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National Laboratory Comments on NUREG-2224 

1. Pacific Northwest National Laboratory
• Page 2-6, line 2: “The normal explanation for the structural response of the fueled-rod

composite system is as follows.”
o What is the intent of the section?  I suggest the section be modified to clarify the

intent.
o I suggest the term “normal explanation” be clarified.   Is this referring to modeling

or analysis applications?
o I think the section is trying to state that typical analyses of used fuel makes the

simplifying assumption that the fuel rod behaves like a linear, continuous,
composite beam, with homogenous solid fuel.  The way I read it, though, the section
seems to be stating that fuel rods actually do behave like linear, continuous,
composite beams with homogenous solid fuel.  Figures 2-6 and Figure 2-7 seem to
contradict the model of behavior that Section 2.3.2, pages 2-6 and 2-7 is describing.

• Page 2-6, line 6: “EI = EcIc + EpIp” (Equation 2-1)
o I normally model fuel as homogenous elastic beam elements in structural dynamic

applications with this equation:  EI = EcIc + x*EpIp, where x is a variable parameter
with a value between 0 and 1.  How much the fuel contributes to stiffness has been
an unknown, and I’ve been treating it that way.

o The last time I talked with Jy-An Wang from ORNL, he thought the CIRFT data was
pointing to x=0.5 as a good general rule of thumb.  However, page 2-7, line 22-23
concludes that x is always 1.0.  Something might have changed, but what’s written
in the NUREG does not match my expectations.

o The fuel rod EI ballpark corresponding to x = 0 to 1 seems plausible and “safe” for
NCT transportation and package drops.  Evaluating loads on cladding assuming a
range of EI (x=0, 0.5, and 1.0) has calculated a positive margin on fuel cladding for all
cases I can remember.  The results have not been highly sensitive to the choice of EI
in that range.

• Page 2-7, line 22-23:  “Thus, for a spent fuel rod, where the fuel is a homogenous solid, the
flexural rigidity is given by Equation 2-1, regardless of whether the fuel is bonded to the
cladding.”

o I don’t think the test data agrees with this statement.  You can test this analytically
by using Equation 2-1 to calculate an EI, using a closed-form solution for beam
bending, and plotting the response in Figures 2-7 or 2-8.  The linear relationship
should have the straight line shape of the first segment of the PNNL curve in Figure
2-7.  If you do this, I would expect one EI, not the three EI regions discussed in the
test data.

o Maybe the point of the sentence is that fuel is a discontinuous solid instead of a
continuous solid, so real fuel does not behave according to Equation 2-1?

o If my memory is correct, FEA of the stiffness contribution of pellets inside cladding
was studied by INL around 2013, and the conclusion was that when pellets were
constrained (had nowhere to move or slide relative to the cladding) that Equation 2-
1 would be correct.  In that special case, this statement in the NUREG is correct.
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However, if the fuel pellets have room to move, such as into plenum space or into 
pellet-pellet gaps, then effective EI would be less than Equation 2-1.  With ORNL 
finding a 5 mm pellet-pellet gap in a sister rod, I think pellet gap effects needs to be 
addressed in discussions of fuel rod EI and stress calculations. 

o This goes back to the question of what is the purpose of this section of the NUREG?  
This sentence looks like it is declaring that all spent fuel behaves according to 
Equation 2-1, when the intent might be that Equation 2-1 is a good estimate of 
behavior, but not a perfect one. 

• Table 2-2. The column for EI3 looks to be mislabeled as EI2. 
• NAK3: Page 2-13, line 16.  “… maximum equivalent tensile stress…”  I think this is talking 

about axial stress, not von Mises stress.  The word equivalent might cause confusion 
because “equivalent stress” can mean von mises stress depending on context. 

