
Studsvik Report STUDSVIK-8S/6
IDC 621.039 54-49

620.194 2:66.092
I08.V94)

A REVIEW OF STUDSVIK'S INTERNATIONAL
POWER RAMP TEST PROJECTS

Hilding Mogard
Niels Kjaer-Pedersen

ROD POMIR

FE\F.TRATI(>,\
CRACKS \ CRACKS
fmrrow or light I \loprn - rrlfttr of fusion produrii)

FAILl'RF. THRESHOLD

>StC -MIN i H R LOG TIMF

OPEN RESEARCH DOCUMENT



STUDSVIK ENERGITEKNIK AB STUDSVIK-85/6

November 1985

Hilding Mogard
Niels Kjaer-Pedersen

A REVIEW OF STUDSVIK'S INTERNATIONAL POWER RAMP
TEST PROJECTS

ABSTRACT

Since 1975 a series of internationally sponsored
fuel irradiation researcn projects have been and
are being conducted at Studsvik, Sweden, under
the management of Studsvik Energiteknik AB. The
sponsoring parties comprise fuel vendors, nuclear
power utilities, national research organizations
and, in some cases, safety authorities. Geographi-
cally the parties represent organizations in
Europe, Japan and the USA.

The main research topic of the STUDSVIK projects
is the Pellet Clad Interaction (PCI) induced
Stress Corrosion Cracking (SCC) failure occur-
rence in LWR fuel under power ramping conditions.
The research is conducted in the 50 HW R2 test
reactor and the associated hot cell laboratory.
Prior to the experiments the test fuel is base
irradiated, normally in commercially operated
light water reactors.

Results have been published for the INTER-RAMP,
OVER-RAMP, DEMO-RAMP I, DEMO-RAMP II and SUPER-
RAMP projects. The release of the TRANS-RAMP I
results is imminent. There are two ongoing pro-
jects, i.e. SUPER-RAMP EXTENSION and TRANS-RAMP II.

The paper presents an overview of the objectives
and main results of the various projects. An
attempt is made to summarize the more important
observations on PCI failure performance in the
perspective of design parameters, fuel burnup
levels, power histories, power ramp rates, etc.
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1 INTRODUCTION

Since 1975 a series of internationally sponsored

fuel irradiation research projects have been and

are being conducted at Studsvik, Sweden, under

the management of Studsvik Energiteknik AB. The

sponsoring parties comprise fuel vendors, nuclear

power utilities, national research organizations

and, in some cases, safety authorities. Geographi-

cally the parties represent organizations in Europe,

Japan and the USA.

The sain research topic of these projects is the

Pellet Clad Interaction (PCI) induced Stress

Corrosion Cracking (SCC) failure occurrence in

LWR fuel under power ramping conditions. The

research is conducted in the 50 MW R2 test reactor

and the associated hot cell laboratory [1-5] after

base irradiation to a suitable burnup level.

A compilation of data on STUDSVIK's International

Power Ramp Programs was published in a recent

review by Knaab, Lang and Mogard [6]. The general

scope of the various programs can be summarized as

follows:

INTER-RAMP (IR)

Investigated the performance of BWR test
fuel rods when subjected to fast power
ramps, after base irradiation in the R2
test reactor to a burnup in the range
of 10 to 20 Mtfd/kg U [7-8].

OVER-RAMP (OR)

Investigated the performance of PWR test
fuel rods when subjected to fast power
ramps, after base irradiation in power
reactors to a burnup in the range of 12
to 31 MWd/Xg U [9].
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DEMO-RAMP I (DRI)

Investigated the performance of BWR
remedy test fuel rods (pre-pressurized,
hollow pellets, niobia-doped) when sub-
jected to fast power raaps, after ir-
radiation in a power reactor to a burn-
up of about 15 MWd/kg U [10].

DEMO-RAMP II (DRII)

Investigated the. performance of power
reactor irradiated BWR test fuel rods
(burnup in the range of 25 to 29 MWd/Xg U)
when subjected to fast power ramps. A
study of the incidence of incipient
crack formation as a function of ramp
terminal levels and hold times in short
time power transients [11-12].

TRAMS-RAMP I (TRI)

Investigated the performance of power
reactor irradiated BWR test fuel rods
(burnup in the range of J.8 to 21 MWd/kg U)
when subjected to very fast, short-duration
power transients exceeding the PCI failure
threshold. A study paying particular atten-
tion to the development of critical con-
ditions for PCI incipient crack formation
[11, 13].

