
28705 Hope Circle
Easton, MD  21601
August 1, 2022

Andrea Veil, Director
Office of Nuclear Reactor Regulation
U.S. Nuclear Regulatory Commission
Washington, DC 20555-0001

Dear Ms. Veil,

In the current issue of IVwc/eczr E#gz.7?eer;.77g cJ77c7 Des'z.g#, a paper I co-authored points out that the
licensing safety analysis for loss-o`f-coolant accidents (LOCAs) is no longer valid for fuel at
moderate and higher burnups.  My co-author and I are proponents of nuclear power, and I am
writing to persuade you to be proactive and adopt a method that is currently used in Germany - a
method that does not suffer from this problem.  This would require a rule change, but the current
rule that limits peak cladding temperature and maximum cladding oxidation, adopted in 1973, no
longer ensures coolable geometry at higher fuel bumups and it isn't the only way to satisfy
General Design Criterion No. 35.

The problem can be summarized as follows:

1 .  CuITent acceptance criteria become ineffective at moderate fuel bumups because burst rods
experience massive fuel loss and do not "retain the U02 fuel pellets in their separate fuel rods
and therefore remain in an easily coolable array" as intended.

2.  Calculations of temperature and oxidation within the burst region of a fuel rod are extremely
difficult to the point of being meaningless.  Independent of our conclusion, the Reactor Safety
Commission (RSK) in Germany has stated that "In the opinion of the RSK, such a safety
demonstration is currently not possible."

3.  The current acceptance criteria and their analyses are not straight forward.  There is
widespread belief that the temperature limit prevents runaway autocatalytic oxidation, yet that is
not the case.  Many also believe that reduction of cladding thickness causes embrittlement,
whereas surface oxidation is used as a surrogate for the concentration of oxygen that embrittles
the ductile prior-beta phase.  These misconceptions are the result of lack of transparency.

We are well aware of the need for stability in licensing and therefore a resistance to change.  But
if the rule change is kept simple, unlike the previous attempt to revise 50.46 (42 pages in the
Federal Register to announce the rulemaking), the effort will be small and worthwhile.  Industry
analyses and NRC reviews will be simpler (less expensive), and we cite evidence in our paper
that the new analyses may have little impact on operating conditions.  The onerous peak cladding
temperature limit will go away.  But more importantly, it is the right thing to do because the
current safety analyses do not satisfy the intent of the rule.  Right now a core that complies with
the current embrittlement criteria would probably expel a lot of fragmented fuel that could block
coolant channels during a LOCA, and the extent of this would be unknown.  With the German
method, at least one would know that all fuel is retained in its cladding for small-break LOCAs,



and less than 10% of the core would lose fuel during large-break LOCAs.  The loo/o limit
presumes that the core would remain coolable if 900/o of the rods remained intact, but this could
be confirmed or adjusted later if results from ongoing fuel fragmentation, relocation, and
dispersal (FFRD) studies indicate a need.

Your action is needed for a healthy future for nuclear power.

Sincerely,

Ralph 0. Meyer
U.S. NRC (retired)

Enclosure:  A critique of fuel behavior in LOCA safety analyses and a proposed altemative
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A B S T R A C T   

Safety analyses for postulated loss-of-coolant accidents in power reactors usually involve limits on temperature 
and oxidation within ballooned regions of fuel cladding to prevent excessive reactor core damage. Research over 
the years has shown that fuel fragmentation, relocation, hydrogen absorption, and fuel expulsion upon bursting 
make these safety demonstrations less reliable. The Reactor Safety Commission (RSK) in Germany expressed the 
opinion that such a safety demonstration is currently not possible, and we have independently reached the same 
conclusion. Thus we have derived an empirical correlation for fuel rod rupture that could be widely used to 
provide an estimate of the number of fuel rod ruptures during a LOCA, and we believe that limits on this number 
should be used in safety analyses instead of using temperature and oxidation. We note that a similar method is 
being used in Germany, and it appears to be practical universally.   

