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An assessment is made of recent test data from France, Japan, and/

Russia, and of earlier test data from the U.S., in relation to

the safety analysis performed for power reactors in the U.S.

Considerations include mode of cladding failure, oxidation,

hydriding, and pulse-width effects. From the data trend and from

these considerations, it is concluded that the cladding failure

threshold for fuel rods with moderate-to-high burnup is roughly

100 cal/g for BWRs and PWRs. Realistic plant calculations

suggest that cladding failure would not occur for rod-ejection or
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rod-drop accidents and, therefore, that pellet fragmentation and

enhanced fission product release from fuel pellets should not

have to be considered in the safety analysis for these accidents.

However, the data base is sparse and contains a lot of

uncertainty.

I. INTRODUCTION

Only a small number of design-basis accidents are postulated for

licensing of LWRs in the U.S. and one class of these events

includes reactivity accidents. In PWRs, the most severe of such

accidents assumes that a control rod housing in the pressure

vessel head breaks and the control rod assembly is ejected from

the core as a result of a pressure differential. The worst such

potential accident would occur from zero power conditions, and

the minimum coolant temperature for such an accident would be

271°C (520°F) as set by Technical Specifications. Since initial

heatup is accomplished with heat from the coolant pumps, coolant

would be flowing through the core at this time. This is the so-

called hot zero-power rod-ejection accident.

In BWRs, the most severe postulated reactivity accident would

also occur at zero power and assumes that a control blade being

withdrawn becomes detached from the drive, sticks, and then later

drops rapidly out of the core. Because BWRs can heat up with

nuclear heat, this accident could occur with the coolant at room

temperature; however, coolant flow from at least one pump is
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required by Technical Specifications. This is the so-called cold

zero-power rod-drop accident.

In the U.S., two types of regulatory criteria have been used in

safety analyses to address these reactivity accidents. One is a

limit of 280 cal/g on peak calculated fuel rod enthalpy, and this

limit was intended to ensure coolability of the core after such

an accident and to preclude the energetic dispersal of fuel

particles into the coolant. (This and other enthalpy values

quoted here will always be taken as radial averages.)

The other regulatory criterion consists of several threshold

values that are used to indicate cladding failure — i.e., the

occurrence of a breach in the cladding that would allow fission

products to escape. This criterion is used in calculating

radiological releases for comparison with other limits. For

PWRs, a critical heat flux value related to departure from

nucleate boiling (DNB) is used. For BWRs, a similar value is

used for high-power accidents, but for low-power and zero-power

accidents an enthalpy value of 170 cal/g is used.

In late 1993, a test was run in the CABRI test reactor in France,

and this test produced cladding failure at an enthalpy of about

3 0 cal/g (15 cal/g enthalpy rise). Fragmented fuel particles

were dispersed from the fuel rod in this test, and enhanced

fission product release was observed. A short time later in
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1994, a similar test in the NSRR test reactor in Japan produced

cladding failure at an enthalpy of about 60 cal/g. These values

were so far below the 170 cal/g failure criterion that the NRC

initiated an investigation into this situation and issued an

Information Notice to licensees [1]. The NRC regulatory staff

then performed a review of the safety significance of this

situation and concluded that there was no significant impact on

public health and safety because of the low probability of the

event and the high likelihood that core coolability would be

maintained, although there might be some increase in the fuel

damage fraction.

Notwithstanding this conclusion, there is still the question of

the adequacy of NRC's regulatory criteria for this type of

accident, and there are unanswered questions about the behavior

of fragmented fuel particles and fission products released during

such an event. Consequently the NRC research program has

continued an investigation into the behavior of high-burnup fuel

rods under conditions of reactivity accidents, and this report is

a summary of the work to date.

II. PLANT CALCULATIONS

One of the first considerations in assessing fuel damage during

reactivity accidents is to understand the nature of the power

transient that high-burnup fuel might be subjected to. Licensing

calculations for rod-drop and rod-ejection accidents are often
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done with conservative one-dimensional or point kinetics models

that do not resolve the local nature of the power pulse.

Therefore, a more detailed analysis was desired than could be

found in a typical licensing safety analysis report.

Calculations for a rod drop accident were performed with three-

dimensional neutron kinetics in order to assess what happens

during the power transient in a BWR [2]. This analysis used the

RAMONA-4B code [3] and two core models. A rigorous core model

with a maximum bundle burnup of 30 GWd/t was used as well as a

pseudo high-burnup core model with burnups up to 60 GWd/t. The

maximum fuel bundle enthalpy was calculated to be less than 45

cal/g for the medium-burnup case and less than 7 0 cal/g for the

pseudo high-burnup case with low inlet subcooling. Power pulse

widths (at half the maximum power) were in the range of 30-75

msec with narrower pulse widths accompanying higher power pulses.

Others have recently made similar calculations. Westinghouse

used a full-core, three-dimensional model for a case described as

"extremely limiting" and found a peak fuel enthalpy of about 95

cal/g for fuel rods with burnups around 40 GWd/t [4]. This was

about a factor of two lower than values they obtained with their

standard licensing model. General Electric, using a three-

dimensional kinetics model, reports a peak enthalpy of less than

20 cal/g for a burnup of about 40 GWd/t, and states that this is

about 33% lower than peak enthalpies calculated with their
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licensing model [5]. General Electric reported a pulse width of

75 msec. An EPRI study, also utilizing three-dimensional models,

looked at a PWR case and a BWR case [6]. In both cases they

found peak fuel enthalpies around 40 cal/g.

As analysts remove conservative assumptions and move toward

better estimates for the fuel enthalpy, there is a corresponding

need to improve the understanding of the uncertainty in these

calculations. This was done by first examining the sensitivity

of the peak fuel bundle enthalpy to fundamental parameters whose

modeling introduces significant uncertainty that may increase

with burnup. These parameters are the control rod worth, Doppler

reactivity coefficient, delayed neutron precursor fraction, and

fuel specific heat.

Figure l shows the results of a parametric study with ranges for

the uncertainty in dropped rod worth and Doppler coefficient, and

with the uncertainty in delayed neutron precursor fraction

assumed to be 5%. A best-estimate point can be obtained using

engineering judgments of 10% for control rod worth and 15% for

the Doppler coefficient. This value is 37% as shown in the

figure and it can be interpreted as the standard deviation on the

random error.

