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The Nuclear Energy Institute (NEI) guidance expands on RG 1.82, Rev. 3 (requirements for long-
term cooling) using portions of the knowledge-base report [NUREG/CR-6808] and other NRC
and industry related documents. The primary NEI research contributions are the sections on leak-
before-break (LLB) and fracture mechanics as they relate to the initial postulated break size. This
review identified areas where additional development is needed for the guidance document
regarding each of the key stages of sump-screen vulnerability assessment: (1) debris generation,
(2) blowdown/washdown debris transport, (3) pool transport, and (4) sump-screen head-loss
evaluation. This review identified guidance that has not yet been accepted by the Nuclear
Regulatory Commission (NRC), guidance that does not agree with the current knowledge base,
and guidance that was based on unjustified assumptions. In addition, the NEI methodology report
has not yet addressed the issues of chemical effects, internal blockage downstream of the sump
screens, or proposed mitigation strategies to address any identified vulnerabilities. The report
also contains a placeholder for a comparison to regulatory guide requirements that needs to be
completed.

In its current condition, the NEI guidance is incomplete in many respects and will result in
industry blockage evaluations that are inconsistent and potentially nonconservative. While there
may be qualified individuals and analytic support groups serving the industry that have the
experience needed to produce blockage evaluations acceptable to the NRC, the present guidance
will not serve the needs of a typical plant engineer who will be faced with the complexities of an
emergency-core-cooling-system (ECCS) vulnerability assessment. The NEI guidance would
benefit from the addition of a high-level description of the blockage evaluation that describes the
key steps of the analysis (i.e., break selection, debris generation, debris transport, and head loss)
and sequentially explains how the results of each step affects the analysis of subsequent steps. A
logic flow chart of the recommended evaluation process would provide a framework for
improving the integration and consistency of the document. At present, the NEI methodology
report should be considered a draft that requires additional technical review and editing to ensure
clarity, accuracy, integration, and correct reference citations.

The NEI guidance should discuss the required level of conservatism for a blockage evaluation
near the beginning of the report. Then, subsequent assumptions for each evaluation step should
be aligned with the stated objectives. For example, the statement-of-work for the boiling-water-
reactor (BWR) drywell debris transport study [NUREG/CR-6369] required a bounding analysis
approach, i.e., each assumption applied conditions that were extremely unlikely to be exceeded.
Presently, the NEI report contains a mix of assumptions, both over conservative and under
conservative. However, the over-conservative assumptions cannot be relied upon to counter the
under-conservative assumptions in the overall assessment. In many instances, the phrase
"conservatively assumed" was used without any justification to support this position or to clarify
the degree of conservatism. For some of these statements, NRC-sponsored research indicates that
the associated assumption is not conservative.

In a similar vein, the NEI guidance does not establish an expectation of quality and consistency
among individual plant evaluations. This may follow implicitly by adding an integrated
framework for analysis and establishing standards of conservatism, but it could also be
accomplished explicitly by formulating a recommended table of contents to guide the
documentation of industry analyses, and by emphasizing the need to justify assumptions and
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provide supporting calculations. The proposed section on comparison to regulatory guidance also
provides opportunities to define a standard of quality and consistency.

The NEI guidance offers five options for estimating the characteristics of postulated breaks. The
first two options are based on strategies similar to those previously used to resolve the BWR
strainer-blockage issue, i.e., either to assume that (1) all the insulation inside the crane wall is
turned into debris or that (2) a pipe is completely severed leading to a spherical damage zone as
described in RG 1.82. The third and forth options employ fracture mechanisms and LLB
arguments, respectively, to substantially reduce the size of the break and hence the postulated
quantity of debris. However, the concepts of using fracture mechanics and LLB in sump-screen-
blockage evaluations have not been accepted by the NRC; therefore, their inclusion in the NEI
guidance is presumptive. Option 5 bases the break characteristics on a reactor-coolant-pump
(RCP) seal loss-of-coolant accident (LOCA). An RCP-seal LOCA is certainly one possible type
of coolant leak, but it is unlikely to represent a conservative break scenario. This is one example
of lack of integration that could be remedied by applying a logical framework for conservative
analysis throughout the document. Currently, only Options I and 2 can be considered as valid
guidance until the NRC has reviewed the applicability of fracture mechanics and LBB.