1. Introduction 

Emergency core cooling systems in light-water power reactors are 
designed to prevent excessive reactor core damage in the event of a loss- 
of-coolant accident (LOCA). Acceptance criteria for these systems usu-
ally consist of limits on peak cladding temperature (PCT) and maximum 
cladding oxidation (equivalent cladding reacted or ECR). Typical values 
are 1200 ◦C (or 2200 ◦F) for PCT and 17 % for ECR. These PCT and ECR 
criteria emerged from a lengthy rule-making hearing that took place at 
the U.S. Atomic Energy Commission in 1972–1973. 

The underlying intent of these limits remains today in the Commis-
sion’s General Design Criterion No. 35, which requires that “fuel and 
clad [sic] damage that could interfere with continued effective core 
cooling is prevented” (U.S.NRC, 2021). After the hearing, the Commis-
sion concluded that this requirement would be met if the PCT and ECR 
limits were not exceeded (there were other criteria on hydrogen release 
and long-term cooling) (Joint Committee on Atomic Energy, 1974). 
Their conclusion was based on calculations that indicated that many of 
the fuel rods would swell and burst locally, but that split cladding would 
remain in one piece if it were not too heavily oxidized. The Commission 
stated that “The purpose of these first two criteria is to ensure that the 
zircaloy cladding would remain sufficiently intact to retain the UO2 fuel 
pellets in their separate fuel rods and therefore remain in an easily 

coolable array.”. 
It was also said that a criterion based solely on the extent of oxidation 

(i.e., ECR) was not enough and that the additional temperature criterion 
was needed. After contentious debate, the Commission decided that the 
additional criterion would be a limit on peak cladding temperature of 
2200 ◦F (1204 ◦C). This PCT criterion was 100 ◦F (56 ◦C) lower than the 
previously accepted value and was based on evidence that an underlying 
correlation would break down somewhere in the range of 2200–2400 ◦F 
(1204–1316 ◦C). 

At the time, these criteria, and the methods used to demonstrate 
compliance, seemed adequate. The temperature limit was believed to be 
conservative, calculated maximum oxidation was nowhere near the 
limit, and the analytical methods themselves contained many conser-
vative assumptions. But later, with the arrival of more research results 
and higher burnups, that appearance changed. 

In the 1980s, fuel pellet cracking was found to lead to axial move-
ment of fuel particles into the increased volume of a cladding balloon 
(Karb et al., 1983). This movement alters the mass of heat-generating 
material that must be accounted for in a calculation of temperature 
within a ballooned region. This could be accommodated in safety ana-
lyses by adding assumptions. 

As additional research was done, more issues emerged for fuel with 
higher burnups. Hydrogen, which is released during corrosion, is 

Abbreviations: LOCA, Loss-of-coolant accident; ECCS, Emergency core cooling system; PCT, Peak cladding temperature; ECR, Equivalent cladding reacted. 
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absorbed in the cladding and has a profound effect on oxygen diffusion 
and hence embrittlement (Billone et al., 2016). Hydrogen also alters the 
phase diagram. Brittle fracturing that was previously observed above 
about 17 % oxidation was seen as low as 4 % in some cladding of high- 
burnup fuel. 

At even higher burnups, fission gases that are trapped within 
porosity can expand rapidly during fuel rod depressurization following 
rupture. It was found that this gas expansion could further fragment fuel 
particles, and in combination with fuel rod depressurization could 
forcibly eject fuel material out of the fuel rod (Wiesenack, 2013; Wie-
senack, 2015). Thus the behavior of fuel during a LOCA is now known to 
be considerably more complicated than it appeared to be in the 1970s, 
and analysis needed for a safety demonstration becomes extremely 
difficult. 

In 2015, the Reactor Safety Commission (RSK) in Germany stated: 
“In the opinion of the RSK, such a safety demonstration is currently not 
possible” and detailed reasons were given for that opinion (RSK, 2015). 
We have independently come to the same conclusion, as described 
below. Fortunately, another approach is available that does not require 
analysis within a balloon, and that approach has been used successfully 
in Germany. 

2. Critique of fuel behavior in LOCA safety analyses 

To use PCT and ECR criteria in a safety evaluation requires calcu-
lations of temperature and oxidation within the region of cladding that 
will balloon and burst during a LOCA.1 This is difficult because it re-
quires information about the dimensions of the ballooned region as well 
as phenomena within the balloon. Both PCT and ECR must be calculated 
at the location of their maximum, which often occurs at the location of 
the rupture where the cladding wall is very thin and distended. A review 
by the U.S. Nuclear Regulatory Commission (NRC) in the late 1970s 
showed that rupture strain was not well behaved in experiments (Fig. 1) 
(Powers and Meyer, 1980). 