• Figure 2-6.  This figure seems to contradict the behavior discussed in Section 2.3.2, pages 2-
6 and 2-7.  If stress and strain goes up in the cladding at the fuel pellet interfaces, the model 
of the fuel rod as a homogenous solid is not consistent.  I think some discussion about the 
resolution of the differences between the model discussed on pages 2-6 and 2-7 and real 
discrete pellet effects is needed. 

• Page 2-13, lines 19-28.  I think the methodology laid out here is reasonable for calculating 
nominal stresses and providing a reasonable assurance of safety.  However, this doesn’t 
address pellet gaps and the effect they can have on cladding stress.  If pellet gaps are a low 
frequency occurrence that can be ignored, that’s fine, but you might need to be ready to 
address this based on the sister rod test results. 

• Page 2-19, line 22.  Identify where the 80 N*m comes from.  I think you mean that bending 
moment based acceptance limits can be used from CIRFT test data if they are available.  I 
think what you are showing is an example calculation, and not a general conclusion for all 
fuel and packages.  If the intent is different, you might want to clarify. 

• Page 2-21, Table 2-5.  It would be good to clarify if NRC considers the 0.060% strain 
amplitude to be the fatigue limit, or just the practical extent of CIRFT data.  Page 2-4 line 24 
mentions the likely existence of a fatigue limit, but the way I read the section I don’t think 
NRC is endorsing that idea. 

 
2. Argonne National Laboratory 

• Mechanical Properties Data for Zr-based Cladding Alloys (P1-7, L4-9) 
The two Geelhood et al. references provide adequate guidance to the applicant for the 
mechanical properties of Zircaloy-2 (Zry-2), Zircaloy-4 (Zry-4) and to some extent ZIRLO. 
Both references contain the same correlation for Young’s modulus (E), which is a function of 
cold-work fraction, temperature, fast fluence, and excess oxygen (not relevant). Only the 2nd 
reference (Geelhood et al, 2013 – please correct to 2014 in text and reference list) contains 
correlations for a much needed second elastic constant, which in this case is the shear 
modulus (G). For elastic analyses of isotropic materials, most stress-strain relationships are 
written in terms of E and Poisson’s ratio (ν), which is generally in the range of 0.2 to 0.4 for 
metals and always <0.5. Reviewers of license applications should be aware that E and G 
correlations used in FRAPCON-3.5, FRAPCON-1.5, and MATPRO are compared in Geelhood 
et al, 2014. Although not pointed out by the authors, the MATPRO correlation for G has an 
incorrect dependence on cold-work fraction (CW) that leads to unrealistic values of ν = 
E/(2G) – 1. The FRAPCON correlation for G appears to be correct. The figure below shows 
the comparison among MATPRO-calculated ν, FRAPCON-calculated ν, and ν-data for 
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recrystallized-annealed (RXA, CW = 0) Zry-4 in the 24°C−316°C temperature range [1]. The 
FRAPCON correlations for E and G give ν = 0.37±0.02 in the 25°−400°C temperature range 
with no significant variation with CW, temperature, and fast fluence. 
 
The three references for M5 mechanical properties present data and correlations for M5 
based mostly on non-ASTM ring-stretch tests and the data/correlations are inadequate for 
analysis of spent nuclear fuel rods during drying-transfer-storage-transport. For example, 
correlations are given for the ultimate tensile stress (UTS) and the uniform elongation (UE). 
Because of sample geometry and loading method, the ring-stretch sample has no 
deformation regime for which the stresses and strains are uniform within the gauge section. 
Also, the total elongation (TE) is highly dependent on sample geometry and loading details. 
The Bouffioux reference does contain room-temperature results of ASTM-type tube burst 
tests for irradiated M5. However, axial tensile data are needed, along with data from 
elevated temperature tube-burst tests to determine axial and circumferential plastic stress-
strain relationships for irradiated M5. Determination of M5 mechanical properties is a high 
priority in Sister Rod testing.  
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[1] Scwenk, E.B., K.R. Wheeler, G.D. Shearer, “POISSON’S RATIO IN ZIRCALOY-4 BETWEEN 24° AND 