The potential need for additional testing was not mentioned in the NEI guidance. Two areas
where testing could be beneficial to a utility include the following: (1) when data are lacking for
a specific aspect of the evaluation (e.g., insulation-specific destruction pressure), the
conservatisms required to compensate for the lack of data could be so restrictive that the utility
might elect to conduct tests to obtain the missing information; and (2) when a plant-specific
resolution involves new strainer/screen designs or significant variations on existing designs, these
designs need to be tested to ensure their functionality, especially the ability of the design to
negate the "thin-bed" effect observed for fiber debris types. Wherever possible, the NEI guidance
should provide industry-standard, conservative estimates of data that are known to be missing
from the present knowledge base.

As mentioned above, the NEI guidance does not address potential mitigation strategies for
identified vulnerabilities. The guidance would benefit by adding a summary of the technology
developed and the experience gained during the BWR strainer-blockage resolution. This
summary should describe the design features implemented in the advanced strainer designs and
review the testing of those designs that may be relevant for PWR replacement sump screens. In
particular, the guidance should discuss how the advanced convoluted designs prevent the
formation of thin fiber beds. The guidance summary should also include the advice given in the
NRC staff evaluation report (SER) to the boiling-water-reactor owners group (BWROG) utility
resolution guide (URG) where staff positions were offered on several issues pertinent to
pressurized-water-reactor (PWR) blockage evaluations.

Specific examples of NEI guidance that could lead to sump blockage assessments that are not
conservative include the following:

1. The NEI guidance recommends using a spherical shaped zone of influence (ZOI) for
debris generation around a pipe break as was recommended by the BWROG in the URG.
However, no guidance was provided for accomplishing the mapping of a typical PWR
depressurization jet to a sphere except to describe the concept of equivalent volumes
within a debris-specific damage-pressure contour. The NEI guidance repeatedly
recommends a spherical radius of 12 times that of the broken pipe diameter (LD=12) but
never explains that this radius was developed for a BWR`jet and is not directly applicable
to a PWR pipe break. The volume within a particular pressure isobar in a PWR jet
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should be significantly larger than that for a BWR jet because the primary system
pressures are substantially higher in a PWR than for a BWR. Note that the BWROG
URG computational-fluid-dynamics (CFD) mapping model which resulted in the 12 pipe
diameters was based on a saturated steam jet at 1070 psig. The use of BWR-specific data
for the PWR resolution would likely lead to spherical ZOI that are too small and hence
not conservative. An analysis similar to that in the URG is necessary for PWRs if the
spherical ZOI method is used. It is acknowledged that the PWR parametric evaluation
[NUREG/CR-6762] assumed an IJD=12, but that study only had to meet the objective of
determining whether or not there was a minimum level of credible concern. Plant-
specific analyses must meet the more difficult challenge of conservatively estimating the
performance objectives for actual sump-screen installations. Furthermore, the size of the
ZOI must be related to the specific insulation products that are impacted. A 12-diameter
ZOI implicitly refers to the destruction of unjacketed fiberglass, but this distinction is not
carefully explained in the NEI guidance.

2. The NEI guidance relies heavily upon the extrapolation of existing debris test data to
recommend values for untested materials. Among the estimated parameters are debris-
generation destruction pressures, debris size distributions, debris transport properties, and
debris hydraulic parameters for use in head-loss correlations. However, the guidance
extrapolations were not justified by an appropriate rationale. Rather, the properties for
NUKON® fiberglass insulation were frequently cited with the disclaimer "conservatively
assumed". Note, for example, that the fire barrier data in Table 4.2.5.6-1 is entirely
postulated with the exception of a single entry. Many of the guidance recommendations
do not reflect current test experience and are not conservative. It is recommended that an
appropriate rationale be developed for each extrapolation and that additional
conservatism be factored in to account for uncertainties in material response. For
example, pool transport tumbling velocities might be amenable to extrapolation by
employing a force balance between materials of differing density, and a comparison of
existing data might be used to establish the trend. If an appropriate extrapolation cannot
be justified, then the guidance should recommend the most conservative condition that
can be supported by existing test data and reasonable physical arguments.