The most important variable that affects rupture strain appears to be 
asymmetry in heat flow from the fuel to the cladding (local hot spots). 
This is usually caused by pellets or fragments that are not centered 
within the cladding. Nevertheless, the dip in the data trends just below 
1000 ◦C in Fig. 1 is the result of a change from a hexagonal structure (α 

phase) to a body-centered cubic structure (β phase), a transition that 
begins around 800 ◦C but depends on oxygen and hydrogen 
concentration. 

The occurrence of hot spots is stochastic, so for the past 40 years 
efforts have been made in safety analyses to empirically bound the 
circumferential strain based on test results such as those in Fig. 1. 
However, even if rupture strains were adequately bounded, PCT and 
ECR occur later than the burst event and depend critically on gap 
conductance between pellets or fragments and the cladding and the 
amount of fuel material within the balloon volume – both of which 
depend on burnup and change considerably as the cladding balloons. 

2.1. Fuel pellet cracking 

Because UO2 is a brittle ceramic, reactor startup and subsequent 
power changes cause fuel pellets to crack even at moderately low 
burnups. Photographs of fuel in studies at Karlsruhe Nuclear Research 
Center (KfK) show comparable crack patterns between rods with and 
without transient testing (Fig. 2) (Karb et al., 1983). As burnup increases 
the pellet fragments bond to the cladding and sinter together during 
operation, only to crack again when the power changes. This fragmen-
tation is presumably taken care of in gap conductance calculations. 

During a LOCA, however, system pressure is lost, resulting in a large 
pressure differential across the cladding, and cladding temperature rises. 
The cladding expands, breaking any bond between fuel and cladding, 
and the pellet fragments become loosened. This loosening of contact 
between fuel and cladding affects thermal resistance, which is contact- 
pressure sensitive. 

2.2. Fuel relocation 

As cladding temperatures continue to rise, unstable deformation, 
ballooning, and rupture all occur within a few seconds once rupture 
temperature and pressure conditions are met. Tests at KfK demonstrated 
that the fuel movement happened at or immediately after the burst. Even 
in fuel with moderate burnup, fuel moves downward into the increased 
volume of the ballooned region. Fig. 3 shows radiographs of a fuel rod 
with a burnup of 20 GWd/tU, before and after testing. The fuel stack has 
shortened 83 mm as the result of fuel moving into the balloon. Not only 
has the mass of fuel within the balloon increased, thus increasing the 
heat generation within the balloon, but also the random orientation of 
pellet fragments further alters heat conduction in the balloon. 

Fig. 4 shows that the relative volume increase needed to accommo-
date additional mass in the balloon is about 18 % for a large number of 
simulated LOCA tests with irradiated fuel rods. A diametral strain of less 
than 9 % will give a volume increase of 18 %; therefore, Fig. 4 shows that 
essentially all balloons that occur during a LOCA will be large enough to 
accommodate extra mass by fuel relocation. 

2.3. Hydrogen absorption 

During the normal burnup process, oxidation (corrosion) of fuel rod 
cladding surfaces takes place, and some of the hydrogen released during 
that chemical reaction is absorbed in the cladding metal. There is a 
strong effect of this absorbed hydrogen on cladding oxidation and the 
bursting process (Billone et al., 2016). These effects are described in 
more detail below. 

2.4. Fuel dispersal 

Rod-burst tests were conducted in the Halden Reactor Project with 
fuel rod segments that had accumulated very high burnups (44.3 to 92 
GWd/tU) in commercial power plants (Wiesenack, 2013; Wiesenack, 
2015). These tests confirmed that fuel pellets are fragmented and relo-
cated after bursting. They also showed that fuel fragments are actually 
expelled from high-burnup rods, presumably swept out of the rods 

Fig. 1. Maximum circumferential strain as a function of rupture temperature 
for internally heated Zircaloy cladding in aqueous atmospheres. Reproduced 
from the 1980 NRC review (Powers and Meyer, 1980). 

