactor operating under load follow and remote control. 
The power supplied by the fuel and the corresponding variations in 
power have been calculated on the basis of the above described operating 
duty. 

DESCRIPTION OF IRRADIATION 

- Experiment conditions 

I rradiat ion was undertaken in an experimental C.E.A.* reactor located in 
CADARACHE : C.A.P. (Chaufferie Avancée Prototype) 

The simultaneous i rradiat ion of 12 fuel assemblies, which are identical 
to those f i t t e d to the power reactor (save for length), is made possible 
with this reactor. 

This reactor is controlled by four control clusters located on the 
periphery of the core. 

* CEA : Commissariat à l 'Energie Atomique. 



The thermohydraul ic conditions in the core are comparable with those of 

a 900 MWe PWR : 

. Operating Pressure 15 MPA 

. Coolant Mass Flowrate 2600 Kg M~2 5"1 

. Coolant average temperature : 280° C. 

- Description of fuel assemblies 

Four standard fuel assemblies designed by FRAMATOME and eight experi-
mental assemblies designed by CEA, are now being irradiated in the 
reactor, which represents more than 3000 fuels rods. 

The main standard fuel rod dimensions and characteristics are 
exactly the same as the ones of power plant fuel rods, save for the 
length. 

Rod away in assembly 17 X 17 

Active length 1800 mm. 

Fuel rod diameter 9.50 mm. 

Pel let diameter 8.19 mm 

Pellet-cladding diametral gap 0.165 mm. 

Backfi l l pressure 3 .1 MPa (gange) 

Backfi l l gas Helium 

The fuel rods of the experimental assemblies have a backf i l l pressure 
of 0 . 1 MPa, the other characteristics being similar to those of 
standard fuel rods. 

Implementation of fuel duty 

This experiment began in Octobre 1976 for the CEA assemblies and 

in June 1978 for the FRAMATOME fuel assemblies. 

The reactor power has been adjusted to obtain, for a maximum number 

of fuel rods, power levels which are representative of the three 

current cycles in power plants. 

The target average power levels for lead power rods are as follows : 

Power 1 level 
KW/m C E A FRAMATOME 

1st cycle 22 25 

2nd cycle 25 22 

3rd cycle 19 19 

Since the fuel assemblies were introduced into the reactor at di f férent 
times, the present situation corresponds to a second cycle for the 
FRAMATOME fuel assemblies and to a third cycle for the CEA assemblies. 

The following table gives the maximum power variations and correspon-
ding power supplied by the fuel during load follow and remote control 
transients. 

C E A F R A M A T O M E 

AP / P 
KW/m 

Load follow Remote control Load follow Remote control 

1st cycle 18/30 10/22 27/38 3/30 

2nd cycle 26/29 12/23 25/29 11/22 

3rd cycle 24/27 7/18 to be carried out 

The power variation amplitude in remotecontrol operation is more 
important during the second cycle than during the f i r s t one due to 
the position of assemblies under the control rods. 



At present the average achieved burn up is 11000 MWD/tU for the 
FRAMATOME assemblies (15000 MMO/tU max) and 22000 MWD/tU for the 
CEA assemblies (27000 MWD/tU max). 

The number of load follow cycles is respectively 200 for FRAMATOME 
assemblies and 300 for CEA assemblies. 

At present, the primary coolant act iv i ty is stable. This leads one to 
conclude that this mode of operation has not caused any damage to 
the fuel rods. 

The second irradiat ion cycle for the FRAMATOME fuel assemblies and 
the third cycle for the CEA assemblies are presently being carried 
and simultaneously the corresponing core pattern has been obtained 
by changing the position of the rod control clusters without 
unloading the fuel . This unloading is scheduled to take place at the 
end of 1979, and wi l l make on si te examination of the fuel assemblies 
possible. 

The irradiat ion of the four fuel assemblies shall be resumed unti l 
they reach a specific burnup approaching that of the one-third cores 
of power reactors at the end of their cycles. 

CONCLUSION 

This important research and development programm undertaken with 
the collaboration of EDF * shall enable confirmation of the correct 
behaviour of 17 X 17 fuel assemblies under new operating conditions 
thereby ensurring nuclear power plants with more f l e x i b i l i t y in operation. 

* EDF : E lectr ic i té de France. 
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