3. The NEI guidance cites primarily BWROG URG data for insulation destruction
pressures, i.e., the threshold pressure where insulation begins to exhibit damage by the
jet. This data was obtained from testing that used air as a surrogate for steam to cause
damage to the insulation materials. The jets from postulated PWR breaks would be two-
phase combinations of water droplets and steam; hence, an assessment should be made
regarding the application of air-jet determined destruction pressures to PWR jets. It was
noted in the parametric evaluation [NUREG/CR-6762, Vol. 3] that the destruction
pressures could be lower for two-phase jets than for air jets, based on limited Ontario-
Power-Generation (OPG) two-phase test data. Lower destruction pressures would imply
a larger ZOI for a given break condition. If a computational assessment or additional
two-phase testing is not able to validate the applicability of the air jet data for PWR
breaks, then conservative reductions in the destruction pressures for untested materials
are warranted to ensure long-term ECC performance. The destruction pressures
recommended in the NEI guidance (Tables 4.2.5.1-1, 4.2.5.2-1, 4.2.5.3-1, and 4.2.5.6-1)
are incomplete and contain errors and conflicting information. Specific comments
regarding recommended destruction pressures include, but are not limited to, the
following:
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a. The NEI guidance recommends a destruction pressure of 10 psi for NIJKON®
fiberglass insulation, whereas the NRC SER regarding the BWROG URG
reduced this pressure to 6 psi. One argument for this reduction was BWROG air-
jet Test 6-2 shown in the URG, which clearly shows substantial damage with
both small and large debris generated at a pressure of 6 psig. Further reductions
to account for two-phase PWR jets may be warranted as discussed above. Note
that the NEI guidance recommends the NUKON® destruction pressure for
generic fiberglass and five out of six untested fire-barrier materials, as well.

b. The NEI guidance does not include destruction pressures for mineral wool,
asbestos, unibestos, Microtherm, gypsum board, foam insulations, or surface
coatings. The recommendations that have been offered for many other materials
are not sufficiently specific and not adequately supported. When destruction
pressure data are unavailable for a specific material, several options should be
suggested. The most conservative approach, but perhaps the simplest to
implement, is to assume 100% destruction of the uncharacterized material
throughout containment. A less conservative but still defensible approach may
be to limit the extent of 100% destruction to the compartment where the break is
postulated. It may be possible to further reduce the damage fraction by assigning
a limiting destruction pressure to the untested material that is comparable to the
least robust material in the compartment that does have test data available.
Arguments of this type should be supported by a comparison of the mechanical
properties of the materials in question, or by some other reasonable physical
rationale. Also, it should be emphasized that 100% damage does not imply
100% transport to the sump screen in every case. See the following discussion
on debris size distribution.

c. The NEI guidance suggests the possibility of using data from OPG testing that
clearly shows a dependency of insulation damage on the orientation of a jacket
seam. However, any model that invokes the orientation of a jacket seam is not
compatible with the equivalent-sphere ZOI method because the spherical ZOI
functionally homogenizes all of the break orientations and jet reflections
associated with unspecified obstructions. Hence, jacket seam orientations cannot
be correlated with jet orientations. Computational options for computing the ZOI
other than the spherical approximation may be able to accommodate seam
orientations for specific postulated break conditions.