1 We use the words burst and rupture interchangeably. 
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through the burst opening by the escaping gas during rod depressur-
ization. Fig. 5 shows the gamma scan taken after the LOCA test with a 
rod that had a burnup of 92.3 GWd/tU. The rod is strongly deformed and 
ballooned. The upper half of the rod is void of fuel (the cladding is 
visible as a faint contour). Fuel has filled the balloon, and some has 
fallen to the bottom of the pressure flask. The gamma signals at elevation 
575 and below (horizontal lines) stem from fuel in the blow-down line. 

Pellet fragments were often observed to be very small as the result of 
rapid expansion of fission gas that was trapped in voids in the pellet 
microstructure. Table 1 identifies parameters that influence fuel ejec-
tion. Two tests conducted after the summary reports were issued have 
been added to the table. Fuel ejection during a LOCA would clearly be at 
odds with the 1973 Commission opinion “to retain the oxide fuel pellets 
in their separate fuel rods.” 

Burst tests were performed at the Studsvik Nuclear Laboratory on six 
high-burnup rod segments (55.2 to 69.3 GWd/tU) and most of these tests 
showed massive fuel ejection (25 to 65 %) (Flanagan et al., 2013). The 
Studsvik tests were externally heated, however, and thus were not 
included in our database. 

3. Data for an alternative method 

Rupture strain is not well behaved in laboratory experiments; how-
ever, results from the same review as Fig. 1 show that rupture temper-
ature and rupture pressure are well correlated (Fig. 6). This observation 
points in the direction of an alternate method of safety analysis. In the 
following, we will examine burst data and develop a new empirical 
correlation that can be used to reliably estimate burst temperature and 
hence estimate the number of fuel rods that rupture in a safety analysis. 

When the review was conducted in the late 1970s, a data base was 
assembled from tests that had been conducted with internal heating (i.e., 
by actual fuel pellets or heated simulators). Hindle’s then-recent rod 
burst tests had been conducted in an oven and revealed that testing with 
internal heating was necessary to capture important temperature 
asymmetries (Hindle, 1977; Powers and Meyer, 1979). Thus the data 
base in that review included data only from tests with internal heating, 
and the data base we use for this paper starts with that earlier data base. 
Data from more recent testing are added to that data base, and adjust-
ments are made as necessary. 

3.1. Hoop stress calculation 

To eliminate design-specific dimensional effects, we have converted 
differential pressures to hoop stresses as was done in the original data-
base (Powers and Meyer, 1980). The conversion is made using a thin- 
shell formula, 

σ = (d/2t) ΔP,

where σ is hoop stress, d is the undeformed cladding mid-wall 
diameter, t is the undeformed cladding thickness, and ΔP is differen-
tial pressure across the cladding wall at the time of rupture. We will refer 
to this as an engineering stress because simplifications have been made. 
As long as we use this pressure-to-stress conversion consistently – and 
analysts who make predictions for comparison with our data do the 
same – this approximation should not lead to significant errors. 

3.2. Database management 

The database for the 1980 NRC review contained a total of 225 
measurements from 13 different sources. The earliest set of measure-
ments was for tests conducted in the TREAT transient test reactor. Re-
sults of those measurements are represented by upright triangles in 
Fig. 1. Five of the seven results from these tests are clearly outliers in 
Fig. 1. This is the earliest set of data included in the original database, 
and we have removed those data from our database. 

The last data set in the NRC database was from bundle tests at the 
Tokai Research Establishment. Average values from those tests were 
used. Subsequently, detailed data reports were prepared and contain 
measured values from individual rods that were instrumented (Hashi-
moto et al., 1980; Otomo et al., 1981; Kawasaki et al., 1983; Hashimoto 
et al., 1983; Otomo et al., 1983). We substituted 16 individual rod 
measurements for the 4 average values that were in the original data-
base. A 17th measurement was disregarded because the pressure reading 
was unusually low. 