In addition to the random component, systematic errors may be

present with some making the calculation non-conservative and
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son* making it conservative, one source of error has been

investigated; namely, the effect of the fuel rod enthalpy

distribution within a bundle. RAM0NA-4B calculates the fuel

bundle average enthalpy, and estimates must be made of a bundle

peaking factor to determine the fuel rod enthalpy. In this

study, an approximate bundle power reconstruction was used to

estimate the local power peaking. It was determined that the

peaking factor could be 25% higher than the factor usually

assumed for a rod drop analysis. Combining this error with the

random error suggests that the actual fuel rod enthalpy could be

as much as 100% larger than calculated at the 2-sigma confidence

level. Although this value will depend on the methodology used,

it is expected that other methods would have similar errors.

Considering the variability in this and other analyses, our

results are consistent with others. All show that the expected

fuel enthalpy would be far below the 280 cal/g limit and well

below the 170 cal/g cladding failure threshold, which is in

question. For the remainder of this paper, we will assume that

the peak fuel enthalpy is 100 cal/g for a rod-drop accident in a

BWR and for a rod-ejection accident in a PWR. We will also

assume that the minimum power pulse width in a BWR and PWR is 3 0

msec.

III. FUNDAMENTAL CONSIDERATIONS

In interpreting integral test data that appear to show a trend,
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it is helpful to know if there are underlying phenomena that

could cause the trend- This is the situation for the French and

Japanese test results that seem to show a reduction at high

burnup in the ability of the cladding to resist failure.

It is well known that Zircaloy cladding looses ductility and

becomes more brittle at high burnup [7]. There are three main

effects. One results from the absorption into the Zircaloy of

hydrogen that is released from the oxidation (corrosion)

reaction. As the hydrogen concentration increases, hydrogen

precipitates as hydrides in the metal, increasing the metal's

hardness and reducing its ductility. The second effect comes

from oxygen itself, which is added to Zircaloy as an alloying

element to increase strength. At even moderate burnup levels,

the concentration of oxygen can double thus increasing hardness

and reducing ductility [8]. The third effect is lattice damage

from fast neutrons, which further increase hardness and reduce

ductility.

The French and Japanese test results also exhibited enhanced

fission gas release, fragmentation of the oxide fuel pellets, and

the dispersal of some of those fragments into the coolant. High

burnup also affects the microstructure of the fuel pellets in a

way that would lead to enhanced gas release and fragmentation

[9]. The continued accumulation of fission gases in the oxide

matrix causes the microstructure to change, particularly near the
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pellet periphery where the burnup is greatest. The original

oxide grain size is reduced, and high pressure bubbles of fission

gas attach themselves to the grain boundaries. Any sudden

temperature increase, such as would occur during a reactivity

accident, would cause gas expansion that could separate the grain

boundaries and fragment the material.

Thus there are fundamental phenomena that appear to explain the

apparent reduction in cladding failure threshold, the observed

expulsion of fuel fragments, and enhancement of fission gas

release.

IV. MODE OF CLADDING FAILURE

Before discussing the test reactor data in detail, it is useful

to look at the types of failures that have been observed. In

particular, the following series of photographs will show some

failures that resulted from a mechanical stress applied to the

cladding by the expanding pellet — the so-called pellet cladding

mechanical interaction or PCMI — and some failures that occurred

because the cladding got too hot. The change in failure mode is

undoubtedly related to the change in ductility of the cladding as

it reaches higher burnups and becomes heavily oxidized (and

hydrided).

Figure 2 shows the fracture tip of specimen REP-Nal (64 GWd/t)
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from the CABRI test program [10,11,12]. The fracture surface is

nearly perpendicular to the cladding wall, and the failure

occurred by crack initiation and growth. This is a brittle

fracture, with the cladding exhibiting no appreciable strain; the

failure occurred by a PCMI at a low temperature and a very low

value of deposited energy.

Figure 3 shows the fracture tip of specimen HBO-1 (50 GWd/t) from

the NSRR test program [13,14,15]. The outer part of the cladding

failed in a brittle manner, but the inner part of the cladding

exhibits the characteristic 45-degree angle of a ductile shear.

This was also a PCMI failure that occurred at a low temperature,

but the cladding exhibited measurable strain.

Figure 4 shows the fracture tip of specimen 804-1 (6 GWd/t) from

the PBF test program [16]. This cladding was even more ductile

than HBO-1, and the failure was by pure ductile shearing

throughout the wall thickness. Nevertheless, ductility was still

limited sufficiently that the cladding did not accommodate the

expansion of the pellet; the cladding failed by PCMI at a

relatively low temperature. This fuel rod went on to experience

high temperatures after the failure as evidenced by the

accumulation of oxide on the fracture surface, just as it appears

on the outer surface and some of the inner surface.

Figure 5 shows the fracture tip of specimen 801-3 (zero burnup),
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also from the PBF test program [17]. This cladding did not fail

by a PCMI at low temperature; rather, it reached a very high

temperature, which resulted in severe oxidation along with some

wall thinning and thickening. The cladding failed during

quenching as can be inferred from the absence of further

oxidation on the fracture surface.

Figure 6 shows the failure section of specimen H7T (47 GWd/t)

from the IGR test program [18,19,20]. Like the previous case

(Fig. 5), this niobium-alloy cladding had sufficient ductility to

survive the PCMI and accommodate higher fuel enthalpies. Unlike

the previous case, this specimen had a large pressure

differential across the cladding during the test so that it

ballooned and failed by rupturing at an intermediate cladding

temperature. It did not experience high enough temperatures to

cause the extreme oxidation seen in Fig. 5.

Thus we see a transition from PCMI-type failures to high-

temperature failures that is apparently related to available

cladding ductility. And within the PCMI-type failures, there is

a progression from more brittle to less brittle behavior.

V. TEST REACTOR DATA

Early test results on reactivity accidents from the SPERT and PBF

test reactors in the U.S. were summarized by MacDonald et al.

[21]. More recent work from the NSRR test reactor in Japan has
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been reported by Fujishiro et al. [22] and Nakamura et al. [23].

The maximum burnup of fuel rods tested in those earlier programs

was about 42 GWd/t.

A. CABRI

The first test result with high-burnup fuel that exhibited

cladding failure at a low fuel enthalpy came from the CABRI test

reactor, which is operated by the Nuclear Safety and Protection

Institute in France. The reactor consists of a driver core in a

water pool and a test loop with liquid sodium for the coolant.

The test loop was designed for research on fast reactors, but has

been used recently for this LWR project. Thus heat transfer was

not representative of LWRs, and testing temperatures had to be

kept high in order to keep the sodium liquid.

