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1.0 INTRODUCTION AND BACKGROUND 
 
By letter dated December 29, 2008, AREVA NP, Inc. (AREVA) submitted to the U.S. Nuclear 
Regulatory Commission (NRC) a request for NRC approval of Topical Report (TR)  
ANP-10298P, Revision 0, “ACE/ATRIUM 10XM Critical Power Correlation.”  The TR describes a 
new correlation developed by AREVA to predict the critical power for boiling water reactors 
(BWRs).  This correlation uses the same mechanistic model of dryout used in the  
ACE/ATRIUM 10 Critical Power Correlation which is currently used to evaluate critical power for 
BWRs containing ATRIUM-10 fuel. 
 
TR ANP-10298P, Revision 0 (Reference 1), describes a new correlation developed by AREVA 
to predict the critical power for BWRs.  The new correlation (ACE/ATRIUM 10XM) will be used 
to ensure that reactors using AREVA ACE/ATRIUM 10XM fuel remain within required safety 
limits during steady state operation and anticipated operational occurrences.  The new 
correlation provides a mechanistic treatment for fluid conditions within the reactor fuel bundles 
and is expected to more accurately predict the critical power.  Based on the NRC staff’s initial 
review of TR ANP-10298P, Revision 0, and an audit conducted at AREVA’s Richland Facility, 
the NRC staff issued a number of requests for additional information (RAIs).  The RAIs and the 
AREVA responses are contained in References 3 and 4. 
 
2.0 REGULATORY EVALUATION 
 
In its review of TR ANP-10298P, Revision 0, the NRC staff utilized the guidance of Standard 
Review Plan (SRP) - 4.4, “Thermal and Hydraulic Design.”  SRP 4.4 implements the 
requirements of General Design Criterion (GDC) - 10 which is found in Appendix A, Section 50 
of Title 10 of the Code of Federal Regulations.  GDC-10 requires the following: 
 

The reactor core and associated coolant, control, and protection systems shall be 
designed with appropriate margin to assure that specified acceptable fuel design limits  
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are not exceeded during any condition of normal operation, including the effects of 
anticipated operational occurrences. 
 

The guidance from SRP 4.4 which is applicable to the review of TR ANP-10298P, Revision 0, is 
Acceptance Criterion 1.b, which states that for correlations used to predict critical power, the 
limiting (minimum) value should be established so that at least 99.9 percent of the fuel rods in 
the core will not be expected to experience departure from nucleate boiling or boiling transition 
during normal operation or anticipated operational occurrences.  
 
3.0 TECHNICAL EVALUATION 
 
The critical power for operation of a water cooled reactor is the power below which boiling  
transition will not occur.  Boiling transition is defined as a sudden drop in heat transfer due to the 
change in boiling mechanisms and is indicated by a temperature excursion of the heated 
surface.  It has been the practice of the NRC staff to associate the occurrence of boiling 
transition at the surface of the nuclear fuel with failure of the fuel at that location in the core. 
 
The mechanism for the occurrence of boiling transition is dependant on the conditions within the 
coolant channel.  In the low quality region, boiling transition is associated with heat flux very 
large in magnitude, such that the intense boiling causes steam bubbles to be crowded near the 
surface of the fuel.  This bubble crowding prevents additional liquid from reaching the surface so 
that the fuel surface is blanketed with steam and heat transfer is markedly reduced.  This type of 
boiling transition is generally associated with pressurized water reactors. 
 
The second mechanism for the occurrence of boiling transition occurs in high quality regions 
and is generally associated with BWRs.  At the upper elevations of the core during operation of 
a BWR, the flow pattern within the coolant channels is expected to be annular with a liquid film 
at the fuel surface and steam or a mixture of steam and liquid droplets within the interior of the 
channel.  If the heat generation is sufficient to cause dryout of the liquid film or to cause 
entrainment of the liquid film into the droplet field, a sudden temperature increase associated 
with boiling transition will occur.  
 