One of the original data sets came from Zry-4 rods that had been 
irradiated (Lowry et al., 1979). Some had been irradiated in H. B. 
Robinson and others had been irradiated for one cycle in the Oconee 
power reactor, but there were no hydrogen measurements for those 
specimens. We compared test results for Robinson rods with results for 
Oconee rods and found no systematic difference, so we assigned a 
hydrogen content of 100 wppm to all of those rods based on work by 

Fig. 2. Cross sections from KfK of high and low burnup rods show comparable crack patterns between rods with and without transient test. Reproduced from the 
1983 KfK report (Karb et al., 1983). 
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Mardon et al. (Fig. 7) (Mardon et al., 2005). 
In the late 1970s and early 1980s, rod burst tests were conducted in 

the FR2 test reactor at KfK (Karb et al., 1983). Fourteen tests were 
conducted with unirradiated rods, and results from some of those tests 

were included in the 1980 NRC database. Twenty five additional tests 
were subsequently conducted with irradiated rods. The remainder of 
these data have thus been added to our database. In addition to these in- 
pile tests, eight tests were performed on unirradiated cladding with 
electrically heated fuel rod simulators. These tests have also been added 
to our database. 

Recent burst tests have been conducted with high-burnup fuel rod 
segments in the Halden Reactor Project and also have been added to our 
database (Wiesenack, 2013; Wiesenack, 2015). Two tests, which were 
conducted after their summary reports were issued, have been added to 
our data base as well. A summary of all these test results is given in 
Table 2. Although measurements for IFA-650–7 were reported, that rod 
developed a crack during testing and has not been included in our 
database. 

More recently, out-of-pile tests were conducted at the Karlsruhe 
Institute of Technology (KIT, formerly KfK) to verify safety margins in 
high-burnup fuel with advanced cladding alloys (Stuckert et al., 2020). 
Seven tests were performed with 21-rod bundles that were electrically 
heated with internal fuel rod simulators. Cladding types tested were Zry- 
4, ZIRLO, and M5, and the cladding in two of the bundles had been 
prehydrided. Average burst results for each bundle’s inner rods were 
reported along with average results for outer rods. Thus 14 results from 

Fig. 3. Neutron radiographs from KfK of rod F1 (burnup 20,000 MWd/tU). Comparison between status pre-transient and post-transient. Reproduced from the 1983 
KfK report (Karb et al., 1983). 

Fig. 4. Pellet stack reduction vs. rod volume increase measured at KfK for the 
preirradiated rods. Reproduced from the 1983 KfK report (Karb et al., 1983). 
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these tests were included in our database. 

4. Discussion of phenomena 

Some interpretation of these data is needed to determine the breadth 
or limitations of their application and to reach significant conclusions. 
The following paragraphs describe the most important effects. 

4.1. Hydrogen effect 

During the normal burnup process, oxidation (corrosion) of fuel rod 
cladding surfaces takes place, and some of the hydrogen released during 
that chemical reaction is absorbed in the cladding metal. Data from ANL 
show that there is a strong effect of this absorbed hydrogen on ECR, so 
we suspected there is a hydrogen influence on the bursting process itself 
and can in fact demonstrate that from the data presented (Billone et al., 
2016). A series of burst tests was performed on ZIRLO cladding, some of 

which had been hydrided over a range of 200–700 weight parts per 
million (wppm). We plotted those results (Fig. 8) and fitted a trend line 
to them for rods without hydrogen (open circles). 

The deviation of prehydrided rods (black circles) from the trend line 
is plotted as a function of their measured hydrogen content, and a trend 
line for those six points is shown in Fig. 9. A power-law fit was chosen 
instead of a linear fit because the former curve goes through the origin. 

In this series of tests, hydrogen lowers the burst temperature by ΔTH, 

ΔTH = 0.0057 H1.49,

where temperature T is in ◦C and hydrogen content H is in wppm. 
Although the data from this program were not admitted to our data base 
because of external heating, we will assume that this temperature 
reduction as a function of hydrogen content applies universally. A 
comparison of the trend line for tests in this series with the trend line for 
all the data discussed below shows that the externally heated rods burst 
systematically at lower temperatures than the internally heated rods by 
about 50 ◦C at 50 N/mm2, demonstrating again the effect of atypical 
heating. 

4.2. Cladding-Alloy effect 

All values in the previous database were for Zircaloy cladding that 
was prevalent at that time. Newer cladding types include Zircaloy with 
low tin concentrations (designated as Zry-4) and other alloys containing 
niobium. Recently reported tests at KIT with different cladding materials 
were all conducted with the same heating rate and the same hoop stress 
(38 N/mm2) (Stuckert et al., 2020). Using average values of rupture 
temperature and burst pressure for inner rods and outer rods in each 21- 
rod bundle, we looked for trends in those results. 