Table 1 lists the important characteristics of the high-burnup

fuel tests that have been performed in the CABRI sodium loop

[10,11,12]. Test REP-Nal is the test with the low failure

enthalpy. Most of these tests have been performed with standard

fuel rods from a commercial PWR in France. Pulse width, which is

of special concern and is discussed below, is determined largely

by doppler feedback characteristics of the core in the test

reactor and is relatively fixed. For the CABRI reactor, the

natural pulse width is around 9.5 msec. Because this is

substantially narrower than a typical LWR prompt-critical pulse,

the researchers at CABRI developed a technique to artificially
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broaden the pulse. One of the tests in Table 1 (REP-Na4) was

performed with a broadened pulse.

B. NSRR

Shortly after the low energy failure occurred in the CABRI

program, a low energy failure was observed in the NSRR test

reactor. This reactor is operated by the Japan Atomic Energy

Research Institute. NSRR is a TRIGA-type annular core pulse

reactor in a water pool. While a water loop has been used for

some testing in NSRR, it is not used with highly radioactive

irradiated fuel specimens. Tests with these specimens are

conducted in an instrumented capsule at ambient conditions. The

natural pulse width of NSRR is about 5 msec.

Table 2 lists the important characteristics of high-burnup fuel

tests with PWR fuel that have been performed in the NSRR test

reactor [13,14,15]. Test HBO-1 is the test with the low failure

enthalpy, and that result was later repeated in Test HBO-5.

These tests were performed with standard fuel rods from

commercial PWRs in Japan.

Table 3 lists characteristics of some medium-burnup fuel tests in

NSRR with PWR-type fuel rods. These test rods were not typical

of irradiated commercial rods inasmuch as they were irradiated in

the JMTR test reactor in an unpressurized helium environment.

Thus they experienced no cladding creepdown and no cladding
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oxidation. Nevertheless, the cladding did accumulate neutron

fluence and this did affect the failure mode.

Table 4 lists characteristics of medium-burnup fuel tests in NSRR

with standard fuel rods from a commercial BWR in Japan. Cladding

in BWRs typically experiences low levels of uniform oxidation

along with highly localized lens-shaped white oxides called

nodules [24]. The nodules create underlying corrosion pits that

can weaken the cladding, but failures were not seen in this test

series with moderate burnup specimens.

C. IGR

During the 1980s and early 1990s, a large series of reactivity-

accident tests was carried out in the IGR test reactor by the

Russian Research Center "Kurchatov Institute." The IGR reactor

is a uranium-graphite pulse reactor with a central experimental

channel. Tests were performed with specimens in capsules under

ambient conditions. As a rule, an experimental capsule contained

two fuel rods: one high-burnup fuel rod and one fresh fuel rod.

For safety reasons, instrument penetrations were not used when

irradiated specimens were being tested, so the tests with high-

burnup fuel were not instrumented. The natural pulse width for

this reactor is about 700 msec, which is much broader than the

pulses mentioned above.

Table 5 lists the characteristics of the high-burnup fuel tests
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in the IGR reactor [18,19,20]. These tests were performed with

standard fuel rods from a commercial WER in Russia- The main

difference between the WER fuel rods and PWR fuel rods is that

the WER rods have a different cladding alloy and a centerline

hole in the fuel pellets.

D. PBF

During the period 1978-1980, reactivity-accident tests were

performed in the PBF test reactor for the U.S. Nuclear Regulatory

Commission. The reactor consists of a driver core in a water

pool and a pressurized water test loop that could provide a wide

range of test conditions. PBF has a natural pulse width of about

20 msec and produced nearly prototypical conditions.

Table 6 lists the characteristics of the fuel tests in the PBF

reactor [16,17,25,26]. Tests ST-1 through ST-3 were single-rod

tests with fresh PWR-type fuel rods. The remainder of the tests

were performed with PWR fuel rods from the Saxton PWR prototype

reactor. Tests RIA 1-1 and 1-2 each contained four fuel rods,

but they were in individual flow shrouds such that they behaved

as single-rod tests. Test RIA 1-4 was a true multi-rod test with

a 3x3 array of nine fuel rods. Test energies were relatively

high in the PBF test series because that program was designed to

examine fuel behavior near the 280 cal/g fuel enthalpy licensing

limit.



16

E. SPERT

Earlier tests with irradiated fuel rods were performed in the

SPERT test reactor for the U.S. Atomic Energy Commission. There

were several SPERT facilities with different cores, and the core

used for the tests of interest was the Capsule Driver Core (CDC),

hence these tests are often referred to as CDC tests. Single

rods were tested in an instrumented water-filled capsule at

ambient conditions. SPERT with the Capsule Driver Core had a

natural pulse width of about 20 msec.

Table 7 lists the characteristics of the irradiated fuel tests in

the SPERT reactor [21,27]. The test rods were BWR-type fuel rods

manufactured to specifications being used by General Electric Co.

at that time, except that many of the rods had a smaller outside

diameter in order to achieve higher energy depositions. All of

the rods listed in Table 7 are of the smaller size except CDC-703

and 709. These smaller rods also had a correspondingly reduced

cladding thickness and gas gap. Preirradiation to accumulate the

burnup was done in the ETR test reactor at atypically high power

levels.

VI. INTERPRETATION OF DATA

A. Departure from Nucleate Boiling

Two groups of tests produced cladding failures by high

temperature processes. The high temperatures resulted from poor

heat transfer to the coolant after departure from nucleate
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boiling. These tests were the PBF tests with fresh PWR fuel,

which exhibited a failure threshold around 225 cal/g, and the IGR

tests with WER fuel, which exhibited a failure threshold around

150 cal/g.

The IGR rods failed at a lower fuel enthalpy, and a

correspondingly lower cladding temperature, than the PBF fuel

rods because the IGR test capsule was unpressurized and there was

a large pressure differential across the cladding to cause

ballooning with subsequent rupture (around 900°C) . The PBF test

rods did not balloon, and therefore did not rupture, so the

cladding temperature continued to increase (above 1200°C) ,

producing heavily oxidized cladding that fractured upon

quenching. There was also no coolant flow in the IGR tests, and

that will be seen below to lead to earlier DNB.

Some of the tests in NSRR, SPERT, and PBF were instrumented with

cladding thermocouples such that the onset of DNB could be

measured. One such study of cooling conditions during reactivity

transients was conducted with shrouded single rods in NSRR [28].