4. The degree of damage to insulation debris is a necessary input to the debris transport
analysis and is usually presented as a size distribution for each type of debris. The NEI
guidance for estimating size distributions of LOCA-generated debris is limited and
partially incorrect. Specific comments include, but are not limited to, the following:

a. The NEI guidance regarding a suitable size distribution for NUKON® LOCA-
generated debris referenced the separate-effect transport test report [NUREG/CR-
6772], which contains a brief description of the surrogate debris that was
generated for the purposes of those tests. No actual size distribution was
provided in that report for prototypical LOCA-generated debris. The debris used
in those tests was created by passing NUKON® insulation through a leaf
shredder to generate one typical size category of fiber debris flocks. The report
did not discuss other key debris-distribution attributes such as the fraction of
highly transportable fines and the fraction of less transportable larger shreds.
Note that this generic guidance was recommended for several other types of
materials as well. Other valuable sources of data and information on this topic
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are the descriptions of debris found in the BWROG URG for air-jet debris-
generation tests and the NRC SER to the URG.

b. The NEI guidance for the size distribution of damaged particulate insulations
(e.g., calcium silicate and Min-K) should be 100% fines because these materials
have been observed to disintegrate during immersion and spray impingement,
especially when exposed to hot water.

c. The NEI recommendations for reflective-metallic-insulation (RMI) debris cited a
reference that does not specifically address RMI. It seems likely that the
intended reference was the NRC-sponsored Siemens test summarized in
NUREG/CR-6808 (Figure 3-7, Page 3-15). If this is the case, then the
recommended size distribution is overly conservative for the aggregate ZOI,
because the RMI cassette in the Siemens test was placed directly over the break
jet to ensure complete destruction. In addition, this data applies specifically to
Mirror-brand stainless steel RMI cassettes and may not be applicable to other
types or manufactures of stainless steel RMI.

d. The NEI guidance should address the conversion of insulation-type and pressure-
specific damage data to a spherical ZOI [Section 3.3.3 of NUREG/CR-6808].
Debris size distributions can only be obtained from applicable experimental data,
i.e., size distributions depend on specific insulation types damaged at specific jet
pressures. Insulation near the break is typically destroyed totally, resulting in
fine or small fragments, whereas debris nearer the threshold damage pressure
may suffer only minor damage resulting in large shreds and partially damaged
cassettes and blankets. Careful integration of the spherical ZOI out to the
damage threshold could lead to size distributions that are skewed towards larger
less transportable debris, thereby compensating somewhat for lower destruction
pressure thresholds. Data exist in the BWVR air-jet test record to support this type
of refinement for some insulation types.

5. Guidance for the quantification and characterization of containment latent debris should
be enhanced. A standard procedure could be developed for sampling a containment
structure and scaling to the total plant surface area. (Particular attention should be given
to describe collection methods that adequately sample the very fine dust that would be
transportable in water sprays). This would give licensees the most detailed opportunity to
report plant-specific conditions. Alternatively, a default maximum could be developed
that accounts for possible variations in cleanliness from plant to plant. Reasonable upper
bound quantities of latent debris can be made that exceed the 150 lbs recommended in the
NEI guidance. Based on recent descriptions of latent dirt loadings provided by volunteer
plants, 150 lbs is more likely to represent a typical quantity rather than an upper bound,
so a more detailed rationale would be helpful to support any recommended default. The
guidance cites the foreign material exclusion (FME) program as justification for limiting
latent debris estimates; however, the effectiveness of this program needs to be validated
with respect to sump-blockage by latent dust and fiber using recent plant-specific
condition assessments. Current NRC-sponsored research may help to partition the
quantity of debris by its transportability and fiber/particulate content ratio, but the NEI
guidance must address the issue of estimating the total plant inventory.

6. The blowdown/washdown transport section should be expanded to a more realistic level
of fidelity, and guidance should be developed to assist in the evaluation of logic chart
details. The NEI guidance refers to the PWR parametric evaluation [NUREG/CR-6762,
Vol. 4] as their basis for transport logic charts, but it should be noted that the charts
developed in that study included transport distributions that applied to the generic
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parametric evaluation. These particular logic diagrams are not plant specific, and they
may be too simplistic to illustrate much of the complexity associated with these phases of
debris transport. Each step in the simplified charts represents a fairly detailed analysis
for which guidance is not provided. There is substantial information in the BWR drywell
debris transport study [NUREG/CR-6339] that is applicable to PWR analyses, which
could be accessed more thoroughly.