Two of the test bundles (4 data points) contained cladding specimens 
that had been prehydrided. In Figs. 10 and 11, results are shown with 
and without the ANL-based hydrogen correction obtained above. No 
apparent trends are seen for hydrogen content or cladding type after 
correcting for hydrogen. This adds confidence that at typical burst 
temperatures – in this case less than 900 ◦C – the hydrogen correction is 
adequate and differences in alloy composition and preparation anneal 
out. 

4.3. Heating-Rate effect 

A heating-rate effect on rod-burst conditions has previously been 
noted (Powers and Meyer, 1980). To check for this effect, we segregated 
our database into a slow-ramp group (≤15 ◦C/s) and a fast-ramp group 
(>15 ◦C/s) and compared them with results from all data taken together. 
This was done after correcting for hydrogen content as described in 
Section 4.1. The average heating rate for tests in the slow group was 
7.82 ◦C/s; the overall average was 17.14 ◦C/s; and the average for the 
fast group was 29.14 ◦C/s. At 50 N/mm2, roughly in the middle of the 
data range, the burst temperatures were 820 ◦C (slow ramp), 833 ◦C (all 
data), and 859 ◦C (fast ramp) from their trend lines. These burst tem-
peratures versus their heating rates are shown in Fig. 12 along with their 
linear trend line. Very similar results were obtained at 20 and 80 N/ 
mm2. 

Relative to the overall average heating rate of 17.14 ◦C/s, heating 
rate causes an approximate deviation of ΔTR, 

ΔTR = 1.85 R − (833 − 804) = 1.85 R − 29,

where temperature T is in ◦C and R is the heating rate in ◦C/s. 

4.4. A new correlation 

When all of the data in the updated database are plotted to show 
burst temperature as a function of stress, a trend line is obtained with an 
“R-squared” goodness of fit of 0.78. When the above hydrogen 

Fig. 5. Gamma scan for Test IFA-650–4 at Halden. Fuel loss from cladding 
during LOCA testing. Reproduced from the 2013 Halden report (Wiese-
nack, 2013). 
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correction is applied, this value increases to 0.79, and when the above 
heating-rate correction is applied it increases to 0.84 (Fig. 13). This 
indicates that the two corrections are effective. By the way, the number 
of tests on rods with hydrogen is small compared with the total number 
of tests such that the impact on goodness-of-fit for the whole database is 
not greatly affected; this does not mean that the hydrogen effect is small. 

Thus burst temperature as a function of cladding stress is well rep-
resented by. 

T = 1385 σ− 0.129,

where temperature T is in ◦C and stress σ is in N/mm2 for cladding 
with no hydrogen and undergoing a temperature ramp of 17.14 ◦C/s. 

5. An alternate method 

Safety analyses in Germany are required to show that no more than 1 
% of the fuel rods in a core would rupture during a small-break LOCA 
and no more than 10 % of fuel rods in a core would rupture during a 
large-break LOCA. There are other considerations in a safety analysis for 
a German power reactor, and it is not our intent to review or comment 
on those considerations. We believe, however, that the concept of 
limiting the number of ruptured rods is sound, is workable, and avoids 
the major problems associated with calculating ECR and PCT. 

5.1. Burst temperature correlation 

There are, nevertheless, still some difficulties in calculating the 
number of fuel rods that would burst. Mechanical properties (yield stress 
and ultimate tensile stress) are not well enough known for a mechanistic 
calculation. There is also the problem with cladding hot spots. Thus we 
have re-examined available data to determine an empirical method of 
reliably estimating the number of burst rods and obtained the following 
correlation for burst temperature: 

T = 1385 σ− 0.129 − 0.0057 H1.49 + 1.845 R − 29 

where T is temperature in ◦C, σ is stress in N/mm2, H is hydrogen 
content in wppm, and R is the heating rate in ◦C/s. The cladding stress σ 
is obtained from the burst pressure as follows: 

σ = (d/2t) ΔP,

where σ is hoop stress, d is the undeformed cladding mid-wall 
diameter, t is the undeformed cladding thickness, and ΔP is differen-
tial pressure across the cladding wall at the time of rupture. 