316°C,” J. Nucl. Mater. 73 (1978) 129-131. 
• Staff’s Assessment of Ring Compression Testing Results (1.5.5, pp 1-24 to 1-26) 

The ring compression tests with defueled cladding were conducted as ductility screening 
tests. Proper interpretation of the results are as follows: (a) if the samples exhibit ≥2% offset 
strain before significant cracking occurs (>50% of wall), we are confident that the samples 
have ductility; (b) for temperatures at which the offset strains drop below 2%, the ductility is 
too low to be measured with confidence by the RCT. The 2% offset-strain criterion is 
conservative for M5, which has a very thin oxide layer. For M5, we have confidence in 
ductility at offset strains as low as 1.5%. However, such a change in criterion would have 
little impact on the DDT. The staff has presented interesting arguments and analyses 
concluding that the RCT loading generates more displacement than would be experienced 
by accelerating cladding impacting a grid-spacer spring. In particular, for equivalent support 
loads, the displacement (change in outer diameter in loading direction) would be about 50% 
less for a distributed dynamic load. The argument can still be made that RCT loading, which 
induces bending in the hoop direction, is more prototypic than pressurized-tube loading or 
ring-stretch loading. Also, NRC’s conclusion that RCT loading results in higher hoop bending 
stresses than pinch loading works well with what we expect to demonstrate: that defueled 
cladding has adequate ductility for cladding subjected to relevant ranges of peak internal 
gas pressure, peak drying-transfer-storage cladding temperature (PCT), and slow cooling 
under pressure/hoop-stress.  



5 
 

• Lines 40-42 of P5-1: Conclusion is okay based on what we know today and expect from most 
of the Sister Rod testing program. However, we have not yet conducted CIRFT tests on 
samples with pellet-pellet gaps or under grid spacers. Also, we know very little about 
Optimized ZIRLO, which has a very complicated, non-uniform microstructure. 

• Technical Errors Important to Correct 
o Figure 1-1 on page 1-6: The caption for the upper left figure should read [H]inner 2/3: 

246±29 wppm; in figure caption change “Diameter” to cross-sectional area. 
o Figure 2-9 references: the radial-hydride continuity factor (RHCF) used by Argonne 

and referred to in this NUREG requires continuity or radial-circumferential hydrides. 
Figure 2-9 is not high enough in magnification or quality to assess continuity. 
However, it is clear enough that relatively few radial hydrides are present in the 
outer 1/3 of the cladding wall for RHCF to be 100%. The following two images 
represent enlargement (1st) and enlargement-enhancement (2nd) of the Figure 2-9 
image. Based on both of them, it would be more accurate to say that the RHCF is 
>50% in this image. Also, Argonne takes about 30 images at 100X to cover the whole 
cross section of a metallographic sample. The maximum length of continuous radial-
circumferential hydrides (projected onto the radius) is determine for each image. 
Argonne reports the average and one-sigma variation of the data from the 30 
images. Assuming that Figure 2-9 represents the longest radial hydrides observed, 
the RHCF defined by Argonne may be below 50%. 

o Eqn 2-9: eliminate “=” in “Σi = ni/Ni” 
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• Minor formatting issues and errors 
o Figures containing Greek letters (1-7, 1-10), should express those letters as lower 

case rather than upper case. 
o P1-1, L5: eliminate extraneous comma 
o P1-1, L24: need space between “demonstrated” and “on” 
o P1-7 L2: “These data include…” 
o P1-8, L23: “discusses” 
o P1-9, L7 Figure 1-2 caption: “Iin” should be “in” 
o P1-12, L7: Start sentence with “Data are also not publically available…” 
o P2-9, L23: “Use of Equation…” 

• P.1-4, lines 8-10.  Stating that “the hoop stress is caused by internal rod pressure, which 
results from the fission and decay gases released….” is misleading.  As stated twice on page 
3-9 of Machiels 2013 (which is referenced in the NUREG), “…the contribution of fission gas 
to EOL RIP is small compared to the initial fill gas.”  That is a very important point, especially 
since the majority (if not all??) of the HBU currently being produced in PWRs is in 17X17 
assemblies where the initial fill gas pressure is lower than previous assembly designs and 
even older 17X17 assemblies. 