The ACE/ATRIUM 10XM critical power correlation predicts the channel power associated with 
dryout of the liquid film.  The phenomena of entrainment of the liquid film into the droplet field, 
deposition of droplets into the liquid film and evaporation from the heated fuel surface are all 
treated in the model.  The solution is obtained by integrating the conservation equations 
affecting the three fields (liquid film, droplets and vapor) starting from the core inlet.  Thus axial 
power distributions are taken into account so that the axial location of dryout as well as the 
channel power which will produce dryout can be determined.  Previous BWR critical power 
correlations including the Siemens Power Corporation B (SPCB) correlation evaluated average 
channel conditions using the average channel quality.  In evaluating average channel 
conditions, the liquid film at the fuel surface can not be readily distinguished from the liquid in 
the droplet field.  Such correlations are derived for a specific axial power shape and must be 
modified to predict the critical power for other axial power shapes.  The location for dryout of the 
liquid film is not readily predicted by correlations based on average channel conditions. 
 
Although the ACE/ATRIUM 10XM correlation follows the course of the three fields up a reactor 
core channel, the formulation remains a correlation since many of the phenomena are 
determined using empirical constants which are fit to channel dryout data.  Phenomena which 
have been incorporated into ACE/ATRIUM 10XM using empirical constants include the effect of  
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non-uniform azimuthal power for the rods of a fuel bundle, the affect of part length and water 
rods, and the effect of turbulent mixing downstream of the fuel element spacer grids. 
 
3.1 ACE/ATRIUM 10XM Database 
 
The ACE/ATRIUM 10XM database is comprised of a large number of steady-state data points 
taken on different test assemblies.  The rod axial power shapes of the tests were  
peak-to-average chopped cosine and peak-to-average upskew and downskew power profiles. 
The database was compiled from tests performed exclusively at the AREVA thermal hydraulic 
test facility located in Karlstein, Germany (KATHY).  The AREVA correlation development 
guideline, an AREVA internal document, was followed in the development of this correlation.  In 
accordance with the criteria set forth in this procedure, the database was randomly divided into 
a defining data set (a data set used to develop the correlation), and a validation data set (a data 
set used to validate the correlation).  
 
Transient tests were performed on an ACE/ATRIUM 10XM test assembly using three different 
power profiles and these were included as a part of the correlation validation set.  The dryout 
tests were designed to cover the range of conditions present in an operating BWR fuel 
assembly.  As a result, the database and correlation address the effects due to operating 
pressure, mass flow rate, inlet subcooling, axial power profile, and local peaking.  
 
The ACE/ATRIUM 10XM critical power correlation has been used to predict the critical power 
for each steady state data point in the database.  The experimental critical power ratio (ECPR) 
determined for each test point is used along with the standard deviation of the ECPR as the 
basis to determine the ability of the correlation to predict the onset of dryout.  Comparison of the 
calculated to the measured critical power for the ACE/ATRIUM 10XM correlation is shown in 
Figure 2-1 of Reference 1. 
 
The dryout test assemblies are constructed to model full size ACE/ATRIUM 10XM fuel.  The 
assembly consists of heater rods that are directly heated by electric current which is passed 
through the rod surface.  The thickness of the heater wall determines the power of the rod 
relative to other rods in the test assembly.  Heater wall thicknesses are varied up the length of 
the rods so that axial power profiles may be modeled.  Thermocouples are located on the 
highest powered rods at locations below the spacer grids where dryout is expected to occur. 
 
The database for the ACE/ATRIUM 10XM fuel design contains data for coolant flow rates, inlet 
subcooling, and pressure variation.  Different axial power shapes were evaluated.  Part-length 
rods were included and were given the same power shape as full-length rods with the power 
shape truncated for the part-length rods. 
 
3.1.1 Dryout Testing of the ACE/ATRIUM 10XM Fuel Bundle -- Comparison of Production 

Bundle to the Tested Bundle  
 
For all critical power testing (by all vendors), the production assembly is simulated, using 
electrically heated rods in place of actual fuel rods.  The part of the assembly that affects the 
critical power lies between the beginning of heated length and the end of heated length. 
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Within the heated length, the production assembly has an internal water canister.  This  
component draws flow from the assembly inlet at a location below the heated length, and 
discharges its flow at a location above the end of heated length.  From the perspective of critical 
power, the geometry of the assembly between the beginning and end of the heated length is 
reproduced in both spacers. 
 
