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ABSTRACT 

The Southern Nuclear Operating Company (SNC) developed a risk-informed analysis in 
response Generic Letter 2004 requirements to address Generic Safety Issue 191 (GSI–191).  
The analysis relies on computations of debris amounts, and debris buildup on strainers causing 
failure of the emergency core cooling system.  SNC implemented those calculations using 
specialized codes called Break Accident Debris Generation Evaluator (BADGER) and Nuclear 
Accident Risk Weighted Analysis (NARWHAL).  The Center for Nuclear Waste Regulatory 
Analyses (CNWRA®) examined BADGER and NARWHAL through a collection of tests, such as 
trend analysis, mass balance checking, alternative calculations, and identification of causes of 
inflections in visual displays of dynamic outputs.  This report summarizes those tests and their 
results. The tests helped identify a few anomalies; however, when anomalies indicated errors 
those errors did not affect the overall SNC conclusions. 

CNWRA also made bounding estimates of the change in core damage frequency (ΔCDF), 
assuming strainer failure and core damage resulted from anything greater than a minimal break 
(on the order of 12 inches and larger).  The values derived by CNWRA were only slightly larger 
than SNC, and consistent with the SNC conclusion of very small risk. 
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1 INTRODUCTION 

The Southern Nuclear Operating Company (SNC) submitted a Technical Report (SNC, 2017) to 
the U.S. Nuclear Regulatory Commission (NRC) regarding the use of a risk informed approach 
in response to Generic Letter (GL) 2004-02 (NRC, 2004), and to address Generic Safety Issue 
(GSI)–191, “Assessment of Debris Accumulation on PWR [Pressurized-Water Reactor] Sump 
Performance” at Vogtle Electric Generating Plant, Units 1 and 2 (VEGP).  SNC concluded that 
the risk is “very low” as defined in Regulatory Guide 1.174 (NRC, 2011), and on the basis of 
estimates of the changes in core damage frequency (ΔCDF) and large early-release 
frequency (ΔLERF). 

SNC employed specialized codes, Break Analysis Debris Generator (BADGER) and Nuclear 
Accident Risk Weighted Analysis (NARWHAL), to compute debris amounts and to identify the 
potential establishment of conditions leading to failure of sump strainers and the emergency 
core cooling system (ECCS).  The BADGER code uses a computer aided design model of the 
nuclear power plant system to quantify (i) locations and amounts of fibrous insulation and 
(ii) potential locations of loss-of-coolant accident (LOCA) breaks (assumed at welds of piping).  
Using a zone-of-influence (ZOI) concept while accounting for robust barriers (e.g., concrete 
walls), BADGER computes debris amounts for a postulated break (a break is described by a 
location, size, and orientation).  NARWHAL takes the BADGER break database as input and 
performs simplified debris transport computations to estimate debris amounts trapped on 
strainers and passing into the reactor core.  NARWHAL uses criteria based on test data and 
computations of physical conditions (including products from chemical reactions) to determine 
debris loading conditions that are known to provide a margin for failure, and assumes that the 
system would fail if the BADGER-calculated debris exceeds these conditions.  For each 
postulated break, NARWHAL calculates (i) whether the ECCS may fail due to failure of the 
sump strainers or ECCS pumps and (ii) whether core blockage may be caused by fiber buildup 
in the fuel channels.  Using statistics of breaks and failure conditions, NARWHAL computes the 
strainer conditional failure probability (CFP).  As an independent step, SNC inputs NARWHAL 
CFP values into both a detailed and a simplified probabilistic risk assessment (PRA) model of 
the power plant system to estimate the ΔCDF associated with GSI–191 processes. 

This Technical Evaluation Report is focused on the BADGER and NARWHAL codes and 
strainer failure modes.  Core blockage was not assessed because NRC is in the process of 
evaluating studies addressing this issue by the Pressurized Water Reactor Owners’ Group.  The 
BADGER and NARWHAL codes were not available to CNWRA; however, SNC provided output 
data of these codes for verification tests during an audit (NRC, 2018).  The CNWRA verification 
tests involved, for example, trend analysis, mass balance, and independent calculations.  In 
addition, the ΔCDF was independently computed using statistics from the code outputs and 
information in NUREG–1829 (NRC, 2008), and it was compared to the SNC estimates.  A 
bounding estimate of the ΔCDF is provided following an approach similar to that used to 
evaluate the pilot South Texas Project license amendment request (NRC, 2017). 
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2 EVALUATION OF BADGER AND NARWHAL 

Southern Nuclear Operating Company (SNC) used two codes to compute the strainer 
conditional failure probability (CFP) at Vogtle Units 1 and 2:  the Break Analysis Debris 
Generator (BADGER) and Nuclear Accident Risk Weighted Analysis (NARWHAL) developed by 
ENERCON.  SNC shared output from the BADGER and NARWHAL databases (in the form of 
spreadsheets) with the U.S. Nuclear Regulatory Commission (NRC) after an audit conducted 
October 23, 2017 (NRC, 2018).  The Center for Nuclear Waste Regulatory Analyses (CNWRA®) 
performed tests of compatibility (e.g., Are debris amounts tracked in BADGER and NARWHAL 
consistent?), trending (Do debris amounts increase with increasing break size?), and 
consistency with physical processes (e.g., Can inflections and changes in dynamic outputs be 
connected to known processes or assumptions?).  CNWRA identified a few areas of potential 
concern that were communicated to the NRC staff and to SNC.  Some related computational 
issues had already been identified by SNC.  None of the identified computational errors 
compromise the conclusions of the SNC analyses.  On the other hand, consistent and expected 
results were obtained for the majority of the tests, thus providing a level of confidence that the 
models in BADGER and NARWHAL were properly implemented.  Tests independently applied 
to the BADGER and NARWHAL outputs are presented in the following sections. 