Results were found to depend on initial coolant temperature,

shroud diameter, and coolant velocity, with the greatest

sensitivity to coolant velocity. The DNB threshold was found to

be approximately 60 cal/g for no-flow conditions and 115 cal/g

for coolant flow of 1.8 m/sec. Corresponding cladding failure

thresholds were significantly higher at 175 cal/g and 205 cal/g,
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respectively.

We attempted to determine the onset of DNB from cladding

temperature measurements from fuel bundle tests in SPERT and PBF.

To get this information, DNB was assumed to occur when the

cladding temperature exceeded the saturation temperature by 50°C.

The time at which this temperature was reached was determined

from thermocouple data, and then the fuel enthalpy at that time

was calculated from the power pulse.

There was quite a variation in results, ranging from a low of 70

cal/g to well over 200 cal/g. Nevertheless, the lowest values

correspond to cases in which there was no coolant flow whereas

the cases with coolant flow were generally higher. These results

are consistent with the results from NSRR discussed above.

B. Cladding Ductility

Except for the IGR tests with niobium-alloy cladding and the

near-zero-burnup tests with Zircaloy-clad fuel, all the rest of

the cladding failures in the data base above resulted from PCMI.

It seems clear that cladding failure by PCMI occurs when the

cladding does not have sufficient ductility to accommodate the

expansion of the fuel pellet during the transient and to reach

the higher temperatures following DNB prior to failure.

We have calculated the fuel pellet expansion with FRAP-T for a
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pulse with a width of 3 0 msec and a peak fuel enthalpy of 100

cal/g. Although the code does not contain models for all the

important high-burnup effects, it at least describes fuel thermal

expansion and gives an order of magnitude indication of fuel

pellet expansion; this magnitude is about 1.5%. While pellet

surface displacement might be more than this due to gas

expansion, and a portion of the displacement may be compensated

by the fuel-to-cladding gap, displacements of this order must be

accommodated by cladding strain. Zircaloy cladding appears to

have sufficient ductility for these strains only when it is

fresh, whereas Zr-l%Nb cladding used on the WER fuel appears to

have sufficient ductility even at high burnups.

C. Oxidation and Burnup

The traditional way of plotting data from these tests uses burnup

as the abscissa, but burnup is not the best choice for that

variable. From the fundamental considerations, it is expected

that cladding ductility, and hence the propensity for failure,

will depend on both burnup (related to fluence) and oxidation

(related to hydride absorption). But from the test data, it can

be seen that oxidation is the more important variable. Figure 7

illustrates this point. In three pairs of tests, specimens taken

from higher elevations failed, whereas specimens taken from lower

elevations of the same fuel rods did not fail under similar test

conditions. The major difference between the failed and non-

failed specimens was the much higher amount of cladding oxidation
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at the higher elevations (related to higher core exit

temperatures). Because of the relatively flat power profile

along the rods, the burnups of the specimens in each pair were

about the same.

Therefore, the test data have been plotted as a function of

cladding oxidation in Fig. 8, and this figure will be used to

help interpret the results available to date. The ordinate in

Fig. 8 has been plotted as a function of enthalpy increase during

the test, rather than total enthalpy, because enthalpy increase

is more directly related to the PCMI failure mode.

D. Hydriding and Spalling Oxide

As cladding oxidation takes place, about 15% of the hydrogen

released from the reaction of metal and water is absorbed in the

Zircaloy cladding. The hydrogen uptake is much lower (~5%) in

zirconium-niobium alloys. When the concentration of hydrogen

reaches about 120 ppm in Zircaloy, the hydrogen is no longer

soluble and zirconium hydride precipitates out in rod-like

strings in the metal. These precipitates act as hardening sites

along with oxygen, tin, and other alloying constituents.

Hardness increases and ductility decreases.

Because heat flows through the cladding during normal operation

of the fuel, a small temperature gradient is maintained across

the cladding thickness (AT about 40°C) . This is sufficient to
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cause migration of hydrogen toward the outer surface of the

cladding as a result of hydrogen's tendency to move to cooler

regions. This concentration of hydrides near the cladding outer

diameter can be seen clearly in Fig. 3.

Of course the uniform oxide layer on the outer surface of the

cladding also supports a temperature gradient, acting as an

insulator. Under certain conditions, heavy oxide layers begin to

flake off, or spall, leaving local areas of the cladding in more

intimate contact with the coolant. Those areas then run at

cooler temperatures than average for the cladding surface, and

hydrides migrate preferentially to those locations. Figure 9

shows one such local hydride concentration or blister in a 5-

cycle fuel rod beneath an area where the oxide has spalled off

during normal operation.

Thus, when oxide spalling occurs, the underlying hydride

concentration can be many times that of the average

concentration. Similar localized regions of hydrogen

concentration can also occur if there are large gaps between

pellets in a fuel rod [29].

Most of the hydrogen atoms in high-burnup Zircaloy are contained

in circumferentially oriented hydride stringers. Such hydrides

are not particularly harmful to the cladding's mechanical

properties because the PCMI stresses are parallel to the
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circumferential orientation of the hydrides. However, as the

oxide layer increases and the cladding is exposed to various

mechanical loads, the concentration of radially oriented hydride

stringers increases. Such radial hydrides are quite deleterious

to the mechanical properties of the cladding, and radial hydrides

are often found in association vith spalled oxide that is close

to stoichiometry and characteristically whitish in color.

High local concentrations of radial hydrides associated with

spalling oxide are probably the reason that REP-Nal failed with

an unusually low enthalpy rise of 15 cal/g. Further, REP-Nal is

not typical of most current reactor fuel. Consequently, REP-Nal

has been treated as a separate case and was not used in

determining the trend line in Fig. 8. However, this single test

specimen, along with an understanding of the underlying

phenomena, suggest that fuel rods with spalling oxide or pellet

gaps may have little resistance to PCMI failure during a

reactivity accident.

E. Pulse Widths

Table 8 summarizes the pulse widths that produced the test data

being discussed, along with the approximate range of pulse widths

that would be expected in an LWR during a rod-drop or rod-

ejection accident. With the exception of an artificially

expanded pulse in CABRI, it is seen that none of the test reactor

pulses approximate the LWR pulses. The IGR reactor produced
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pulses that are 10-times too broad whereas all the rest of the

test reactors produced pulses that are too narrow. The broadened

pulses in CABRI may be very important for future testing, but

little of the current data base has been generated with those

more appropriate pulses.