The spacers within the heated length of the test assembly preserve the characteristic rod to rod 
spacing that is essential to the critical power performance.  The rod bearing surface of the 
supports used for holding the fuel rods in place in a production spacer may be shaped into a 
dimpled design or into a spring shaped design, as shown in Figure 9-1 of Reference 1.  The 
production spacer uses a combination of support shapes in which approximately half of the 
supports are shaped into a spring design and half are shaped into a dimple design.  The tested 
spacer in the KATHY test loop used supports in which the rod bearing surfaces were all shaped 
in a dimple design in order to withstand the strong magnetic forces arising from the large electric 
currents used in the heater rods.  The modification in the tested spacer was necessary to 
prevent displacement resulting in non-conservative dryout performance of the peripheral fuel 
rods.  These magnetic forces are not present in the actual core of a reactor. 
 
The primary influence that the spacer has on the dryout performance is due to the mixing vanes. 
It has been the experience of AREVA and other vendors, that other spacer features, such as 
spacer strip thickness and weld nugget size, have no influence on critical heat flux (CHF) or 
critical power.  Thus the influence of the rod supports is very minor in comparison to the swirl 
vanes.  The critical power is not expected to be affected by the use of different types of rod 
supports provided the projected area of those supports is the same as that of the ones that were 
replaced.  Since both support designs present exactly the same cross sectional area to the path 
of the flow in a rodded spacer, any influence they would have is expected to be equivalent.  To 
confirm that the two rod support designs have no impact on the dryout performance, AREVA 
conducted an additional series of test in which a test spacer was carefully designed in which 
spring shaped supports were included at locations where the direction of the magnetic forces 
would not work to crush the springs and at locations where the magnetic forces would be 
minimal.  The results of this test were then analyzed to see if there was any difference in the 
ability of the ACE/ATRIUM 10XM correlation to predict these results compared to the defining 
and validating data set tests.  
 
The results of the test results are presented in Table 9-1 along with the ACE/ATRIUM 10XM 
(Reference 1) predictions.  The results of the test indicate that the ACE/ATRIUM 10XM 
correlation predicts the measured results with a mean ECPR and a standard deviation entirely 
consistent with the predictions from the all dimple spacer tests as shown in Table 9-2.  The 
comparisons of the ACE/ATRIUM 10XM production spacer predictions to the measured results 
were found to be indistinguishable from the results seen for the tested spacer. 
 
To support the review process of this submittal, the NRC staff conducted an audit that focused 
on the analysis performed by AREVA to demonstrate the thermal hydraulic similarity between 
the “tested” spacer and the “production” spacer for the latest fuel design ACE/ATRIUM 10XM 
(Reference 5). 
 
The purpose of this audit was to evaluate the multi-level analysis conducted by the vendor to 
demonstrate that the production spacer does not impact detrimentally the performance of the 
fuel and to confirm that the production spacer design does not affect dry-out.  At the completion 
of the audit, the NRC staff concluded that AREVA had demonstrated qualitatively and  
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quantitatively, via numerous calculations and computational fluid dynamics calculational 
simulations (Reference 3), that the minor difference between the two spacers does not impact 
dryout.  The reason for this is that minor difference in the design to the production spacer is far 
away from the mixing vanes which are the main contributor to dry-out performance.  The NRC 
staff agrees that this approach is acceptable.   
 
3.2  ACE/ATRIUM 10XM Correlation  
 
The single phase subcooled flow at the inlet of a BWR fuel assembly rapidly transitions through 
bubbly flow to annular flow.  In the Minimum Critical Power Ratio limiting fuel assemblies, much 
of the active length of the fuel assembly is in annular flow.  A liquid film on the rod and a steam-
water mixture in the center region characterizes the annular flow regime.  As the flow 
progressed upward, the water film changes.  Evaporation, entrainment, and water droplets are 
deposited onto the liquid film.  A rapid temperature excursion occurs when the cooling 
effectiveness of the liquid film is lost.  The loss of this liquid film is variously termed dryout, 
boiling transition, and CHF. 
 