2.1 Evaluation of BADGER 

Test 1:  Debris Amounts Versus Break Size 

The primary source of fiber in the SNC plant is due to Nukon insulation.  Plots were prepared of 
amounts of total Nukon fiber (fiber fines + small pieces + large pieces + intact blanket) versus 
break size.  For a given weld location, it is expected that the total Nukon fiber monotonically 
increases with increasing break size, thus a non-monotonic trendline is an unexpected anomaly. 
Almost all breaks exhibited monotonic trendlines, but a relatively small number of breaks 
exhibited an anomalous decrease with increasing break size (a total of 279 out of 
18,533 breaks, or 1.5 percent, in the database of non-isolable welds).  A large proportion of 
those decreasing trends are negligible and can be attributed to rounding error.  Figure 1 
illustrates several examples of anomalous trends with visible spikes.  Only a few of the 
anomalous trends have visible spikes. 

In response to a request for additional information, SNC stated that the anomalies may be 
related to a limited resolution of the software when computing interference between two objects 
and establishment of features with high aspect ratios (SNC, 2018a).  SNC performed a 
sensitivity analysis manually removing the anomalous spikes and concluded that those spikes 
had no effect on the computation of the CFP.  We agree that there are too few detected 
anomalies to significantly affect the CFP.   
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Figure 1.   Examples of anomalous spikes in the total Nukon debris (fiber fines + small 
pieces + large pieces + intact blanket) versus the break size.  Vertical scales are 
in units of cubic feet (ft3). 
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Test 2:  Debris Amounts at the DEGB Limit 

Test 2 is a model consistency check.  The amount of debris generated for the double-ended 
guillotine break (DEGB) case was modeled in BADGER with a spherical zone of influence (ZOI) 
centered at the pipe centerline, while partial breaks were modeled with a hemispherical ZOI 
centered at the outer edge of the pipe [Figure 2(a)].  By combining the debris produced by the 
0° hemisphere orientation with the 180° hemisphere orientation, an estimate of the debris 
produced by a spherical ZOI can be obtained. 

We considered several complementary hemisphere pairs to estimate debris amounts 
associated with spherical ZOIs:  0°+180°, 45°+225°, 90°+270°, and 135°+315°.  The 
comparisons are presented in Figure 3.  The dashed lines are the estimated debris amounts 
using the complementary hemispheres.  In general, we confirmed that the DEGB debris was 
consistent with expected amounts from the hemispheres. 

Some comparisons appear counter-intuitive; however, the results can be explained in all cases 
upon careful examination of the pipe and insulation geometry, in light of the different approach 
for calculating ZOI geometry and centering of the ZOI for DEGB and partial breaks.  For 
example, Figure 3(a) shows the predicted DEGB amount from the complementary hemispheres 
(dashed curves) is less than the BADGER output, with plateaus in the amount of total Nukon at 
large break sizes for all angles.  Figure 2(a) illustrates why the actual DEGB is more than the 
dashed curve estimates in this example, in which the insulation is around the pipe with the 
break.  Hemisphere ZOIs, which are centered on the outer edge of the pipe, intercept a 
maximum amount of insulation after a certain radius.  Additional insulation on the pipe sides is 
not captured by the hemisphere ZOIs, but is intercepted by the spherical ZOI, which is centered 
on the pipe centerline axis.  Therefore, the spherical ZOI can intercept more insulation than the 
maximal amounts intercepted by the complementary hemispherical ZOIs. 

Figure 3(b) also appears counter-intuitive; the hemisphere ZOI at 45° intercepts more insulation 
at maximum break size than the DEGB ZOI.  Figure 2(b) provides an explanation on why this 
situation is possible.  In this example, insulation is only present on top of the pipe.  The center of 
the hemisphere is located on the outer edge of the pipe by modeling assumption, while the 
center of the DEGB sphere is at the pipe axis.  The illustration shows that the offset center 
allows the hemisphere ZOI to intercept more insulation than the spherical ZOI.  Many cases 
were identified where the DEGB debris was less than the maximum partial break debris; in all of 
those cases insulation was located on one side of the pipe.  Figure 3(c) is another example 
where the insulation is located predominantly on the 0° orientation side (the 180° orientation 
debris amounts are zero or minimal). 

A large sample of welds were examined using graphic displays like Figure 3 (only few examples 
are provided in this report for brevity); in no case was there an unexplained anomaly.  Based on 
these observations, it was concluded that BADGER outputs results are generally consistent with 
expectations, and apparently counter-intuitive results can be explained based on geometrical 
considerations. 

The same test was applied to other debris types, and again no unexplained anomalies were 
detected.  Examples of graphic displays for other debris types are provided in Figure 4. 
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Figure 2.   Pipe cross sections and examples of different insulation configurations and 
zone-of-influence (ZOI) intercepts 
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(a) 

 

(b) 

 
(c) 

 

(d) 

 
(e) 

 

(f) 

 

 
Figure 3.   Examples of estimated debris amounts (dashed lines) for spherical ZOIs 

obtained by aggregating complementary hemispherical ZOIs.  The solid curves 
present data from the BADGER output database.  Vertical scales are in units of 
cubic feet (ft3). 

 
  

Dashed lines key 
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Figure 4.   Examples of estimated debris amounts (dashed lines) for spherical ZOIs 

obtained by aggregating complementary hemispherical ZOIs.  The solid curves 
present data from the BADGER output database.  Quantity units are not provided 
in the BADGER database.   

  

Dashed lines key 
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Test 3:  Centroid Distance and Nukon Debris-Size Distributions 

A consistency check was performed regarding the proportions of the different size classes of 
Nukon debris (fiber fines, small pieces, large pieces, and intact blankets).  The proportions were 
computed as a function of the centroid distance.  SNC defined the centroid distance as the 
average distance from the break to the insulation location within the ZOI.  This centroid distance 
was computed by discretizing the insulation locations within the ZOI, and computing the 
average distance of those discrete units to the break location.  The fiber proportions were 
defined as a function of the dimensionless ratio 

 = centroid distancebreak size  (1) 

Equations for the proportions of four fiber categories are provided in Enclosure 5, p. E5-29 
(SNC, 2017).  The equations are based on the guidance in NEI 04-07 Volume 2 (NEI, 2004). 
The fiber fractions for the four categories versus C are plotted in Figure 5. 