Table 1 
Parameters influencing fuel ejection in the Halden IFA-650 test series.  

# Burnup 
MWd/kg 

Fill gas 
pressure bar 

Free volume 
cm3 

Balloon strain, 
max, % 

Burst size 
mm2 

Pressure drop on 
burst 

Fragment size 
(qualitative) 

Fuel ejection (qualitative according 
to gamma scan) 

2 0 40 15 54 270 fast large none 
3 81.9 40 21 8 (0) slow small to large none 
4 92 40 21.5 62 434 fast very small to 

medium 
very strong 

5 83 40 15 15 7 slow very small to 
medium 

medium 

6 55.5 30 17 49 — fast large none 
7 44.3 6 17 23 8.25 fast small to medium none 
9 90 40 19 61 224 slow very small to 

medium 
very strong 

10 60 40 17 15 37.5 fast small + medium to 
large 

minor 

11 56 30 16 25 1.5 fast medium to large none 
12 72.3 20 1.8 42 0.75 fast small + medium to 

large 
minor to medium 

13 73.1 20 15.9 48 8 fast small + large minor 
14 71.1 20 1.9 55 0 — small + large did not burst 
15 64.7 40 17 55 800 slow small + large minor to medium 
16 60 40 17 72 2 slow large none  

Fig. 6. Rupture temperature as a function of engineering hoop stress for 
internally heated Zircaloy cladding in aqueous atmospheres. Reproduced from 
the 1980 NRC review (Powers and Meyer, 1980). 

Fig. 7. Hydrogen content of M5 and low-tin Zircaloy-4 in PWR. Reproduced 
from Mardon et al. (Mardon et al., 2005). 

R.O. Meyer and W. Wiesenack                                                                                                                                                                                                              



Nuclear Engineering and Design 394 (2022) 111816

7

5.2. Pressure calculation 

Calculating the rod internal pressure during ballooning deformation 
is affected by the volume in the balloon because it is not negligible 
relative to the effective plenum volume. This expanding volume reduces 
the pressure, but burst temperature is not strongly affected because the 
slope of the correlation is small for most of the burst pressure range. 

6. Conclusions 

Based on the above information, we do not believe it is currently 
possible to perform credible calculations of fuel behavior within the 
ballooned region of a fuel rod undergoing a loss-of-coolant accident. The 
following phenomena contribute to the difficulty of making such 
calculations. 

Circumferential temperature variations, which are due to random 
pellet eccentricities, the presence of grids, guide tubes, and other 
external features, lead to hot spots in cladding that affect rupture strain. 
Hydrogen, which is absorbed in the cladding during burnup, also affects 
rupture strain. These effects might be accommodated by making 
bounding assumptions, but such assumptions would have to be based on 
an updated database that would still contain all of the uncertainties 
evident in Fig. 1. 

At high burnups, though, cracked pellets become fragmented and 

Table 2 
Rod Burst Data in the Halden IFA-650 test series.   

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Fuel type system 
check-out 

PWR PWR PWR PWR VVER BWR system 
check-out 

PWR PWR VVER BWR BWR BWR PWR PWR 
Cladding Zry- 

4 
Zry-4 Zry-4 Zry-4 E110 LK3/L Zry-4 Zry-4 E110 LK3/ 

L 
LK3/ 
L 

LK3/ 
L 

M5 Zry- 
4 

Outer diam. 
(mm) 

9.50 10.75 10.75 10.75 9.13 9.62 10.75 9.50 9.13 9.62 9.62 9.62 9.50 9.55 

Thickness 
(mm) 

0.57 0.725 0.725 0.725 0.68 0.63 0.725 0.57 0.68 0.63 0.63 0.63 0.57 0.61 

Liner (μm) No 150 100 150 No Yes 100 No No Yes Yes Yes No No 
Burnup 

(MWd/ 
kgU) 

0 81.9 92.3 83.4 55.5 44.3 89.9 61.0 56.0 72.3 74.1 70.8 64.7 65.0 

Oxide thick. 
(μm) 