TRANS-RAMP II (TRII)

Investigated the response of PWR test
fuel rods to simulated PWR power transi-
ents (such as potentially induced by a
steamline break) with respect to the
possible occurrence of xCI failure.

SUPER-RAMP (SR)

Investigated the failure propensity of
BWR and PWR test fuel rods when sub-
jected to power ramps, after base ir-
radiation to high burnup in power re-
actors [ 14].

The PWR test fuel rods had burnup levels
in the range of 35 to 45 MWd/kg U and
were all tested using a fast ramp rate.
The 3WR test fuel rods had burnup levels
in the range of 28 to 38 MWd/kg U and
were tested using -i.rther a high or a
very low ramp rate.
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SUPER-RAMP EXTENSION (SRX)

Performs additional PIE on the existing
SR test fuel to expand and complete the
data base. Investigates the potentially
beneficial effect of the pre-pressurization
of BWR 8 x 8 type fuel on the critical
safe conditioning ramp rate. Performs a
few additional power ramp tests to gain
some insight into the mechanism behind the
observed failure resistance of certain
types of SR test fuel rods.

The results of a particular research project

remain the exclusive property of its participants

for some agreed time after the termination of the

project. So far, the results have been published

for the INTER-RAMP, OVER-RAMP, DEMO-RAMP I, DEMO-

RAMP II and SUPER-RAMP projects. The release of

TRANS-RAMP I results is imminent. SUPER-RAMP

EXTENSION and TRANS-RAMP II are presently in

progress and further projects are in a pre-project

preparatory phase.

The main results of most of the projects carried

out so far may be summarized in terms of a PCI

"failure threshold" for the various fuel types as

a function of the burnup. This failure threshold

is defined as the lowest power level at which the

fuel may be ramped without inducing PCI failure.

For some recent projects (TRANS-RAMP I, TRANS-

RAMP II), further information has been obtained in

terms of a complete "failure boundary", which (at

a given burnup) defines the time to failure for a

range of power levels above the failure threshold,

following a very fast approach (i.e., within a time

shorter than the thermal time constant of the fuel

rod) to the power level in question. Furthermore,

within these specific projects, hot cell investi-

gations have been carried out to yield information

on the time to formation of incipient SCC cracks
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as well as to various degrees of propagation of

such cracks, as a function of the power level and

hold time at peak power.

Besides the above main results, the various pro-

jects have also yielded a large amount of associ-

ated data, e.g. fission gas release, cladding de-

formation at failure, fuel creep and microstruc-

tural change, etc.

This paper presents selected main results of the

STUDSVIK projects for which data have been so far

released, in terms of failure threshold and fail-

ure boundary.
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2 FAILURE THRESHOLD RESULTS

Data on the failure threshold, as defined in the

introduction, may be expressed as absolute power

to failure, or as incremental power to failure.

In the latter case, the overpower relative to an

assumed "conditioned state" is taken as a measure

of the failure resistance of the rod. The con-

ditioned state is the power level at which the

fuel-cladding gap is zero, without a significant

contact pressure.

Clearly, the conditioned state is not easily

determined. The assumed value must be selected on

the basis of end of base irradiation power levels,

possibly taking into consideration the power level

at which the fuel rod is held for a short time just

prior to the ramp test. This level is referred to

as the "conditioning level" and should not be

confused with the conditioned state defined above.

In the INTER-RAMP (IR), OVER-RAMP (OR) and SUPER-

RAMP (SR) Projects, "fast" ramp rates were used

to increase the power from the conditioning level

to the ramp terminal level. These fast ramp rates

were such that the power rise typically occurred

in the course of a few minutes. Thus, they were

not fast enough for an adequate determination of

the time to failure in the general case. The

results of these "fast" ramp rate tests therefore

consist of sets of failure/no failure measurements,

from which failure thresholds within each set may

be determined as a function of burnup.

The SR program also included a small number of

tests performed at a very slow ramp rate. These

tests were directed at determining a possible

increase of the failure threshold as a result of

decreasing the ramp rate. This possible benefit
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was to be established relative to failure thres-

holds determined from experiments other than

those of IR, OR and SR.

In IR, the rods were all of relatively uniform

BWR design, whereas OR contained several different

PWR designs, and SR contained both BWR and PWR

rods, each type representing different designs.

The IR rods were all base irradiated in R2, whereas

the OR and SR rods were base irradiated in various

power reactors.