Most insulation is close to the break when the ratio C is small, producing large proportions of 
fiber fines and small pieces.  Conversely, most insulation is far from the break when the ratio C 
is large, producing a large proportion of intact blanket material.  As the distance from the break 
to the insulation increases, it is expected that the energy of the water jet would drop, with the 
proportion of fiber fines and small pieces decreasing and the proportion of intact blanket 
increasing.  The fraction of large pieces increases from zero when located near the break 
(where all debris is in the form of fiber fines and small pieces) and then decreases back to zero 
when located far from the break (where all fibrous insulation remains as an intact blanket) with 
increasing C ratio.  This up-and-down trend causes up-and-down trends in the total amount of 
large pieces computed by BADGER versus break size for a number of welds, which may be 
perceived as counter-intuitive, but can be well explained on the basis of Figure 5 and the 
Enclosure 5 equations. 

 

 

Figure 5.   Proportions of debris classes (fiber fines, small pieces, large pieces, and intact 
blanket) as functions of the ratio centroid distance/break size 
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The SNC-provided BADGER database did not include the centroid distances.  We inverted the 
Enclosure 5 equations to compute the ratio C as a function of the fiber proportion.  The 
BADGER database provided total amounts of fiber for the four size classes.  We computed the 
proportion of fiber fines from the BADGER totals for each break, and then used the inverted 
Enclosure 5 fiber fines equation to compute the corresponding ratio C.  In the consistency test, 
we computed the proportions of small pieces, large pieces, and intact blanket using the 
estimated ratio C (computed with fiber fines proportion) and the Enclosure 5 fiber distribution 
equations.  In all cases, we confirmed the proportions (Figure 6), indicating that the Enclosure 5 
equations for the distribution of fiber in four size classes were properly applied, and that we 
understood how those equations were applied.  There is minor but visible deviation for large 
pieces (but not in the other classes); this deviation is attributed to minor roundup error. 

  

 
Figure 6.   Verification of debris-size class proportions, using the ratio C computed on the 

basis of the fiber fines proportion 
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The values computed of the ratio C and the centroid distance (centroid distance = C × break 
size) for all breaks in the database are presented in Figure 7.  The lower bound of the ratio 
(C equal to 4) in Figure 7 is an artifact of our approach to estimate C based on the proportion of 
fiber fines.  The ratio C can be a value between 0 and 4 when the fraction of fiber fines is 0.2 
(see Figure 5); however, we selected a value of 4 for convenience.  In the actual BADGER 
computations, C may attain values less than 4.  The upper bound of the ratio C is 17, because 
the ratio of the ZOI radius to the break size is 17.  Thus, the centroid distance must be less than 
17 × break size, or C < 17. 

 

 

Figure 7.   Display of the computed C ratios and the centroid distance versus the break size 
for the breaks in the BADGER database 
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The highest values of the C ratio, close to the maximum value of 17, were obtained for the 
smallest breaks.  This result is reasonable, because the situation where the ZOI intercepts 
discrete locations of insulation only close to the edge of the ZOI hemisphere (causing values of 
C close to 17) is more likely to arise for small breaks.  For larger breaks, insulation is more likely 
to be distributed throughout the ZOI, resulting in C being less than 17.  The bottom plot in  
Figure 7 is an alternative representation of the results.  The vertical scale displays C × break 
size = centroid distance.  The dotted line is the radius of the ZOI as a function of the break size.  
No anomalies or unexpected results were identified in the graphic displays. 

Conclusion of BADGER Testing 

In summary, we performed various consistency checks, sampling a large collection of welds, or 
applied to all welds.  We generated visual displays to efficiently identify potential anomalies.  
The only anomaly that could not be explained were up-and-down spikes in plots of debris 
versus break size.  SNC explained that those spikes were resolution artifacts associated with 
objects of high aspect ratio.  We confirmed that the frequency of those anomalies was very 
small in the supplied database of BADGER outputs, and agree with the SNC evaluation that 
correction of those anomalies would not change estimates of the CFP. 

2.2 Evaluation of NARWHAL 

Test 1:  BADGER and NARWHAL Debris Balance and Transport Fractions 

A mass-balance check was performed on debris amounts tracked in BADGER and NARWHAL.  
Debris amounts differ because of latent debris, which is only tracked in NARWHAL.  In 
performing this test, we also checked the implemented transport fractions, and confirmed that 
the NARWHAL computations take reasonable credit for debris amounts trapped in the system 
or deposited at the bottom of the pool and therefore not accumulating on strainers.  SNC 
provided summary effective transport fraction for various debris types in Enclosure 3, 
Tables 3.e.6-7 to 3.e.6-14.  Those approximated transport fractions were provided to develop a 
notion of the significance of transport in the CFP estimates.  Based on information in those 
tables, we considered the effective transport fractions in Table 1 in the verifications. 

Table 1. Effective transport fractions used in the verifications 

 Containment spray off 
Containment spray on (hot leg 

breaks > 15 inches) 
Nukon fiber fines 0.28 1 
Nukon and fire barrier small debris 0.1 0.63 
Nukon large debris 0.12 0.14 
Nukon intact blanket 0 0 
Fire barrier fiber fines and particulates 0.28 1 
Qualified coatings:  inorganic zinc 
and Epoxy 

0.28 1 

The NARWHAL outputs were aggregated as follows Total Nukon (NARWHAL) = (fiber) +  (fiber) +  (fiber) +  (fiber) (2) 

RHAi(fiber) and CSi(fiber) are the fiber amounts on the residual heat removal (RHR) and 
containment spray (CS) strainer.  The subscript i (A or B) represents the two independent trains.  
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This aggregated amount of fiber is the total amount of transported fiber minus the fiber amount 
accumulated in the core. 

NARWHAL uses different transport fractions depending on the break location, type of break (hot 
or cold leg), and number of active pumps.  For a mass-balance check, we considered the all 
pumps functional scenario, with results displayed in Figure 8.  Figure 8(a) considers all breaks 
(hot and cold leg combined) in (i) the reactor cavity (RX), (ii) steam generator compartments 2 
and 3 (SG_2–3), (iii) steam generator compartments 1 and 4 (SG_1–4), (iv) the pressurizer 
region (PRZR), and (v) the annulus (Annulus).  Figure 8(b) considers all break locations, 
separated by leg (hot or cold). 