Since all the fuel rods tested in the broad-pulse IGR came from a

Russian WER, they had Zr-l%Nb cladding rather than Zircaloy

cladding. This niobium alloy is more resistant to oxidation than

Zircaloy, so in Fig. 8 these data are seen on the left side of

the figure notwithstanding the fact that the burnup was quite

high (45-50 GWd/t). Thus the trend line in Fig. 8 has been

influenced more by tests in SPERT, CABRI, and NSRR, all of which

had narrow pulses.

Three effects of narrow pulses have been considered: stress,

temperature, and strain rate. Each is discussed below.

It was thought that a narrow pulse, which produced a certain fuel

enthalpy, might give rise to a higher peak hoop stress in the

cladding from PCMI than a broad pulse that produced the same

enthalpy. This would be important because peak stress is likely

to be the failure initiator regardless of the failure mechanism.

To test this hypothesis, calculations were done with the FRAP-T6

computer code to compare a 4.5 msec pulse (like that in NSRR)

with a 30 msec pulse that might correspond to an LWR. Although
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PRAP-T6 in its present fora has limitations as mentioned above,

comparative results from parametric calculations should be

meaningful.

Figure 10 shows the results of these calculations. Although the

hoop stress for the 30-msec pulse rises a little after the

initial peak, the initial peak is somewhat lower than that for

the 4.5-msec pulse. From sensitivity calculations it was found

that the peak fuel enthalpy for the 3 0-msec pulse would have to

be increased about 10 cal/g to raise its initial peak stress to

the same level reached with the 4.5-msec pulse. Thus the NSRR

tests would appear to be about 10 cal/g too conservative due to

the effect of enhanced stress from narrow pulses.

The fuel enthalpy for these calculations was chosen at a

relatively low value of 67 cal/g to avoid reaching the cladding

yield stress, which would then complicate the interpretation of

results. Calculations have also been done at 100 cal/g, with the

result that the peak stress was always the yield stress for

narrow and broad pulses alike.

It was also thought that a narrow pulse might produce its peak

hoop stress at a time when the cladding was cooler than would be

the case for a broad pulse. Using the same calculations, this is

seen to occur. Figure 10 shows that the 4.5 msec pulse produced

a cladding temperature of about 3 0°C at the time of peak hoop
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stress whereas the 3 0 msec pulse produced a cladding temperature

of about 150°C at the time of its peak hoop stress. This

difference of over 100°C may be significant because the materials

properties that control cladding failure — regardless of failure

mechanism — are expected to be temperature dependent (more on

this below).

For reference, Fig. 11 shows the 30-msec pulse compared with a

700-msec pulse, like that of the IGR test reactor, for pulse

magnitudes that produce 67 cal/g peak fuel enthalpy. While the

peak stress in the 700-msec pulse is somewhat higher (about the

same as for the 4.5-msec pulse), the cladding temperature (about

210°C) at the time the peak stress is applied is even higher than

that of the 30-msec pulse because of substantial heat transfer.

The third pulse width effect that might affect the interpretation

of test results is that of strain rate. Strain-rate hardening is

known to occur in many metals, but the magnitude of such an

effect is not known for Zircaloy in the range of strain rates

around 1 sec1 (i.e., strains on the order of 1% occurring in a

period of about 10 msec). Thus, there is no way of knowing, at

this time, if this effect is significant.

F. Temperature

Cladding temperature at the time of failure initiation should

affect the threshold for PCMI failures. For brittle failures,
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such as in CABRI specimen REP-Nal (Fig. 2) , an increase in

temperature would increase the material's fracture toughness.

This temperature sensitivity could be quite large if fuel rod

cladding experiences a ductile-to-brittle transition in this

temperature range as has been observed for zirconium-alloy

pressure tubes [30]. For partly ductile PCMI failures, such as

in NSRR specimen HBO-1 (Fig. 3), an increase in temperature would

increase ductility hence accommodating more of the fuel pellet

expansion. Thus an increase in temperature would always appear

to be beneficial. While this effect is expected to be

significant, basic materials properties have not been measured

under the appropriate conditions, so the effect cannot be

quantified at this time.

Nevertheless, temperature effects should enter into the

interpretation of the test data in two ways. First, the narrow

test pulses that resulted in PCMI cladding failures probably

caused those failures to occur at somewhat lower fuel enthalpies

than would occur in an LWR; those data points might thus appear

lower than they should in Fig. 8. Second, the testing

temperatures were not the same in all tests, and some large

differences existed; data points for tests at hot conditions

would be higher than they should be in Fig. 8 to apply to cold

zero-power accidents, and vice versa.

The NSRR and SPERT tests were conducted at room temperature.
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This would be appropriate for simulating cold zero-power

accidents, but the narrow pulse widths would diminish the

cladding temperature rise by about 120°C for NSRR and about half

that amount for SPERT. Thus those points should be a little low

in Fig. 8 to apply to cold LWR accidents.

The IGR tests were also conducted at room temperature, but their

wide pulses would enhance the temperature rise by about 60°C.

Hence, those data points should be a little high to apply to cold

accidents, but they might be a little low to apply to hot

accidents because of the room temperature test conditions.

The PBF and CABRI tests were conducted at hot conditions (2 65 and

285°C) . These temperatures would be appropriate for simulating

hot zero-power accidents, but the narrow pulse widths would

diminish their cladding temperature rise. Thus these data points

in Fig. 8 might be a little low for applying to hot accidents,

but they might be too high for applying to cold accidents because

of the test temperatures.

These temperature deviations will have to be taken into account

qualitatively when trying to determine a trend in the data

because temperature effects cannot be quantified based on present

knowledge.

G. Data Trend
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A trend line has been drawn in Fig. 8 to roughly represent the

failure threshold for PCMI cladding failures. Several comments

can be made about this line.

First, the line slopes downward with increasing cladding

oxidation. This is expected from fundamental considerations

discussed above.

Next, the trend is not expected to go continuously down to the

low failure level of REP-Nal (at 80JU of oxide thickness in Fig.

8) from the CABRI test program. The trend of failure threshold

should fall precipitously once the hydride morphology changes, as

happened in REP-Nal in connection with oxide spalling.

The data points for REP-Na2 and REP-Na4 (non-failures), at 40M

and 80fi of oxide thickness, are slightly above the trend line

because those tests were conducted at a high temperature and

would be expected to have a higher failure threshold than rods

tested at room temperature.

The data points for HBO-1 and HBO-5 (at about 45ju of oxide

thickness in Fig. 8) are expected to fall the farthest below the

trend line because they had the narrowest pulse widths in

combination with the coldest test temperatures.

H. Failure Modeling
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In concluding this discussion of the data, some comments about

failure modeling can be made.