The ACE/ATRIUM 10XM correlation, like its predecessor the ACE/ATRIUM-10 correlation  
(Reference 2), is a correlation based on a model of annular flow and dryout.  The phenomena of 
entrainment, deposition, and evaporation are treated in the model.  As applied to the BWR fuel 
assembly, the model also includes treatment of spacers and the effects of rod local radial 
peaking.  A detailed step-by-step derivation of the ACE/ATRIUM 10XM critical power correlation 
form is provided in Reference 1, Appendix A.  
 
3.2.1 Determination of Empirical Constants 
 
The physical phenomena affecting dryout of the liquid film on a fuel rod surface are described in 
the ACE/ATRIUM 10XM methodology by equations containing a number of empirical constants.  
Similarly to the ATRIUM-10 correlation development, the ACE/ATRIUM 10XM contains 3 types 
of constants: non-linear constants, linear constants and additive constants.  The NRC staff 
requested that AREVA provide additional information during the audit review (Reference 5), 
describing the methodology by which the empirical constants were determined.  AREVA 
described the iterative process by which the correlation was fit to the defining data base.    
 
The non-linear constants account for grid spacer heat transfer enhancement, onset of annular 
flow and entrainment of the liquid film.  They were selected so as to provide the best result in 
following the trend of the data. 
 
De-entrainment of droplets while in the annular flow regime is described in an equation using 
linear constants.  These were determined using a linear least square best fit. 
 
Additive constants are included with the rod assembly local peaking constants (K-factors) so 
that the predicted critical power will match the experimental critical power.  An initial K-factor is 
determined for each rod from the local rod peaking pattern using methodology which the NRC 
staff previously reviewed and approved in Reference 2.  The final K-factor which includes the 
additive constant is used to compute the critical power.  The final additive constant for each rod 
is determined from and averaged over the set of peaking patterns for which that rod is limiting.  
The iteration is repeated until a convergent solution is obtained. 
 
Based on the data from the defining data set, AREVA determined the standard deviation of 
ACE/ATRIUM 10XM in predicting fuel rod dryout.  The standard deviation is used in  
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Monte Carlo evaluations to determine the safety limit.  An acceptable safety limit is achieved 
when it is shown that at least 99.9 percent of the fuel rods in the core will not be expected to 
experience dryout during normal operation or anticipated operational occurrences.  This is in  
accordance with the guidance from SRP-4.4 Acceptance Criterion 1.b.  The NRC staff agrees 
that this approach is acceptable and conservative.   
 
3.3 ACE/ATRIUM 10XM Defining and Validating Data Bases 
 
3.3.1 Operational Range 
 
The ACE/ATRIUM 10XM correlation can be used to accurately predict assembly critical power 
for the ACE/ATRIUM 10XM fuel design.  The correlation provides an accurate prediction of the 
limiting rod.  The impact of local spacer effects and assembly geometry on critical power is 
accounted for by two different sets of parameters.  The first is a set of constants, one constant 
for each rod in the assembly, called additive constants.  The second set of parameters provides 
for modeling of design specific to the ACE/ATRIUM 10XM within the critical power correlation. 
For comparison of correlation predictions to experimental data, an ECPR is defined as the ratio 
of the calculated critical power to the measured critical power.  The ECPR distribution 
associated with ACE/ATRIUM 10XM is adequately represented with a normal distribution.  The 
range of applicability of the ACE/ATRIUM 10XM correlation is provided below and in Table 2-1 
of Reference 1.  
 
    TABLE 2-1 Range of Applicability 
[ 
    
    
    
  
 

  

  
  

  

  
 

  

            ] 
The ACE/ATRIUM 10XM database is comprised of a very large number of steady-state and 
some transient data points taken on numerous different test assemblies.  The database was 
compiled data gathered for different power profiles from tests performed exclusively at the 
KATHY test facility.  
 