The amount of transported BADGER fiber was computed as Total Nukon (BADGER)= × (fiber fines) +  × (small pieces) + × (large pieces) (3) 

where ffines, fsmall, and flarge are the transport fractions from Table 1, selected differently depending 
on whether the weld is on a hot or cold leg.  Total Nukon (NARWHAL) is greater than Total 
Nukon (BADGER) because the former amount includes latent debris (which is only tracked in 
NARWHAL).  However, a plot of Total Nukon (NARWHAL) versus Total Nukon (BADGER) 
should produce a line close to slope 1.  Such expected result was verified and presented in 
Figure 8; the unit slope holds true except for the welds in the pressurizer region.  

The slopes of linear fits to the families of data in Figure 8(a) ranged from 0.85 to 0.9, except for 
the welds in the pressurizer region.  The slopes differ from 1 because (i) the transport fractions 
in Table 1 are only approximations and (ii) fiber amounts accumulated in the core were ignored.  
NARWHAL implemented more elaborate computations of transport, in the form of parameter 
trees with multiple transport fractions.  More detailed accounting of transport fractions, fiber 
accumulated in the core, and latent fiber would address differences.  As a first order 
approximation, however, the trends in Figure 8(a) are reasonable and consistent with 
expectations. 

There are two trend lines for each containment region in Figure 8(a), due predominantly to 
different fiber transport behavior for hot and cold leg breaks.  Transported fiber is assumed to 
accumulate either in the core or on the strainers.  Fiber carried with ECCS flow is assumed to 
return to the containment pool and transport to the strainers unless it accumulates in the core.  
More fiber accumulates in the core for a hot-leg break of a given size than the corresponding 
cold-leg break, because flow through the core is assumed to be freely allowed (determined by 
resistance in the core) for hot-leg breaks but is limited to the make-up amount of flow needed to 
compensate for core boil-off for cold-leg breaks.   

Accumulated fiber in the core, which is larger for hot-leg breaks, is in competition with 
accumulated fiber on strainers (i.e., more fiber accumulated in the core implies less fiber buildup 
on strainers).  This explains why the fiber accumulation on strainers is larger for cold-leg breaks 
than hot-leg breaks in Figure 8(b).  Figure 8(b) shows data for breaks in the reactor cavity.  We 
verified similar results for welds in other zones of the containment building. 

  



 

2-12 

(a) 

 

(b) 

 

Figure 8.  (a) Total Nukon transported to strainers versus the total estimated transported 
fiber from the BADGER outputs.  The data analyzed corresponded to the all 
pumps functional case.  (b) The data split into two lines is associated with welds 
on hot and cold legs. Quantity units are not provided in the SNC databases. 

 
Figure 9 is a plot of the total fiber accumulated in the core versus the fiber on strainers, from the 
NARWHAL outputs.  The display verifies the assertion that more fiber accumulates in the core 
in the case of hot-leg breaks.  For hot-leg breaks, the data split into two families, associated with 
CS pumps off or on.  If the CS pumps are activated, an additional flow path is enabled for fiber 
to pass through containment sprays and return to the pool, rather than accumulating in the core; 
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and this explains the higher accumulation in the core when the CS pumps are off.  NARWHAL 
assumes that CS pumps will not be used for any cold-leg break, based on best-estimate 
thermal-hydraulic modeling. 

A similar test was implemented to check balance of fire barrier fiber and particles between 
BADGER and NARWHAL.  In this case, we detected anomalies.  To eliminate dependencies 
with transport fractions, we isolated breaks greater than 15 inches on a hot-leg weld (in which 
case the transport fractions for particulates is 1, Table 1) and focused on particulates.  There 
are only two welds greater than 15 inches of diameter on hot legs that produce fire barrier 
debris: 11201-001-3-RB and 11201-001-5-RB.  Table 2 lists total particle amounts in BADGER 
(column 1) and NARWHAL (column 2) for weld 11201-001-3-RB (similar results were observed 
for weld 11201-001-5-RB).  The NARWHAL total particle amounts were computed by 
aggregating particle amounts in the train A and train B strainers.  The NARWHAL particle 
amounts exceed the BADGER particle amounts, which is incorrect. 

We also detected lower amounts of fire barrier fiber tracked in NARWHAL than the 
corresponding BADGER outputs.  This imbalance anomaly was discussed during the audit on 
October 24–26, 2017 (NRC, 2018).  During the audit, SNC discussed the source of the error 
(NARWHAL was internally tracking fire barrier fiber fines as particles as a result of a label 
error in the code).  SNC stated that the error was corrected in a new NARWHAL version 
(SNC, 2018a).  SNC also stated that the fire barrier debris error does not affect estimates of the 
CFP.  We agree with this assertion, because fire barrier debris is a minor amount compared to 
other debris sources 

 

 

Figure 9.  Total fiber in the core versus total fiber on strainers (NARWHAL data, all pumps 
functional case).  Quantity units are not provided in the NARWHAL database. 
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Table 2. Comparison of fire barrier particles in the BADGER and NARWHAL databases 

(all pumps functional case) provided during the audit on October 24–26, 2017 for 
weld 11201-001-3-RB.  Quantity units are not provided in the SNC databases. 

 

 
 
Finally, we implemented a similar mass balance test for aggregated inorganic zinc (IOZ) and 
Epoxy particulates; no anomalies were detected (see Figure 10).  The slope of a linear fit is 1, 
with the intercept at 3,010 due to assumed latent particulate debris.  Hot-leg and cold-leg debris 
amount align on the same linear trend because NARWHAL assumes that particulates do not 
accumulate in the core. 
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Figure 10. Particulate balance of IOZ and Epoxy.  Quantity units are not provided in the 
SNC databases. 