• P. 1-4, line 42 “extrapoling” should be “extrapolating” 
• P.1-12, lines 1-3:  similar to comment #1, the non-proprietary data on the sister rods has 

initial helium fill pressures as low as 240 psia (1.65 MPa) for one vendor and 290 psia (2.00 
MPa) for another; with the much older assembly designs at 365 psia (2.52 MPa). 

• P.1-14 lines 14-17; I understand that staff is evaluating the discrepancies between Bratton 
(2015) and Richmond and Geelhood (2017), but neither analysis should be included without 
more explanation as it just makes it seem that there is wide uncertainties.  In reality, the 
biggest reasons for the differences are known and should be stated. 

 
3. Sandia National Laboratories 

• Work on atomistic models showing the differences in elastic and mechanical properties of 
Zry-2, Zry-4, ZIRLO, and M5 should be included/discussed.  

See, Weck, P.F., Kim E, Tikare V. Mitchell J.A., “Mechanical Properties of zirconium alloys 
and zirconium hydrides predicted from density functional perturbation theory,” Dalton 
Trans. 44, 18769 (2015) 

         This work could readily be extended to irradiated zirconium alloys.  
• Inclusion of LDRD work on PCI regarding the additional complexity introduced at het pellet-

cladding interface which might give an additional degree of complexity to high burn-up fuel 
science and technology. 

 
• While the technical content of the report is sound, it solely focuses on macroscopic metrics 

to evaluate the performance of HBU spent fuel (fuel’s temperature, rod internal pressure, 
and the environment (storage or transport operations). I was a bit surprised it did not 
include any discussion/characterization or at least some acknowledgements about some of 
the underlying “mesoscale” mechanisms such at interfacial intermixing, interface chemistry 
etc. occurring during the aging process of spent fuel that may ultimately impact the fuel rod 
load-carrying capacity (shifted from the pellets to the cladding) and pellet-clad debonding. 
This will not only depend on the type of fuel but also on the type of cladding used. 
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4. Oak Ridge National Laboratory 
 

• Figure 1-1 provides images of cladding hydrides in three cladding alloys on average and inner 
2/3 of cladding wall. The text is focused on describing hydride precipitation in general, the rim 
effect, and hydride migration. The typical depth of the hydride rim is not mentioned. When 
viewing the figure, it is not clear why the listed differences between the inner and outer 
hydrogen concentrations are important.  

o To improve understanding, within the text: 
 Add the typical hydride rim depth and add to line 17/18 on page 1-5 “…just 

below the outer coolant-side cladding oxide layer, with a higher concentration 
of hydrides occurring in the outer 1/3 of the cladding.”   

 On line 16 on page 1-5 , remove the words “migration and” to avoid confusion.  
 On line 19, it would be very useful to add discussion on the differences between 

the behaviors of the cladding shown in the figure. Alternatively, if the goal is 
only to define and illustrate hydride precipitates, a hydride rim, and hydrogen 
concentration, then only the ZIRLO image should be used, since it is the only 
image that has these well-defined regions. 

o To improve understanding, within Figure 1-1, I suggest: 
 Add a dashed line indicating where the 1/3 occurs in each image.  
 A note and leader indicating the waterside and the oxide layer. 
 A note and leader indicating the hydride rim for the Zircaloy-4 and ZIRLO. 
 A figure notation providing the interpretation of the Haverage and Hinner 2/3 data 

provided. 
 Since the text preceding the figure discusses the linear heat during operation, it 

would be useful to include some information about that in the image. 
Alternatively, if the linear heat rate is not used in other parts of the document, 
perhaps lines 20 to 23 on page 1-5 could be deleted. 