The correlation development was based on AREVA’s in house procedure guidelines.  In 
accordance with the criteria set forth in this procedure, the database was randomly divided into 
a defining data set and a validation data set.  
 
Approximately [    ] percent of the total database was set aside as the validating set of data.  
The remaining [    ] percent form the defining data set and were used to develop the critical 
power correlation.  In addition, transient tests were performed on an ACE/ATRIUM 10XM test 
assembly using the above mentioned power profiles, and these were included as a part of the 
correlation validation set.  In partitioning the data, AREVA placed the entire high inlet subcooling 
data points in the validating data set in order to test the accuracy of ACE/ATRIUM 10XM when 
extrapolated in subcooling regions.  The correlation was shown to still be accurate when 
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extrapolated.  The data analysis showed that the critical power is linear with subcooling, 
therefore extension of the correlation a few degrees to zero subcooling is justified.   
The dryout tests were designed to cover the range of conditions present in an operating BWR 
fuel assembly.  As a result, the database and correlation address the effects due to operating 
pressure, mass flow rate, inlet subcooling, axial power profile, and local peaking.  The 
ACE/ATRIUM 10XM database is described in more detail in Section 4 of Reference 1. 
 
3.3.2  ACE/ATRIUM 10XM Comparison to the Database  
 
The ACE/ATRIUM 10XM critical power correlation has been used to predict the critical power 
for each steady state data point in the database.  The ECPR determined for each test point is 
used along with the standard deviation of the ECPR as the basis for determining the ability of 
the correlation to predict the onset of dryout.  Comparison of the calculated to the measured 
critical power for the ACE/ATRIUM -10XM is shown in Figure 2-1 of Reference 1. 
 
The ACE/ATRIUM 10XM correlation statistics were reexamined using the validating data set.  
The standard deviation of the validating data set is slightly higher than the standard deviation of 
the defining data.  Close agreement with the data is still shown.  The accuracy of the correlation 
in predicting dryout elevation is slightly better for the validating data set than for the defining 
data set.  Using both sets of data a combined standard deviation for the ACE/ATRIUM 10XM 
was determined which can be used in the Monte Carlo evaluations to determine the safety limit.  
The dryout elevation prediction feature, imbedded in both the ACE/ATRIUM-10 and the 
ACE/ATRIUM 10XM, is not used except to gain confidence that the correlation is correctly 
modeling the physical phenomena of fuel rod dryout. 
 
3.3.3 Other Issues Arising out of the Audit Evaluation 
 
The range of reactor core conditions for which AREVA proposes to utilize the  
ACE/ATRIUM 10XM correlation extend slightly outside the range of the tested data.  The NRC 
staff discussed these extensions with the AREVA staff and requested justification for the 
extensions (Reference 2).  The extensions involve a), the upper and lower limit for mass flow 
rate, b), the upper and lower limit for sub-cooling and c), the maximum rod local peaking limit.  
For the upper limit on mass flow rate and the upper limit on inlet sub-cooling the extension is 
very small and allows the ACE/ATRIUM 10XM correlation to be used within the range of data 
uncertainty.  This is acceptable to the NRC staff.  AREVA provided technical arguments in 
support of the position that to extend the ACE/ATRIUM 10XM to low flow rates is conservative, 
(Reference 1 and 2).  The ACE/ATRIUM 10XM correlation was shown to predict a critical power 
approaching zero for very low flow rates.   
 