In principle, brittle failures such as occurred in the CABRI

test, REP-Nal, could be modeled using linear-elastic fracture

mechanics. Fracture toughness for high-burnup Zircaloy cladding

has not been measured, however, so this approach would have

limited success at this time.

The combination of brittle and ductile behavior, such as seen in

the NSRR test, HBO-1, is being studied by Koss et al. using

methods that have been employed in sheet metal manufacturing

[31]. These methods have not yet been demonstrated for

zirconium-alloy tubing, and the analysis also depends on material

properties that have not been measured.

Failure by ductile shearing, such as seen in the PBF test, RIA 1-

4, should be amenable to straight-forward analysis of uniform

deformation. Again, simple stress-strain relations for high

burnup cladding under appropriate temperature, strain-rate, and

loading conditions are not available.

Ballooning and rupture in the IGR tests are very similar to

cladding behavior during loss-of-coolant-accidents, which has

been studied extensively in the past. These failures have been

analyzed by Asmolov & Yegorova using the NRCs FRAP-T6 code,
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which contains such models [20]. While the models are present,

materials properties for high burnup Zr-l%Nb cladding under

ballooning conditions are not available.

Similarly, the high-temperature PBF failures could be modeled

with oxidation-rate laws and embrittlement criteria as used for

LOCAs. And, similar to all the above, the appropriate

correlations and materials properties are not available at this

time.

Even DNB predictions, which are often used in regulation as a

conservative indication of fuel failure, would be difficult.

Heat transfer correlations on which critical heat flux is

determined are based on steady-state data and are not likely to

apply well to rapid transients.

Considering the above, attempts to model cladding failure for

high burnup fuel during rod-drop or rod-ejection accidents would

be difficult and would probably not offer a good approach for

regulatory assessment. This difficulty would be compounded by

the fact that the failure mode would have to be known and

mechanical properties would have to be measured for corresponding

loading paths in irradiated cladding specimens. Therefore,

models like the strain-energy-density approach, which employ

stress-strain data for various loading paths (axial tension, ring

tension/ and burst) and do not address different modes of
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failure, do not seem appropriate [32].

VII. CONCLUSIONS

Although the database for reactivity transients with high-burnup

fuel is small and the tests do not cover all of the conditions of

postulated accidents in LWRs, a number of important conclusions

can be reached at this time.

For reactivity transients, cladding failure due to high

temperature following DNB would occur only in very ductile

cladding materials. Such failures have been seen only in tests

with Zircaloy-clad fuel with nearly zero burnup and in Zr-l%Nb

cladding used in Russian WER fuel.

Because of the way plants are started up, the postulated

reactivity accidents for both BWRs and PWRs would occur with

coolant flowing through the core. Under those conditions, the

onset of DNB would not occur until just above 100 cal/g, and

cladding failure by overheating would not occur until well above

that. This is significantly above the apparent failure threshold

for pellet-cladding mechanical interaction (PCMI) for Zircaloy

clad fuel. Therefore, DNB related failures are not expected for

these reactivity accidents, and this is in agreement with the

observed PCMI failures seen in the tests.
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LWR fuel with Zircaloy cladding fails by PCMI as the result of

limited ductility. The PCMI failure threshold declines with

increasing cladding oxidation and fluence because these processes

progressively reduce cladding ductility. Cladding oxidation

appears to be the more important of these two processes.

Zircaloy cladding that has a large accumulation of oxidation and

has experienced spallation may contain hydride blisters and

radially oriented hydrides. Such material exhibits very little

resistance to PCMI failure. A similar effect might be expected

for fuel rods with large gaps between pellets.

High-burnup fuel will experience pellet fragmentation and

enhanced release of fission products during a reactivity

transient. This is the result of the altered microstructure of

high-burnup oxide fuel. Pellet fragments and fission products

can be released into the coolant if the cladding fails.

Test conditions to date have not been prototypical and this has

had some effect on the results. The biggest effect is probably

due to test temperature, which affects fracture toughness and

ductility. A cold (20°C) zero-power rod-drop accident is

possible in a BWR, whereas a zero-power rod-ejection accident can

only occur when a PWR is hot (>270°C) ; tests have been performed

one way or the other and the results have been simply lumped

together. The next biggest effect is probably due to pulse
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width. Pulse widths that are too narrow produce enhanced

stresses in the cladding at a time when the cladding is cooler

than it should be. Pulse widths may also introduce strain-rate

effects, but the magnitude of any such effects is not currently

known.

Although the data trend is one of declining failure threshold

with increasing cladding oxidation, the failure threshold for BWR

and PWR high-burnup fuel should be approximately the same at

around 100 cal/g. This follows from making several observations

about the trend line in Fig. 8. High-burnup PWR cladding may

have 60-80/* of uniform oxidation (without spal3,ation) , but the

data trend line on that side of the figure was heavily influenced

by tests conducted at room temperature. Since the PWR accident

would be a hot accident, the failure threshold should be above

the line. On the other hand, BWR cladding does not develop as

much uniform oxidation as PWR cladding, so attention should be

focused on the left side of Fig. 8. This side of the trend line

was influenced heavily by a high-temperature test. Because a

cold BWR accident must be considered, the BWR threshold should be

somewhat below the line. A more precise determination of failure

threshold is probably not justified; the effects of corrosion

nodules on BWR cladding have not been tested at high burnup,

there are large uncertainties in the existing data, and there is

a lot of variation in commercial cladding materials.



34

Realistic three-dimensional plant calculations have shown that

fuel enthalpies during rod-drop accidents and rod-ejection

accidents should not exceed 100 cal/g. Since this is not greater

than the approximate failure threshold, cladding failure should

not occur for these accidents provided that fuel with spa11ing

oxide or large pellet gaps is not present. With cladding

integrity preserved, fuel fragments and fission products would

remain within the fuel rods and should not have to be considered

in the safety analysis for these accidents.
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FIGURE CAPTIONS

Fig. 1. Uncertainties in calculated fuel enthalpy as a function
of random uncertainties in dropped rod worth and
Doppler coefficient.

Fig. 2. Crack tip from test REP-Nal (Table 1) showing brittle
character of a PCMI fracture.

Fig. 3. Crack tip from test HBO-1 (Table 2) showing partly
brittle and partly ductile character of a PCMI
fracture.

Fig. 4. Crack tip from test RIA 1-4 (Table 6) showing ductile
character of a PCMI fracture and post-rfailure
oxidation.