 

We conclude that NARWHAL mass balance calculations of Nukon fiber accumulations can be 
transparently reproduced from BADGER outputs and the tabulated transport fractions, and fiber 
accumulation characteristics can be explained by considering latent fiber, accumulation of fiber 
in the core, hot-leg versus cold-leg breaks, and activation of CS pumps.  We also confirmed that 
NARWHAL computations implemented reasonable fiber transport credit (e.g., no significant or 
unjustifiable debris amounts are assumed trapped elsewhere than on strainers and the core, or 
assumed to accumulate on the pool bottom).  We detected incorrect balance in the fire barrier 
debris, which was corrected by SNC and demonstrated to be inconsequential with respect to 
CFP estimates.  We confirmed particulate balance (IOZ + Epoxy particulates) between 
BADGER and NARWHAL and consistent use of associated transport fractions. 

Test 2:  Failure Criteria 

NARWHAL records whether failure occurs by exceedance of debris limits or by physical 
mechanisms (structural collapse, activation of pumps when strainers are not well submerged, 
not enough net positive suction head for successful pump operation, and pumps failed by large 
air void fractions).  Debris limits were determined using a set of physical strainer tests, each with 
a maximum debris load that the strainer was demonstrated as capable of withstanding.  
NARWHAL records failure by exceedance of debris limits when none of the strainer tests had 
loads that bound the calculated values for each type of debris on the strainer.  In reality, 
strainers may remain operable beyond the test limits, because the physical tests did not load to 
failure.  Except for the case of one inoperable train of pumps, NARWHAL recorded failure 
exclusively due to exceedance of debris limits. 

In the case of one inoperable train of pumps, NARWHAL also recorded failure of pumps due to 
lack of net positive suction head (NPSH) margin, and pump void fraction exceedance.  Both 
RHR and safety injection pumps were recorded to fail.  However, in each case of physical 
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failure, the same breaks caused system failure due to exceedance of debris limits.  This implies 
that the debris limits exceedance in the SNC analysis can be used as the sole criterion for 
calculating CFP, for the provided debris limits. 

The NARWHAL output database labels breaks as “debris limits failed” for breaks causing 
failure, without specifying the kind of limit exceeded.  We concluded that the dominant failure 
limits are calcium phosphate and fiber limits, which is consistent with information SNC supplied 
in the electronic information bridge.  Figure 11(a) is a scatter plot of the calcium phosphate 
buildup on the RHA strainer of train A versus the total fiber buildup on the same strainer; each 
dot representing a different break.  The success cases are within the dashed-line rectangle, and 
breaks causing failure are outside the rectangle.  Therefore, failure was associated with 
exceedance of fiber limits or calcium phosphate limits.  We also noted that sodium aluminum 
silicate limit was exceeded for some breaks, but the fiber limit was always exceeded for those 
breaks.  The two main clusters of data in the scatter plot in Figure 11(b) are related to whether 
containment spray was activated. 

We examined the relationship between sodium aluminum silicate (SAS) and the total Nukon 
fiber within the ZOI.  We confirmed NARWHAL computed the total SAS in the pool as a function 
of the total NUKON fiber in the system (total Nukon fiber within the ZOI), including intact fiber 
blankets [Figure 12(a)].  The total Nukon fiber was extracted from the BADGER break database.  
If the containment sprays are activated, the total amount of SAS increases by 28 lbm due to 
additional structural aluminum and concrete sources.  In Figure 12(b), the calcium phosphate is 
predominantly a function of the total Nukon fiber.  At high Nukon fiber, saturation occurs, limiting 
the release of calcium phosphate and accumulation on strainers.  The results in Figure 12 are 
identical for all of the pump state cases (i.e., all pumps operational, one or two pumps out of 
service, one train out of service, etcetera). 

We did not detect any anomalies in this test.  Recorded instances of breaks causing failure were 
concluded due to exceedance of fiber or calcium phosphate limits.  The amounts of calcium 
phosphate and SAS were computed almost solely as function of the Nukon fiber within the ZOI, 
and whether the containment spray was activated or not. 

We examined whether the slope of the linear trend for breaks producing Nukon fiber volume 
less than 818 ft3 in Figure 12(b) could be predicted.  Taking the ratio (elemental calcium 
mass)/(mass of calcium phosphate) = 0.388 and the density of low density fiberglass to be 
2.4 lbm/ft3, the calcium phosphate mass was transformed into the equivalent elemental calcium 
mass (lbm) and total Nukon fiber volume was converted to mass (lbm).  The data and linearly 
regressed fit is presented in Figure 13(a).  The slope of the linear trend is 0.0216, which is 
precisely the proportion of elemental calcium in the fiber mass in Table 3.o.2.7-1 in Enclosure 3 
(SNC, 2017).  The small intercept equal to 0.8 lbm is associated with elemental calcium present 
in latent fiber.  Figure 13(b) is an expanded view of the upper tail in Figure 12(b), showing a 
non-linear increase in elemental calcium versus total Nukon. 
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Figure 11. Calcium phosphate versus total fiber on RHR strainers (each dot represents a 
break; all pumps functional case; NARWHAL outputs).  (a) Identification of 
failure conditions:  breaks causing failure produce high fiber amounts or high 
calcium phosphate.  (b) Data clustering is associated with whether or not 
containment spray was activated.  Vertical scale units are in pounds (lbm) and 
horizontal scale units are in cubic feet (ft3). 