Th'i total number of rods tested at the "fast" ramp

rate in the three programs was close to one hundred.

Despite the difference in fuel types, designs and

base irradiation histories for IR, OR and SR, it

is possible to see certain patterns in the failure

threshold data from these three programs as

detailed in the following subsections.

2.1 Absolute Failure Threshold

All the data from the "fast" ramp rate tests of

IR, OR and SR are plotted in Figures A.I and A.3

in terms of ramp terminal level versus burnup.

The data of Figure A.I corresponds to the following

category of test rods:

Category 1; INTER-RAMP
(Special production by
ASEA-ATOM, BWR)

OVER-RAMP
(Westinghouse, PWR)

SUPER-RAMP
(Westinghouse, PWR)

SUPER-RAMP
(Kraftverk Union, BWR)
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The data of Figure A.3 corresponds to the following

category of test rods:

Category 2: OVER-RAMP
(Kraftverk Union/Combustion
Engineering, PWR)

SUPER-RAMP
(Kraftverk Union/Combustion
Engineering, PWR)

In Figure A.I, the data defines a failure thres-

hold vhich conforms to a straight line within a

scatterband of about + 2 kW/m and with a slope of

approximately 0.3 (kW/m)/(MWd/kg U ) .

In Figure A.3, the data also defines a failure

threshold which may be approximated by a straight

line vith the same slope as in Figure A.I, the

scatterband also being of the same magnitude.

However, for some rod groups tested at burnup

levels above 40 MWd/kg U, no failures were

obtained, even at ramp terminal levels consider-

ably above the threshold as defined by the rest

of the data. Thus, the straight line approximation

to the failure threshold is not valid in a general

sense above 40 MWd/kg U.

By comparing the failure thresholds of Figures A.I

and A.3, it may be concluded that Test Rod Category 2

exhibited a failure threshold that was about 7.5 kW/m

above that of Test Rod Category 1, within the burnup

range where both figures permitted the definition of

•a threshold. Above 40 MWd/kg U, the difference in

failure threshold is even higher.

The difference in performance between the two rod

categories could not be linked to any specific

design features such as grain size, dishing of

the pellets, gap size, annular pellet geometry,
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fuel porosity, etc., since a number of such design

variations are represented within both categories.

There are, however, certain features of the clad-

ding characterization and the temperature history

of the cladding during the base irradiation that

are specific to each of the two categories.

During testing, it has been seen that the cladding

temperature has also had some effect on the ramp

performance of the high burnup rods of Category 2.

2.2 Incremental Failure Threshold

In order to study the data trend for the overpower

to failure relative to the conditioned state

prior to the ramp, an estimate was made of the

conditioned state, based on the base irradiation

histories and the conditioning power level. The

following conditioned states were selected:

INTER-RAMP

OVER-RAMP:

SUPER-RAMP

SUPER-RAMP

SUPER-RAMP

SUPER-RAMP

PWR, KWU/CE:

PWR, W:

BWR, KWU (except BK 7/4,8):

BWR, BK 7/4,8:

Last high power
cycle average
less 3 kW/m
27 kW/m

22 kW/m

25 kW/ra

22 kW/m

18 kW/m

The uncertainty associated with these estimates is

not greater than 3 kw/m.

Using the above conditioned states, the plots of

Figures A.2 and A.4 were generated.

The same general patterns are found in these

figures as in those showing ramp terminal level.

The incremental failure threshold can still be
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approximated by a straight line within a scatter-

band of ± 2 kW/m. The difference in failure thres-

hold between the categories is still 7.5 kW/m,

however the slope has vanished, indicating that

the burnup dependency of Figures A.I and A.3 was

probably due to a gradual decline in the con-

ditioned state, due to the decreasing power level

of the base irradiation.

It is interesting to note that there are fewer

points falling on the "wrong" side of the scatter-

band in Figures A.2 and A.4 than in Figures A.I

and A.3. It may also be observed that the excep-

tional performance of the Category 2 rods at burnup

levels over 40 MWd/kg U appears less striking,

which may have to do with a possible tendency of

power reactor power levels to level off at high

burnup, so that the rate of deconditioning is

halted.
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3 FAILURE BOUNDARY RESULTS

The damaging impact of simulated, off-normal power

transients on the integrity of Zircaloy fuel cladding

as regards PCI/SCC has been studied in a series of

recent STUDSVIK projects. The general aim has been

to study the kinetics of the formation of PCI/SCC

defects at peak power levels above the PCI failure

threshold. The progression of the damage process

has been followed experimentally through "inter-

rupted" ramp tests, from the moment of crack

initiation at the clad inside surface through the

crack propagation phase, until through-wall

penetration and subsequent fission product out-

leakage to the water coolant.