• Throughout section 1.5, many forms of information are discussed, including the results of post-
irradiation examinations, physical testing of irradiated cladding samples, interpretations of 
metallographic images of irradiated cladding sample, rod performance code predictions, and 
finite element calculations. To aid the reader in understanding the information, I suggest that 
where the word “data” is currently used in the text, that it be clarified through the use of a 
modifier. For example: 

o Page 1-11, line 34/35 – “…show the publicly-available empirical data for standard fuel 
rods….” 

o Page 1-12, line 19, “…shows the code-predicted data evaluated at 400C, including 
predictions for end-of-cycle RIP values for IFBA rods.” 

o Page 1-13 line 15, “…a reasonable upper bound of code-predicted RIP for standard fuel 
rods.” 

o Page 1-13 Figure 1-4, “Code-predicted rod internal pressure…” 
• Page 1-11, lines 5 through 9 imply that there is a close correlation between burnup and the 

release of pellet-sequestered fission gases to the rod free volume. The literature does not 
appear to support this general conclusion. To avoid the implication that there is a strong 
correlation, the discussion could be prefaced with “observations of commercial power fuel 
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indicate that….” Further, this general information may be more appropriate in conjunction with 
the discussion in 1.5.3.1 and perhaps should be moved to that section. 

• Page 1-11, line 12, replace the word “release” with “generation.” 
• Page 1-14 lines 12 to 17, ORNL and PNNL both completed code predictions of RIP using the 

same code and arrived at much different results.  
o Suggest adding “No empirical data is available to verify the code predictions, however, 

the FRAPCON code is well-validated for standard PWR rod predictions.”  
o Also, it was not mentioned whether code modifications were required by Geelhood for 

the IFBA rods.  
o Suggest removing the statements on lines 16 and 17 on the conservative and bounding 

assumption and instead note that the staff concludes, in the absence of empirical data 
on IFBA and with the evidence provided by the code-predicted values, that the rod 
internal pressure in both standard and IFBA rods is well below the 90 MPa hoop stress 
that has been shown to be capable of producing hydride reorientation in ZIRLO fuel rod 
cladding. 

• Figure 1-4, suggest modifying the caption to “code-predicted rod internal pressures” as opposed 
to “calculated.”  

• Figure 1-5, suggest captioning “Aggregated empirical and code-predicted rod internal pressure 
for PWR fuel rods, evaluated at 25C.”  

• Figure 1-6, suggest the caption should be “code-predicted maximum rod internal pressure 
(average + 3 sigma)[Bratton et al] evaluated for a range of rod average fill gas temperatures.” 

• Figure 1-9, suggest the caption should be “Calculated PWR cladding hoop stress based on the 
maximum code-predicted rod internal pressure, evaluated for a range of rod average fill gas 
temperatures.” 

• Page 1-19 line 17, to differentiate the RCT ductility from the material property elongation 
(ductility) typically tabulated in the literature, it would be useful to say, “to define an effective 
ductility for RCT…” and to use the words “effective ductility” throughout, including in the figure 
captions. 

• Section 2.1, first sentence implies that the canister is relied upon for confinement in 
transportation. The transportation package provides a containment function. Suggest rewording 
to clarify intent of this statement. 

• Section 2, HBR does not appear to be defined in the text (it does appear in the acronyms). The 
extent of the cladding types tested using CIRFT does not appear to be discussed and should be 
added. 

• Page 2-3, line 33, should this be clarified as HBR HBU HRT rods? 
• Page 2-4 line 3, should the bullet be revised as: “The test methodology and its corresponding 

method to measure and calculate cladding stress and strain [Wang et al] is applicable to current 
commercial power fuel rod types”? 

• Page 2-4 line 21, “maxima of the curvature of the HBR HBU SNF rods….” And line 29, “the HBR 
samples….” 