7. The NEI guidance does not adequately address the pathways by which debris enters the
sump pool. The guidance appears to recommend a uniform distribution of debris about
the containment floor prior to pool formation. The evaluation of pool debris transport
strongly depends on the location where the debris initially enters the pool, which in turn
depends upon blowdown and washdown debris transport. Details of the blowdown
analysis could support the determination of debris deposition on the sump floor. The
introduction of debris entering with containment spray drainage was not addressed, and
yet this is information is critical for assessing the degree of pool turbulence and the
potential for debris degradation. An assessment of the drainage pathways and the relative
rates of flow would support the evaluation of washdown debris transport to the pool.
Incorrectly specifying the location of debris introduction could easily lead to
nonconservative pool-transport estimates.

8. Debris transport during pool formation was not adequately addressed. The guidance
simply recommends inspection and engineering judgment to determine Where the water
may carry debris. CFD calculations have illustrated pool formation flow patterns, and
debris transport associated with sheet flow was observed during the integrated debris
transport tests [NUREG/CR-6773]. Plant and scenario dependent sheet flow could move
the debris preferentially towards the sump screens, away from the screens, or even into
dead-end spaces. Debris transport by inspection could lead to incorrect and
nonconservative results. In the absence of deterministic models, one conservative option
would be to place debris deposited during pool formation near the sump screens.

9. The NEI guidance for debris transport in the pool during steady-state recirculation flow
appears to be based solely on debris tumbling and sliding along the floor. The proposed
model appears to equate the transport fraction with the floor fraction having a steady-
state flow velocity greater than the incipient transport velocity of the debris. This model
does not address many observed transport behaviors in a realistic pool like eddies,
velocity gradients, suspended fines, turbulent effects and fill-up-phase transport. The
proposed model has not been validated and claims regarding conservative results are not
adequately supported. The network method also described in the NEI guidance should be
properly validated as well. Appendix C of the NEI guidance offers a comparison of the
network method to Los-Alamos-National-Laboratory-generated CFD results; however,
additional "blind" comparisons between the methods should be performed to ensure
reliability of the network flow method.

10. The NEI guidance compares a calculated fluid velocity to the incipient debris-transport
velocity to determine whether or not fibrous debris in the pool is subject to disintegration.
If the flow velocity is less than the incipient velocity, then disintegration is neglected.
Although the postulated condition appears plausible for some debris types and sizes,
there is no experimental basis for this assumption. Disintegration has been observed
under falling water in at least two test series, but the rates of disintegration have not been
determined. Nor has a disintegration-threshold turbulence level been established.
Guidance should be developed for conservatively estimating the rates of disintegration of
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debris within the sump pool. This guidance would greatly benefit from applicable test
data; otherwise, the necessary assumptions could be overly conservative. Note that even
a slow rate of disintegration over the duration of long-term cooling could be important
because degradation products are likely to be easily suspended and transported in steady-
state recirculation flow velocities. Disintegration should be addressed for all debris types
where disintegration is reasonably possible.

11. The NEI guidance proposes using the NUREG/CR-6224 correlation for predicting head
loss across a composite debris bed, but some of the guidance regarding debris-specific
input parameters needs to be improved. It should be noted that this correlation is semi-
empirically based meaning that coefficients are used to fit the correlation to well-behaved
data. Another way to view the correlation is as a means of extrapolating from known test
conditions to postulated plant conditions that are not too dissimilar from the tests. The
form of the correlation was well validated during the BWR strainer clogging resolution
for combinations of NUKON® fiberglass insulation and iron-oxide corrosion products
that tended to dominate the particulate in BWRs [NUREG/CR-6224 and NUREG/CR-
6371]. However, the correlation has not been validated for many of the insulation types
and particulates expected to be present in PWR accident scenarios. For other materials,
validation studies should be performed to ensure that appropriate input parameters are
used in the correlation. Selected specific comments include the following:

a. Key input parameters include the specific surface areas of the debris bed
constituents. The current NEI guidance relies heavily on simple geometric
calculations to estimate the specific surface areas for materials where those areas
have not been previously determined from applicable test data. However, recent
experience has shown that this method may under predict this key parameter by
as much as a factor of 4, leading to a corresponding under prediction of head
loss. The correct method of estimating the specific surface area is through the
iterative application of the correlation to relevant test data, i.e., by adjusting the
specific surface area parameters until the correlation correctly predicts the head
losses observed under test conditions where all other input parameters are
reasonably well known. The current NEI guidance will lead to underestimates of
the specific surface areas for unfamiliar debris types, and hence, to
underestimates of the associated head loss.