AREVA pointed out in their December 2008 submittal that in the validation process, the 
correlation was shown to be accurate when extended in the direction of greater sub-cooling.  
The NRC staff agrees that the accuracy of the ACE/ATRIUM-10XM correlation has been shown 
to be relatively insensitive to inlet sub-cooling, so that the ACE/ATRIUM-10XM correlation may 
be extended to a saturated inlet condition. 
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AREVA also requested in the December 2008 submittal to extend the maximum range of local 
radial power peaking from [       ] to [       ].  The local radial power peaking of the rods is an 
input to the ACE/ATRIUM 10XM correlation formulation.  Inaccuracies would appear as 
changes in the additive constant.  AREVA demonstrated that for a range of power peaks, the 
changes in the additive constant were small and within the range of the additive constant 
uncertainty.  The NRC staff, therefore, agrees that the ACE/ATRIUM 10XM correlation may be 
extended to a maximum local radial rod peaking of [       ]. 
 
3.3.4 Comparisons of the ACE/ATRIUM 10XM Correlation Calculations to Transient Critical 

Power Data 
 
AREVA, in an effort to demonstrate the conservative aspect of the ACE/ATRIUM 10XM 
correlation critical power predictions, proceeded to subject the ACE/ATRIUM 10XM correlation 
simulation to two transients, load rejection and loss of flow events.  Although applying  
steady-state critical power correlations to transients is considered conservative, (See RAI 
responses, References  3 and 4), the ACE/ATRIUM 10XM correlation is a best fit correlation 
and for a given steady-state condition shown to be in boiling transition by test, the correlation 
may under or over predict a boiling transition state within the range of defined uncertainties.  
Thus, during transient test conditions, dryout may not always be conservatively predicted, but 
well within defined uncertainties of the data.  
 
Review of the results presented in Chapter 7 of Reference 1, shows that with the exception of 
four test points out of a large number of tests, the calculated time to boiling transition is less 
than or equal to the measured time to boiling transition.  See Table 7-9 of Reference 1. 
 
4.0 LIMITATIONS AND CONDITIONS 
 
Based on the forgoing considerations, the NRC staff concludes that the use of  
ACE/ATRIUM 10XM as described in References 1 and 2 is acceptable for plant safety analyses 
provided that the following conditions are met:    
 
1. Since ACE/ATRIUM-10XM was developed from test assemblies designed to simulate 

ACE/ATRIUM-10XM fuel, the methodology may only be used to perform evaluations for 
fuel of that type without further justification.  

 
2. ACE/ATRIUM-10XM should not be used outside its range of applicability defined by the 

range of the test data from which it was developed and the additional justifications 
provided by AREVA in this submittal.  This range is listed in Table 2.1 of Reference 1. 

 
5.0 CONCLUSION 
 
The NRC staff has found that ANP-10298P, Revision 0, is acceptable for referencing in 
licensing applications for boiling water reactors to the extent specified and under the limitations 
and conditions delineated in the TR and this safety evaluation (SE).  This SE defines the basis 
for acceptance of the TR.  
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RESOLUTION OF AREVA NP, INC. (AREVA)  
 

COMMENTS ON DRAFT SAFETY EVALUATION FOR TOPICAL REPORT (TR) 
 

ANP-10298P, REVISION 0 
 

“ACE/ATRIUM 10XM CRITICAL POWER CORRELATION” 
 

 
By letter dated January 8, 2010 (ADAMS Accession No. ML100120175), AREVA provided one 
(1) correction, to the draft safety evaluation (SE) for TR ANP-10298P, and four (4) notations of 
proprietary markings.  The following is the NRC staff’s resolution of these corrections and 
comments:  
 
1. Page 1, Lines 25-27: Delete sentence:  "The correlation described in the topical report 

ANP-10249PA continues to apply to ATRIUM-10 fuel."  The correlation described in 
ANP-10298P applies to ATRIUM-10XM fuel, it does not replace the correlation 
described in ANP-10249PA. The removal of this incorrect sentence does not change the 
meaning of the paragraph. 

  
NRC Resolution for Comment 1 on Draft SE: 
 

 The staff reviewed the AREVA recommendation and found it acceptable. 
 

 
2. Page 6, Lines 26-27, 37-38; Page 8, Line 2; Page 8, Line 7:  Noted as AREVA 

proprietary information. 
  

NRC Resolution for Comment 2 on Draft SE: 
 

 The staff reviewed the AREVA recommendation and found it acceptable. 
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