 
  

Failure 

Failure 
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(a) 

 
(b) 

 

Figure 12. (a) Total sodium aluminum silicate (SAS) versus total fiber, and (b) total calcium 
phosphate versus total fiber.  The total SAS and calcium phosphate was 
aggregated over all strainers in the system (RHR and CS strainers for trains A 
and B).  The total Nukon fiber was aggregated from BADGER outputs (fiber fines 
+ small pieces + large pieces + intact blanket).  The results in these plots are 
identical for all of the pump state cases. 
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(a) 

 
(b) 

 
Figure 13. Elemental calcium weight in calcium phosphate versus the total Nukon mass in 

the ZOI for (a) mass <1,963 lbm and (b) mass >1,963 lbm  
 

The breakpoint at a Nukon fiber mass of 1,963 lbm represents a threshold to solubility limited 
constraints on calcium (Ca) dissolution from Nukon fiber.  For breaks producing Nukon fiber 
mass below this threshold (i.e., volume less than 818 ft3), Ca concentration in the pool is always 
less than any solubility limit.  Ca dissolves relatively quickly from the fiber without an active 
solubility constraint.  In this situation, all elemental Ca from the fiber dissolves and then 
becomes incorporated into the calcium phosphate, eventually building up on strainers, so that 
the amount of calcium phosphate is simply proportional to the Nukon fiber mass.  At breaks 
producing fiber in excess of the 1,963-lbm threshold, Ca solubility constrains the release of Ca 
from the fiber.  The Ca solubility limit increases with temperature, while temperature declines 
over time, so the timing of fiber arriving to the pool affects total dissolution.  The slightly 
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increasing trend in Figure 13(b) is consistent with larger events producing more fiber available 
for dissolution during the hottest conditions at early times. 

The linear trend in Figure 13(a) is explainable, including the slope equal to 0.0216.  The 
increasing trend in Figure 13(b) reflects increasing Ca solubility with increasing temperature 
(pool temperature is hottest immediately after the LOCA event and decreases with time) 
coupled with more Ca mass available for dissolution at early times for larger events.  The 
NARWHAL results are reasonable.  No inconsistencies were identified in this test. 

Test 3:  Examining Dynamic Outputs 

SNC provided dynamic results for one break in the all-pumps functional case.  We examined 
those results by plotting the multiple outputs versus time.  A couple of anomalies were detected 
and discussed with NRC staff and SNC.  SNC asserted that those anomalies did not affect the 
computations of the CFP.  We agree that the detected anomalies would not affect the CFP.  A 
sample of the dynamic outputs examined is presented in Figure 14. 

 

 

Figure 14. Sample of dynamic outputs by the NARWHAL code for a single break in the 
all-pumps functional case 
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Figure 15 displays one of the observed anomalies.  A spike in the chemical head loss is 
associated with the assumed precipitation of SAS at 24 hours.  At 24 hours + 1 minute the 
CS pumps are assumed shut off.  Thus, SAS deposits on CS strainers during one minute (the 
corresponding SAS would not be available to buildup on RHR strainers).  SNC confirmed those 
spikes were driven by the timing assumptions, and the NARWHAL code was modified to 
change the 1-minute buildup of SAS on CS strainers, if needed.  During the closure of the  
October 24–26, 2017, audit SNC provided alternative computations removing the spikes (by 
forcing SAS precipitation to occur at 24 hours + 1 minute) and demonstrated that CFP estimates 
are not affected (NRC, 2018). 

 

 

 

Figure 15. Anomalous spikes in head loss due to sodium aluminum silicate assumed 
precipitation at 24 hours and assumed CS pump shut off at 24 hours + 1 minute. 
Quantity units are not provided in the NARWHAL database. 

 
  



 

2-22 

Figure 16 shows anomalous negative air releases from strainers. SNC confirmed those negative 
releases are in error, and that such error would decrease accumulated air amounts in the 
strainer, causing negative and non-physical void fractions(NRC, 2018).  The cumulative air 
release is intended to support general computations of transport of air bubbles to the strainer. 
However, for the Vogtle Units 1 and 2 analysis, strainer failure by accumulation of air bubbles 
was considered not credible, and this failure mode was not enabled in the computations. 
Consequently, this error did not affect the NARWHAL CFP estimates according to SNC 
(NRC, 2018). 

 

 

 

Figure 16. Anomalous negative air release rates from RHR and CS strainers 
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In addition to the visual checking, we implemented straightforward verifications such as 
confirming that the sump pool mass equals the pool volume times the pool water density and 
the reported total head loss equals the conventional plus the chemical head loss.  Small steps 
and inflections were noted in head loss versus time curves, and all those inflections were 
satisfactorily explained by SNC in response to RAI 16 (SNC, 2018b). 

Test 4:  Verification of the Conditional Failure Probability (CFP) 

The last verification test performed on NARWHAL was independent computation of the 
conditional failure probability for the several pump state configurations.  CFP is computed as a 
post-processing step in NARWHAL, using statistics of the multiple breaks.  The SNC approach 
to compute the CFP considered that larger breaks are less frequent than smaller breaks and 
implemented appropriate corrections.  The probability for a break, , to lie between 1 and 2, 
conditional on  being a large break, ( ≤ <  | ≥ 6 inches), is  

 ( ≤ <  | ≥ 6 inches) = ( ) − ( )(6 inches)  (4) 

where F( ) is the interpolated break exceedance frequency from NUREG–1829 data.  The 
NUREG–1829 exceedance frequency values used for interpolation were provided in Table 3-4 
of Enclosure 3 (SNC, 2017), and are plotted in Figure 17.  In our verification computations, we 
considered log-linear interpolation, using the straight line segments in Figure 17 to reproduce 
the SNC approach. 

 

 
Figure 17. LOCA exceedance frequencies used in the SNC analysis, from NUREG–1829  

(data source:  Table 3-4 of Enclosure 3; SNC, 2017) 
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Figure 18(a) presents the number of breaks per break size input to NARWHAL, which is the 
number of breaks output by BADGER.  Figure 18(b) is the accumulated number of breaks and 
is denoted as Nbreak( ).  For example, Nbreak(15 inches) is the total number of breaks up to 
15 inches.  Figure 18(c) is the total number of breaks resulting in any type of failure for discrete 
break sizes (a NARWHAL output for the all-pumps-functional case), and Figure 18(d) is the 
accumulated number of breaks causing failure, and denoted as Nfail( ). 