b. When a debris bed consists of multiple constituents (both fibers and particulates),
the individual properties for each constituent must be combined into
homogenized parameters that are applicable to the mixture. The NEI guidance
contains an equation for combining specific surface areas that disagrees with the
comparable NRC equation published in the BLOCKAGE code reference manual
[NUREG/CR-6371]. The equation presented in the NEI guidance for combining
specific surface areas is based on volume averaging the squares of the constituent
areas, whereas in NUREG/CR-6371, the areas are averaged linearly. The impact
of this difference is not clear at present, but at a minimum, the NEI equation must
be justified through the application of the modified correlation to data from
debris beds consisting of multiple types of debris. The NEI guidance does not
address the combination of other correlation input parameters, such as densities.

c. The NEI guidance recommends a density of 65 lb/ft3 for the pure particulate (or
granular) sludge component regardless of the debris material composition. This
density is correct for iron oxide sludge, but not for other materials, i.e., the sludge
density is debris-type specific.
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d. The NEI guidance for fiber-bed compression includes an additional coefficient
that is not found in NRC-published reports. The extra factor modifies the leading
coefficient (1.3) in the associated compression equation. Appropriate values
would again have to be deduced from applicable test data. If proper guidance is
not provided and validated, the application of this coefficient will lead to
erroneous head loss predictions.

e. The NEI guidance correctly recommends using a conservatively low water
temperature when estimating head loss because of its higher viscosity, however,
a caution should be added regarding the prediction of a conservative low
temperature. Water temperature calculations should consider all heat transport
processes and equipment, including non-safety related systems. Some of these
heat sinks and rejection methods are often discounted when estimating a
conservatively high water temperature.

f. The NEI treatment of the thin-bed fiber-debris effect is limited, perhaps because
this issue is treated in detail elsewhere. However, a typical user of this guidance
should be more fully informed of the high head losses associated with a thin
debris bed and the necessity of estimating these losses properly when performing
vulnerability assessments of existing sump screens and when designing new
screens to prevent thin-bed accumulation.

g. The head-loss guidance should mention the NRC BLOCKAGE code and discuss
the potential benefits and disadvantages of using that code compared to
independently programming the published head-loss correlations.

12. Guidance should be developed for estimating any potential effect of buoyant debris rather
than dismissing such debris out of hand. Buoyant debris can build up along the water
line of a nonsubmerged sump screen, effectively decreasing the area available for water
flow, or buoyant debris can block upper level drains. Potential impacts of buoyant debris
should also be considered when redesigning new or innovative sump screens.

13. The NEI guidance for coating debris should be expanded and more thoroughly integrated
throughout the guidance. Presently, paint debris is discussed as chips in some sections
but is treated as a particulate in other places. Realistic size distributions are not provided.
If the coating debris is treated as the proposed fine particulate (10 microns), the
corresponding transport fractions and estimated head loss could be unnecessarily
conservative. It should be noted that it may be impossible to remove this conservatism
justifiably until appropriate data are obtained.

14. The NEI guidance is very general in many respects and should consider recommending
more analytical tools and methods that will be needed for detailed vulnerability
assessments. One area that would benefit from more detailed guidance is the systematic
estimate of debris generation quantities where these quantities must be evaluated for a
relatively large number of break types and locations. Previously, these analyses have
used computer codes designed specifically for this purpose, e.g., the PWR volunteer-
plant analyses used a computer code that employed a CAD model of the plant piping
systems [NUREG/CR-6762]. The BWR industry also used computerized tools. Also,
NUREG/CR-6224 (parametric study of BWR sump blockage) illustrated how this
analysis was performed by hand for the BWR volunteer-plant.
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