• Page 2-19, to provide consistency in units, line 1 should read “…2.9 to 4.6 g…” 
• In the discussions on safety margin in section 2, likely these should be clarified as the margin to 

rod failure in bending. 
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• Page 2-17, Table 2-3, based on its content, the caption should be “Relevant properties of 15x15 
fuel assembly and a 15x15 fuel rod. 

• Page 3-8, Fission gases. Please clarify the point in time of the expected fission gas release. I.e., is 
the bounding 15% cited on line 26 at the end of its reactor operation? On line 19, should it be 
“…for transportation applications…” versus “…during transportation…”? 

• General CIRFT: Seems results/conclusions are based on inertia induced harmonic vibration cases 
and static cases. We didn’t see any discussion on accumulated damage profile from shocks 
during NCT. This could impact the dynamic curves, and is a parameter needed for damage 
propagation in the models. It is recognized that this parameter has not bee adequately 
discussed yet, but is a key parameter that could impact the conclusions of this document, so it 
should at least be mentioned.  

 
Editorial comments: 

• Page 1-1, line 5 contains a stray comma. 
• Page 1-1, line 24 has a missing space, “demonstratedon.” 
• Page 1-2, lines 27 through 31, the second half of this sentence should be modified, “and thus 

cladding performance, and therefore…” Suggest splitting this into two sentences. 
• Page 1-3, line 8, suggest removing the word “other,” since it implies that Zircaloy cladding is an 

advanced alloy. 
• Sections 1.5.3, 1.5.4, 1.5.5, the word “extrapolated” is used when discussing the re-evaluation of 

data to standard temperature conditions using the ideal gas law. Since the ideal gas law is 
known to be applicable over the range of use, the word “extrapolated” is inaccurate. Suggest 
instead that “evaluated at” be used instead. E.g., “Figure 1-4 shows the results evaluated at 
400C….” 

• Section 2 could benefit from a sentence at the end of the introduction stating the purpose of 
each subsection, e.g., “Section 2.2 provides a discussion of the available fuel rod composite 
static and dynamic performance empirical data and its acquisition, Section 2.3 describes the 
application of the empirical data in transportation applications and the development of a 
composite rod analytical model, and Section 2.4 discusses the application of the empirical data 
for storage and transportation fatigue evaluations.” 

• Page 2-5, line 17, “…inertial loading….” 
• Page 2-6, consider starting a new paragraph on line 10 just before “on the other hand….” Also, 

at line 14, consider adding a subsection “Example of the use of a composite section in a non-
nuclear application.” You might want to move the example to an appendix.  

• Page 2-8, line 14, the second comma is not needed. 
• The usage of the discussion on the opening of the pellet-pellet interfaces is confusing because 

the word “cracks” is used, suggesting that a pellet crack has occurred. I believe this discussion is 
focused on the development of openings between pellet ends as bending is increased and not 
the development of additional cracks in the pellet body, so I think that this section should be 
modified to remove the mention of cracking. 

• Within section 2 there is discussion on the bonding between the pellet and the cladding. There 
are two types of bonding that can be described: a chemical bond between the pellet and the 
cladding, and a mechanical bond resulting from residual compression of the cladding on the 
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pellets. While the end result of either bonding is the composite behavior described in the text, 
the chemical bonding is likely irreversible, while the mechanical bonding may change over time. 

• In the sections deriving dynamic and seismic response of a rod in transportation, likely the 
section headers should include the word “transportation.”  

• I believe section 2 would be more understandable if all of the solid mechanics work were 
collected into a single subsection (showing how the composite section is calculated, showing the 
difference between cladding only and composite rods, the net effect of hydride reorientation, 
how impact conditions are addressed mechanically) and then discussing the various applications 
(transportation fatigue, dry storage accidents, transportation accidents). It seems that the 
results of the fatigue testing should be in the discussion of the test, section 2.2. 

•  
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