 
(a) 

 

(b) 

 
(c) 

 

(d) 

 

Figure 18. (a) Number of breaks considered in the NARWHAL analysis per break size.  
(b) Accumulated number of breaks [i.e., the number of breaks in (a) were added 
up to a reference break size].  (c) Number of breaks resulting in failure for 
discrete break sizes (NARWHAL output of the all-pumps-functional case).  (d) 
Accumulated number of breaks with failure 

 

The total number of breaks with the break size between 1 and 2 is simply computed from the 
accumulated counts as Nbreak( 2) − Nbreak( 1).  Similarly, the number of breaks causing failure 
with a break size between 1 and 2 is Nfail( 2) – Nfail( 1).  An estimate of the probability of 
strainer or ECCS failure, given the occurrence of a break between 1 and 2, (ECCS failure | ≤ < ), is 

 (ECCS failure |  ≤ < ) = ( ) − ( )( ) − ( ) (5) 

Nbreak( ) 

Nfail( ) 
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In other words, the estimated probability of failure is the ratio of the number of breaks with 
failure to the total number of breaks.  Equations (4) and (5) are combined to compute the failure 
probability conditional on the occurrence of a large break (  ≥ 6 inches)  (ECCS failure | ≥ 6 inches)= ( ) − ( )( ) − ( ) × ( ) − ( )(6 in) + ( )( ) × ( )(6 in) (6) 

The point n is the last break size, equal to 31 inches.  The second term in the equation is a 
correction term to account for the “theoretical” NUREG–1821 exceedance frequency of breaks 
in excess of 31 inches.1  The points { 1, 2, 3, …, n} are arbitrary “stoppage” points or 
discretization of the break interval.  SNC selected {15, 25, and 31 inches} as the interval 
discretization, but demonstrated that estimates of the CFP moderately varied with different 
discretization.  We consider more natural to select all of the discrete break sizes in the 
NARWHAL analysis2 as the discretization of the break interval.  We derived similar values of the 
CFP to the SNC values using all of the discrete break sizes.  Although results were different, 
those differences are not significant to change the SNC conclusions.  The verification results are 
presented in Table 3; further information on these cases is provided in Section 3.  It is unclear 
why our independent computations using the same interval points of 15, 25, and 31 inches, as 
shown in the third column in Table 3, do not precisely match the SNC results (second column in 
Table 3).  It is feasible that our NARWHAL data sources differ from the actual data sources SNC 
used to compute the numbers on the second column in Table 3.  However, the results are 
sufficiently close to provide confidence we understand the SNC CFP computational approach.  
The independent results considering all of the discrete break sizes (fourth column in Table 3) 
tends to lower the estimate of the strainer CFP, at least for the dominant pump state 
configurations (all pumps functional and failure of both CS pumps). 

Table 3. Verification of NARWHAL CFP computation for large breaks (greater than 6 inches).  
NARWHAL CFP results were extracted from Table 3-5 of Enclosure 3, and functional 
failure probabilities from Table 3-3 (SNC, 2017) 

Pump state 
configuration 

NARWHAL 
{15, 25, and 
31 inches} 

Independent 
{15, 25, and 
31 inches} 

Independent 
{all break sizes} 

Functional 
failure 

probability 
All pumps 
functional 

0.0118 0.0138 0.0097 0.915 

RHR pump failure 0.0679 0.0589 0.0913 0.0146 
One train failure 0.0736 0.0649 0.0986 0.0039 
CS pump failure 0.0139 0.0162 0.0114 0.0126 
Both CS pumps 
failure 

0.0177 0.0202 0.0148 0.0531 

                                                 

1Although in the Vogtle Units 1 and 2 analysis the maximum break is 31 inches, NUREG–1829 defines exceedance 
frequencies for LOCA breaks greater than 31 inches.  The second term in Eq. (6) is added to ensure that the 
complete range of NUREG–1829 break exceedance frequencies is accounted. 

2SNC consider the following discrete breaks in the NARWHAL analysis (numbers in units of inches): 0.5, 1.16, 1.338, 
1.689, 2, 2.125, 2.626, 3.438, 4, 5.189, 6, 8, 8.75, 10, 10.5, 11.188, 12, 12.814, 14, 15, 16, …, 27, 27.5, 28, 28.5, 29, 
29.5, 30, 30.5, 31. 
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Furthermore, SNC considered limited information of NUREG–1829 to perform interpolation.  
Figure 19 compares the interpolated exceedance LOCA frequency used by SNC to the 
log-linearly interpolated exceedance frequencies using all break intervals reported in Table 7.1 
of NUREG–1829.  Using additional information from NUREG–1829 lowers the strainer CFP 
estimates.  The second column in Table 4 lists values of the CFP SNC computed using three 
data points (2, 6, and 31 inches) from Table 7.1 of NUREG–1829 (geometric mean 
aggregation), log-linear interpolation and break intervals between 15, 25, and 31 inches.  The 
third and fourth columns of Table 4 are alternative estimates of the CFP using all available data 
from Table 7.1 (geometric mean aggregation) and Table 7.11 (arithmetic mean aggregation) of 
NUREG–1829, and all discrete breaks2 in the NARWHAL calculations.  The alternative 
calculations indicate that the CFP is substantially lower when more NUREG–1829 information 
regarding break sizes is included in the calculations.  The alternative CFP must be lower than 
the SNC estimate at least for the geometric mean aggregation case, because the SNC 
interpolation curve for the exceedance frequency is steeper than the NUREG–1829 interpolated 
curve for breaks greater than 15 inches (Figure 19).  For the arithmetic mean aggregation case, 
the alternative derivation also indicates lower CFP values (fourth column in Table 4) than 
the SNC values (second column in Table 4).  Therefore, simplifications SNC adopted 
(i.e., consideration of NUREG–1821 exceedance frequencies solely at 2, 6, and 31 inches for 
log-linear interpolation, and break intervals between 15, 25, and 31 inches are concluded to 
tend to overestimate the CFP. 

 

Figure 19. Comparison of interpolated exceedance frequency by SNC to log-linear 
interpolated frequencies from Table 7.1 of NUREG–1829 (geometric mean 
aggregation) 
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Table 4. Comparison of NARWHAL CFP computation for large breaks (greater than 6 inches) 
to alternative calculations considering all break intervals reported in NUREG–1829.  
NARWHAL results were extracted from Table 3-5 of Enclosure 3 (SNC, 2017).  