The DEMO-RAMP II (DRII) and the TRANS-RAMP I (TRI)

projects both made use of unpressurized BWR 8 x 8

type rodlets that had been base irradiated in the

Wiirgassen reactor to burnup levels of approximately

28 and 20 MWD/kg U, at LHGRs of a typical range of

20 - 25 kW/m.

The DEMO-RAMP II project indicated that cladding

defects in the form of incipient SCC cracks readily

formed within less than a minute upon the holding

of the transient peak power following a fast rate

of power increase (approximately 0.3 kW/m,s). A

slower ramp rate of approximately 0.07 kW/m,s

produced less PCI/SCC damage (Figure A.5).

These findings among others, raised concern for

whether any of the more severe, anticipated off-

normal transients would damage the cladding

unacceptably. This issue was addressed in the TRI

fuel project.

The transients were simulated in this case, by

raising the fuel LHGR far beyond the failure
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threshold (up to 56 kW/m) with the highest rate

of power increase achievable (10 kW/m,s) by the R2

reactor. After various preset times of duration

the heat generation was interrupted. The PCI

failure progression was then experimentally

established in terms of three distinct and well-

separated power/time boundaries (Figure A.6):

1. Crack initiation

2. Through-wall cracking

3. Out-leakage of fission products.

The cracks were initiated after some 5 - 1 0 sec

into the transient, caused clad failure after some

60 - 75 sec and caused fission product out-leakage

after about 10 min (Figure A.7). The clad failure

was promptly signalled by the elongation monitor

as a sudden contraction.

The failure boundary, which at longer hold times

coincides with the "conventional" failure thres-

hold, turned abruptly upwards at shorter hold

times, indicating an insensitivity of the failure

time to the transient peak power level.

Likewise, the TRII project, which has not yet been

completed, aims at studying the failure progression

through interrupted transient tests, but by using

base irradiated PWR fuel rods (from the Spanish

Zorita reactor). A power transient following a

steam line break is being simulated there.

In conclusion, the experience accumulated so far,

indicates that the "failure boundary" approach in

fuel ramp testing provides additional valuable

information compared to the conventional "failure

threshold" testing, i.e. it provides information

on both:
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1.

2.

power ramp step to failure

time to failure above the failure thres-
hold.

In particular, the failure boundary will provide

more useful criteria on the PCI/SCC propensity,

by demonstrating, e.g. improvements in the failure

resistance of PCI "remedy" fuel concepts.
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4 SUMMARY AND CONCLUSION

The STUDSVIK International Projects have yielded

a large data base on the PCI performance of various

designs of both BWR and PWR rods.

Failure thresholds have been determined from the

INTER-RAMP, OVER-RAMP and SUPER-RAMP Projects and

have revealed an interesting pattern that involves

a splitting of the data base into two categories,

within each of which the failure threshold is

relatively well-defined with minimal sensitivity

to a number of design features. Any burnup depend-

ency of the failure threshold seems to be associated

with the conditioned state, thereby only affecting

the absolute failure threshold, and not the in-

cremental, or overpower failure threshold. There

is a distinct difference of about 7.5 kW/m in the

level of the failure threshold (both absolute and

incremental) between the two categories of rods.

For rods with burnup over 40 MWd/kg U belonging to

the category with the higher failure resistance,

the failure threshold was higher than expected and

could not be determined. The reason for this is not

fully known.

The TRANS-RAMP i and DEMO-RAMP II Projects have

yielded information to determine a complete failure

boundary for BWR rods at about 20 MWd/kg U. The

experiments used a very high ramp rate to generate

data that determined the complete failure boundary,

i.e. the time to failure at power levels above the

failure threshold. The time to failure is a decreas-

ing function of the overpower, levelling off at about

60 seconds at the highest obtainable power levels

(60 kW/m). Hot cell investigations have produced

curves for the onset of incipient cracking and for

various degrees of cladding penetration. These

curves are largely congruent with the failure
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boundary, but displaced to the left over the time

axis. The onset of crack initiation occurs at about

5 - 1 0 seconds into the up-rising transient, i.e.

just after surpassing the PCI failure threshold.
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