Fig. 5. Crack tip from Test RIA 1-1 (Table 6) showing evidence
of a high-temperature excursion and fracture on
cooling.

Fig. 6. Ballooned region of ruptured fuel rod from Test H7T
(Table 5).

Fig. 7. Typical axial profiles of burnup and oxidation (Farley
plant data) in relation to axial position in the core,
with schematic indication of locations of test
specimens from other reactors.

Fig. 8. Fuel enthalpy increase for test data shown in the
tables. Numbers in the circles refer to the
appropriate table for the data point. The trend line
is drawn to facilitate a discussion in the text and is
not intended as a failure threshold.

Fig. 9. High hydride concentration beneath an area where oxide
spallation has occurred on a sibling of the rod used in
Test REP-Nal.

Fig. 10. Temperature and hoop stress (relative) calculated with
the FRAP-T6 code for a 4.5-msec pulse (similar to NSRR)
and a 30-msec pulse (similar to LWRs).

Fig. 11. Temperature and hoop stress (relative) calculated with
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the FRAP-T6 code for a 30-msec pulse (similar to LWRs)
and a 700-msec pulse (similar to IGR).

TABLE TITLES

Table 1. Characteristics of PWR fuel specimens tested in flowing
sodium at an initial temperature of 280°C in the CABRI test
reactor.

Table 2. Characteristics of PWR fuel specimens tested in
stagnant water at an initial temperature of 20°C in the NSRR test
reactor.

Table 3. Characteristics of special PWR-type specimens tested in
stagnant water at an initial temperature of 2 0°C in the NSRR test
reactor.

Table 4. Characteristics of BWR fuel specimens tested in
stagnant water at an initial temperature of 20°C in the NSRR test
reactor.

Table 5. Characteristics of WER fuel specimens tested in
stagnant water at an initial temperature of 20°C in the IGR test
reactor.

Table 6. Characteristics of PWR-type specimens tested in flowing
water at an initial temperature of 265°C in the PBF test reactor.

Table 7. Characteristics of BWR-type specimens tested in
stagnant water at an initial temperature of 20°C in the SPERT
test reactor.

Table 8. Pulse widths for LWRs and test reactors.
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Figure ^ Ballooned region of ruptured fuel rod from Test
H7T (Table 5).
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Table 1. Characteristics of PWR fuel specimens tested in flowing sodium at initial temperature of 280° C
in the CABRI test reactor.

Test No.

REP-Nal

REP-Na2

REP-NaJ

REP-Na4

REP-Na5

Test Date

1 HO/93

6/10/94

10/6/94

7'28/95

5/S/95

Bumup
(GWd/t)

64

33

53

62

64

Oxide
Thickness
(microns)

80

5

40

80

20

Energy
Deposit
(cal/g)

no

211

120

95

105

Pulse
Width
(msec)

9.5

9.5

9.5

60

9.5

Peak
Enthalpy

(cal/g)

110

211

120

95

. 105

Clad
Strain

(percent)

' NA

3.5

2.1

0.4

1.0

Clad
Fail
Y/N

Yes

No

No

• No

No

Comments

Enthalpy at failure 30 cal/g.
Oxide spalling, brittle failures.
Significant fuel loss.

No oxide spalling.

Note 1. Cladding surface oxide thickness before RIA test.
Note 2. Cladding type is Zircaloy-4 with 1.5% tin and stress relief annealed except for REP-Na3 with 1.3% tin.

Table 2. Characteristics of PWR fuel specimens tested in stagnant water at initial temperature of 20 °C in
the NSRR test reactor.

Test No.

MH-l

MH-2

MH-3

GK-1

GK-2

OI-1

01-2

HBO-I

HBO-2

HBO-3

HBO-4

HBO-5

HBO-6

Test Date

! 1/28/89

3/8/90

10/31/90

3/17/92

11/10/92

1/27/93

2/16/94

3/25/94

10/19/94

1/24/95

1,31.96

2 696

Bumup
(GWd/t)

38.9

38.9

38.9

42.1

42.1

39.1

39.!

50.4

50.4

50.4

50.4

44

49

Oxide
Thickness
(microns)

4

4

4

9 to 10

9 to 10

15

15

43

35

23

19

Energy
Deposit
(cal/g)

63

72

87

121

117

136

139

93

51

95

67

-100

-100

Pulse
Width
(msec)

6.8

5.5

4.5

4.0

4.6

4.4

4.4

4.4

6.9

4.4

5.3

4.4

4.4

Peak
Enthalpy

(cal/g)

47

55

67

93

90

106

108

73

37

74

50

-80

-80

Clad
Strain .

(percent)

0.02

0.05

1.56

2.23

1.05

1.49

4.77

2-2.5

0.41

1.51

0.17

1.11

Clad
Fail
Y/N

No

No

No

No

No

No

No

Yes

No

No

No

Yes

No

Comments

Large swelling

Swelling

Enthalpy at failure 60 cal/g.
Long axial cracks, large fuel loss

Enthalpy at failure - 70 cal/g.
Notes 4 and 5

Notes 4 and 5

Note 1. Cladding surface oxide thickness before RIA test.
Note 2. Cladding type is Zircaloy-4.
Note 3. Cold filfpressure 0.1 MPa all tests except MH-1, MH-2, MH-3, GK-1. HBO-2.
Note 4. Bumup from preliminary evaluation.
Note 5. Oxide thickness measurements for HBO-5 and HBO-6 have not been completed and are shown in Figure 7

with large error bars.

Meyer. McCardell. Scott



Table 3. Characteristics of special PWR-type specimens tested in stagnant water at initial temperature
20 °C in the NSRR test reactor.

Test No.

JM-I

J.M-2

JM-3

JM-4

JM-5

Test Date

7,20/89

I/I 1/90

9/6/90

11/6/90

3/5/91

Bumup
(GWd/t)

27

20

21

26

Oxide
Thickness
(microns)

0

0

0

0

0

Energy
Deposit
(cal/g)

130

120

184

235

223

Pulse
Width
(msec)

9

9

7.7

5.5

S.6

Peak
Enthalpy
(cal/g)

92

84

132

177

167

Clad
Strain

(percent)

0

0

0

<7.5

<3.5

Clad
Fail
Y/N

No

No

No

Yes

Yes

Comments

Small swelling

Note 3

Noie4

Note 1. Cladding surface oxide thickness before RIA test. JM test rods were irradiated in a helium environment
so no cladding oxidation occurred.

Note 2. Cladding type is Zircaloy-4.
Note 3. 12 small cracks, grain boundary separation, large swelling.
Note 4.20 small cracks correlate with local hydrides, large swelling.