Pump state 
configuration 

NARWHAL 
{15, 25, and 
31 inches} 

Geometric mean 
aggregation 

Independent  
{all break sizes} 
Geometric mean 

aggregation 

Independent  
{all break sizes} 
Arithmetic mean 

aggregation 

Functional 
failure 

probability 
All pumps 
functional 0.0118 0.0038 0.0085 0.9150 

RHR pump failure 0.0679 0.032 0.047 0.0146 
One train failure 0.0736 0.034 0.049 0.0039 
CS pump failure 0.0139 0.0043 0.0094 0.0126 
Both CS pumps 
failure 0.0177 0.0051 0.011 0.0531 
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3 ALTERNATIVE CALCULATIONS OF ΔCDF 

In this section, alternative calculations of the change in core damage frequency (ΔCDF) are 
developed to provide a bounding estimate for the ΔCDF.  These alternative calculations use a 
similar approach to what was used in the evaluation of the South Texas Generic Safety Issue 
(GSI)–191 pilot project (NRC, 2017). 

The alternative calculation assumes that every break at or above a threshold break size would 
cause strainer failure and core damage.  The exceedance frequency for failure can be 
determined for a given break size using information in NUREG–1829.  The alternative 
calculation provides a means of assessing the effects of potential models and assumptions for 
allocating loss-of-coolant accident (LOCA) break frequencies among multiple possible welds.  
For the alternative calculation, the exceedance frequency was determined directly by 
interpolating (log-linear interpolation, see the dashed line in Figure 19) in NUREG–1829, 
Tables 7.1 and 7.11. 

The minimum break size causing strainer failure was identified separately for each pump state 
configuration, with data extracted from Nuclear Accident Risk Weighted Analysis (NARWHAL) 
output databases provided by Southern Nuclear Operating Company (SNC) during an audit 
(NRC, 2018).  The threshold break size was assumed to be the minimum break size (the 
minimum break size differed for each pump state configuration). 

Table 5 summarizes the results of the alternative calculations for high-likelihood pump 
configurations.  The first column lists the minimum break sizes for the high-likelihood 
configurations.  The columns labeled fGM and fAM show the interpolated frequencies for the 
minimum break size from NUREG–1829, Tables 7.1 and 7.11, respectively.  The column 
labeled FFP is the functional failure probability (FFP), which is a conditional probability for the 
pump state configuration given the occurrence of a LOCA event.  The associated CDF for each 
pump configuration equals FFP times the initiating event LOCA frequency. 

The total ΔCDF is obtained by adding contributions from all pump configuration cases.  The last 
row is the total ΔCDF SNC computed.  The SNC geometric mean aggregation result 
(2.32 × 10−8 1/yr) includes only the high likelihood pump configuration cases.  The SNC 
arithmetic mean aggregation (5.28 × 10−7 1/yr) includes high- and low-likelihood pump 
configuration cases, but the latter is expected to contribute minimally to the total. 

The ratios of the SNC result to the alternative ΔCDF (2.32 × 10−8 / 5.87 × 10−8 = 0.40 for 
geometric mean aggregation and 5.28 × 10−7 / 8.47 × 10−7 = 0.62) are relatively close to one, 
indicating that SNC does not take significant credit for the conditional probability of strainer 
failure given a LOCA break in excess of the minimal break size.  The alternative calculations 
suggest that, for the examined SNC NARWHAL output databases, the conclusion of “very small 
risk” does not depend on the approach for distributing the initiating event LOCA frequency 
among different welds. 
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Table 5. Alternative bounding computation of the ΔCDF 

Equipment 
configuration 

Minimum 
break with 

failure1 
(inches) 

fGM(min break)2 
1/yr 

fAM(min 
break)3 

1/yr FFP4 

FFP × 
fGM(min 
break) 

1/yr 

FFP × 
fAM(min 

break) 1/yr 
All pumps 
functional 20 5.44E-08 8.14E-07 0.915 4.98E-08 7.45E-07 

Both CS pumps 
failure 17 7.74E-08 9.89E-07 0.0531 4.11E-09 5.25E-08 

RHR pump failure 12 2.18E-07 2.06E-06 1.46E-02 3.18E-09 3.00E-08 

CS pump failure 19 6.12E-08 8.69E-07 1.26E-02 7.71E-10 1.09E-08 

One train failure 12 2.18E-07 2.06E-06 3.90E-03 8.49E-10 8.02E-09 

    Total 5.87E-08 8.47E-07 

        
SNC 

Result 2.32E-085 5.28E-076 
1 Minimum break size from NARWHAL output databases provided by SNC (NRC, 2018) 
2 Frequency interpolated from Table 7.1 of NUREG–1829 (geometric mean aggregation) 
3 Frequency interpolated from Table 7.11 of NUREG–1829 (arithmetic mean aggregation) 
4 FFP:  functional failure probability, from Table 3-3 of Enclosure 3 (SNC, 2017) 
5 Value from Table 1-1 of Enclosure 1 (SNC, 2017)  
6 Value from Enclosure 3, Table 3-17 (SNC, 2017) 
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4 CONCLUSIONS 

Limited verification of Break Analysis Debris Generator (BADGER) and Nuclear Accident Risk 
Weighted Analysis (NARWHAL) were performed by analyzing data from output files supplied by 
Southern Nuclear Operating Company (SNC).  The verification included examining trends, 
implementing alternative computations, checking mass balances between BADGER and 
NARWHAL, and identifying reasons for inflections and jumps in plots.  A few anomalies were 
identified, which were discussed with U.S. Nuclear Regulatory Commission staff and SNC.  Not 
all apparent anomalies were errors and when anomalies indicated errors, it was determined that 
those errors would not affect conditional failure probability (CFP) estimates.  We implemented 
alternative calculations of the CFP and concluded that calculations including more information 
(i.e., finer break size intervals) from NUREG–1829 than SNC considered, and more discrete 
break sizes (i.e., all discrete break sizes in the NARWHAL calculations) tended to produce lower 
strainer CFP estimates than the simplified SNC estimates.  Furthermore, bounding calculations 
assuming strainer failure and core damage for any break larger than a minimal break (in general 
greater or equal than 12 inches) yield ΔCDF estimates consistent with the SNC conclusion of 
very low risk.
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