0 18–27 10 65 ~5 less 
than10 

7–8 20–30 ~5 40 20 30 9 12 

Hydrogen 
(ppm) 

0 250 50 650 100 44 30 150–220 100 300 300 300 71 99 

Target PCT 
(◦C) 

800 800 800 1100 850 1100 1100 850 1000 850 870 850 850 850 

Burst temp. 
(◦C) 

812 772 785 764 820 1101 810 748 838 790 816 787 799 790 

Burst 
pressure 
(bar) 

55.8 71.3 50.9 71.6 63.5 10.5 62.7 70.1 52.0 38.8 34.5 57.7 58.1 62  

Fig. 8. Burst temperature versus burst stress for ZIRLO cladding with (solid 
circles) and without (open circles) prehydriding from ANL tests; trend line for 
open circles only. 

Fig. 9. Change in burst temperature as a function of hydrogen content for 
prehydrided ZIRLO cladding from ANL tests. 

Fig. 10. Burst temperature versus burst stress for tests at KIT.  
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sometimes powdered by expansion of fission gases that have been 
retained in pores. Thermal conductance through such fuel material and 
then to the deformed cladding would depend on the post-rupture ge-
ometry of the fuel particles and their distribution within the cladding 
and would not be the same from case to case. Because the fuel material is 

a heat source along with the cladding itself (metal-water reaction heat), 
prediction of cladding temperature and hence oxidation would be 
uncertain. 

In many cases, fuel debris are seen to relocate from above a balloon’s 
location into the increased volume of the balloon. This would increase 
the internal heat source and thus affect temperature and oxidation in the 
important node of the calculation. 

In some cases at high burnup, fuel debris are expelled through the 
burst opening by the energetic depressurization of a fuel rod when it 
bursts. Such fuel expulsion is clearly at odds with the 1973 Commission 
opinion “to retain the oxide fuel pellets in their separate fuel rods.” 
However, this is not necessarily in violation of the underlying criterion 
that “fuel and clad [sic] damage that could interfere with continued 
effective core cooling is prevented.”. 

These phenomena are complicated and their quantitative behavior is 
currently unknown – and perhaps unknowable – and results of such 
calculations of PCT and ECR are thus not reliable. We are not alone in 
this view. In Germany, the Reactor Safety Commission (RSK) had 
independently reached the same conclusion: “In the opinion of the RSK, 
such a safety demonstration is currently not possible” and detailed 
reasons are given for that opinion (RSK, 2015). Fortunately, another 
approach is available and has been used successfully in Germany. 

If safety analyses were changed to just count the number of fuel rods 
that burst during a LOCA, a limit could be placed on that number to 
ensure that effective core cooling is not prevented. We note that German 
nuclear plants are operated such that less than 1 % and 10 % of the fuel 
rods burst in safety analyses for small-break LOCAs and large-break 
LOCAs, respectively. This experience suggests that employing limits 
on burst rods more generally would not be disruptive to current plant 
operation. Independently, Westinghouse reported representative large- 
break LOCA calculations for an American nuclear plant and found less 
than 10 % of the rods in the core experienced bursting (Nissley et al., 
2005). 

As two old scientists, who have worked in this area of research for 
years, we recommend that the number of fuel rod bursts be limited by 
regulators to 1 % and 10 % for small-break LOCAs and large-break 
LOCAs, respectively, and that this change be made immediately. The 
problem with postponing a change in regulation is that it is entirely 
possible to have many more burst rods – with fuel particle expulsion – 
while still not exceeding current PCT and ECR limits. Fuel particle 
expulsion under LOCA conditions is a reality, and it is important to know 
how much debris might be present in order to assess the impact on ac-
cident progression. A debate over the exact number of burst fuel rods 
that can be tolerated can be held later when ongoing research on fuel 
fragmentation, relocation, and dispersal (FFRD) can inform the decision 
(Committee on the Safety of Nuclear Installations, 2016). 

We further note that this proposed method of safety demonstration is 
easier to perform than the current method, and that no peak cladding 
temperature (PCT) is involved; the concept of limiting cladding tem-
perature arose only in the context of oxidation within a ballooned re-
gion. It is also our view that greater simplicity, transparency, and 
credibility can help with public confidence in the future effort to utilize 
nuclear power in reducing climate effects. 
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