Table 4. Characteristics of BWR fuel specimens tested in stagnant water at initial temperature
of 20 °C in the NSRR test reactor.

Test N\,. Test Date Burnup Oxide Energy Pulse Peak Clad Clad Comments
(GWd/t) Thickness Deposit Width Enthalpy Strain Fail

(microns) (cal/g) (msec) (cal/g) (percent) Y/N

TS-l

TS-2

TS-3

TS-4

TS-5

10/24/89

2/7/90

9/12/90

1/17/91

1/21/93

26

26

26

26

26

6

6

6

6

6

70

82

109

110

117

5.8

5.2

4.6

4.3

4.6

55

66

88

89

98

0.0

0.4

0.5

0.4

0.0

No

No

No

No

No

Note 1. Cladding surface oxide thickness before RIA test; 6 microns or less for all 5 tests
Note 2. Cladding type is Zircaloy-2.

Table 5. Characteristics of VVER fuel specimens tested in stagnant water at initial temperature
of 20 °C in the IGR test reactor.

Test No.

H!T

H2T

H3T

H4T

H5T

H6T

H"T

HST

Test Date

1990-92

1990-92

1990-92

1990-92

1990-92

1990-92

1990-92

1990-92

Bumup
(GWd/t)

51

50

50

50

50

50

4"

48

Oxide
Thickness
(microns)

5

5

5

5

5

5

5

Energy
Deposit
(cal/g)

260

333

384

196

240

141

250

109

Pulse
Width
(msec)

300

760

820

760

760

300

6 30

S50

Peak
Enthalpy
(cal/g)

160

220

265

115

153

80

!68

56

Clad
Strain

(percent)

-2.5

Large

Large

-0.2

Large

-0

Large

-0

Clad
Fail
Y/N

No

Yes

Yes

No

Yes

No

Yes

No

Comments

Local balloon

Local balloon

Local balloon

Local balloon

Note 1. Cladding surface oxide thickness before RIA test.
Note 2. Cladding type is zirconium - 1% niobium.
Note 3. Cold filfpressure 1.7 MPa.
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Table 6. Characteristics of PWR-type specimens tested in flowing water at initial temperature
of 265 °C in the PBF test reactor

Test No. Test Date Burnup Oxide Energy
(GWd/t) Thickness Deposit

(microns) (cal/g)

804-5

Pulse
Width
(msec)

Peak
Enthalpy

(cal/g)

Clad
Strain

(percent)

Clad
Fail
Y/N

Comments

RIA-ST-l
Burst !

RIA-ST-l
Burst 2

R1A-ST-2

RlA-ST-3

R1A 1-1
four rod

test

R1A 1-2
four rod

test

RIA 1-4
nine rod

test

8/78

8/78

8/78

8/78

10/7/78
801-1
801-2
801-3
801-5

H/22/78
802-1
802-2
802-3

802-4

4/80
804-1
804-3
804-7
804-9

S04-10
804-4
804-6
804-8

0

0

0

0

4.6
4.7
0
0

5.2
5.1
4.4

4.5

6.1
5.5
5.9
5.7

4.4
5.0
5.1
4.7

0

0

0

0

5
5
0
0

5
5
5

5

5
5
5
5

5
5
5
5

250

330

345

300

365

240

295

270

22

17

17

20

13

16

II

185

250

260

225

285

185

277

255

5.5 245 234

NM No

Yes

NM

2 to 3
5 to 6
2 to 3

5 to 6

Yes

No

Yes
Yes
Yes
Yes

, No
No
Yes

No

Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes

Cladding oxidation, collapse and
waisting.

Irradiated rods fragmented and
blocked flow channels during
transient. Untrradiated rods did so
after transient.

Note 3.

Enthalpy at failure < 140 cal/g.
22 axial splits due to PCMI.

Note 4.
Enthalpy at failure « 2 7 7 cal/g,
AH comer rods failed early in
transient by PCMI.

Enthalpy at failure « 2 5 5 cal/g.
All side rods failed early in
transient by PCMI.

Yes Clad melted due to contact with
rods 804-8 and 804-9.

Note 1. Cladding surface oxide thickness before RIA test.
Note 2. Cladding type is Zircaloy-4.
Note 3. In the RIA 1-2 test, Rods 802-2 and 802-4 were opened and prepressurized to 2.4 MPa, rod 802-1 was opened and

prepressurized to 0.105 MPa, and rod 802-3 was unopened.
Note 4. All nine RJA 1-4 test rods were unopened.

Meyer . McCardei i . Scott



Table 7. Characteristics of BWR-type specimens tested in stagnant water at initial temperature
of 20°C in the SPERT test reactor.

Test No.

CDC-571

CDC-568

CDC-567

CDC-569

CDC-703

CDC-709

CDC-685

CDC-684

CDC-756

CDC-859

Test Date

1%9

1%9

1969

1%9

1969

1%9

1970

1970

1970

1970

Bumup
(GWd/t)

4.6

3.5

3.1

4.1

1.1

1.0

13.1

12.9

32.7

31.8

Oxide
Thickness
(microns)

-0

-0

-0

- 0

-0

-0

-0

- 0

65

65

Energy
Deposit
(cal/g)

161

199

264

348

192

238

186

200

176

190

Pulse
Width
(msec)

31

24

18

14

15

13

J3
-9
20

17

16

Peak
Enthalpy

(cal/g)

137

16!

214

282

163

202

158

170

143

154

Clad
Strain

(percent)

Clad
Fail
Y/N'

No

Yes

Yes

Yes

No

Yes

No

No

Yes,

Yes

Comments

Enthalpy at failure 147 cal/g.

Enthalpy at failure 214 cal/g.

Enthalpy at failure 282 cal/g.

112% diametral swelling.

Enthalpy at failure 202 cal/g.
Rod failed 280 ms after
peak power.

Slight swelling.

Enthalpy at failure < 143 cal/g.
One tiny PCM1 crack.

Enthalpy at failure 85 cal/g.
Very little fuel loss.
3 large PCM1 cracks.

Note 1. Cladding surface oxide thickness before RIA test.
Note 2. Cladding type is Zircaloy-2.

Table 8. Pulse widths for LWRs and test reactors.

Reactor Pulse Widths
(msec)

NSRR
CABRI
PBF
SPERT
LWR?
IGR

4.3-9.0
9.5*

11-22
13-31
30-75

630-850

*Broadened to 60 msec for one test

Mever. McCardell. Scott


