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UNITED STATES

NUCLEAR REGULATORY COMMISSION
WASHINGTON; D.C. 20555-0001

May 8, 1999

Mr. Ian C. Rickard, Director,
Nuclear Licensing
Combustion Engineering, Inc.
2000 Day Hill Road
Post Office Box 500
Windsor, CT 06095-0500
SUBJECT: ACCEPTANCE FOR REFERENCING OF LICENSING TOPICAL REPORT
CENPD-389-P, "1 ox10 SVEA FUEL CRITICAL POWER EXPERIMENTS AND
CPR CORRELATIONS: SVEA-96+"
Dear Mr. Rickard:
We have completed our review of the subject topical report that was submitted by the ABB-CE
Corporation by letter dated June 9, 1998. The report is acceptable for referencing in licensing
applications to the extent specified and under the limitations delineated in the report and in the
associated NRC safety evaluation, which is enclosed. The safety evaluation defines the basis
for acceptance of the report.
We do not intend to repeat our review of the matters described in the report and found
acceptable when the report appears as a reference in license applications, except to assure that
the material presented is applicable to the specific plant involved. Our acceptance applies only
to the matters described in the reports.
In accordance with procedures established in NUREG-0390, it is requested that the ABB-CE
Corporation publish accepted versions of this report, proprietary and non-proprietary, within
3 months of receipt of this letter. The accepted version shall incorporate this letter and the
enclosed evaluation between the title page and the abstract. The accepted versions shall
include an -A (designating accepted) following the report identification symbol.
Should our criteria or regulations change so that our conclusions about the acceptability of the
report is invalidated, ABB-CE and the licensees referencing the topical report will be expected to
revise and resubmit their respective documentation, or to submit justification for the continued
effective applicability of the topical report without revision of the respective documentation.
Sincerely,

.Carpenter, Chief
Generic Issues, Environmental, Financial &
Rulemaking Branch
Division of Regulatory Improvement Branch
Office of Nuclear Reactor Regulation
Enclosure:
As stated

ABB-Combustion Engineering, Inc.
cc:

Mr. Charles B. Brinkman, Director
Washington Operations
ABB-Combustion Engineering, Inc.
12300 Twinbrook Parkway, Suite 330
Rockville, Maryland 20852
Mr. Ian C. Rickard, Director
Nuclear Licensing
ABB-Combustion Engineering, Inc.
Post Office Box 500
2000 Day Hill Road
Windsor, Connecticut 06095-0500

UNITED STATES

NUCLEAR REGULATORY COMMISSION
WASHINGTON, D.C. 20555-0001

Enclosure
SAFETY EVALUATION REPORT BY THE OFFICE OF NUCLEAR REACTOR REGULATION
RELATING TO TOPICAL REPORT CENPD-389-P
"10x10 SVEA FUEL CRITICAL POWER EXPERIMENTS AND CPR CORRELATIONS:
SVEA-96+"
ABB COMBUSTION ENGINEERING. INC.
1 BACKGROUND
CENPD-389-P describes the analyses conducted by ABB Combustion Engineering (ABB-CE)
pertaning to the application of the critical power correlation to the SVEA-96+ fuel design
(Ref. 1). The critical power ratio (CPR) correlation for the ABB SVEA-96+ fuel is referred to as
ABBD2.0. The SVEA-96+ fuel assembly design is very similar to the NRC approved SVEA-96
fuel assembly design, and each consist of four sub-bundles in a 5x5 lattice configuration with
one fuel rod missing. The only difference between the SVEA-96 and the SVEA-96+ assemblies
is in the design, number, and location of the spacers (Ref. 1).
The ABBD2.0 correlation was developed by ABB-CE for application to design and licensing
calculations for the SVEA-96+ water cross fuel assemblies over the range of steady state and
operational transient conditions for boiling-water reactor (BWR) plants. The ABBD2.0
correlation for the SVEA-96+ fuel is very similar to the NRC approved XL-S96 correlation for the
SVEA-96 fuel.
CENPD-389-P provides a description of the methodology behind the application of the
ABBD2.0 correlation to the ABB-CE SVEA-96+ fuel design. CENPD-389-P also contains test
data taken specifically at the FRIGG loop test facility at Vasteras, Sweden, in support of the
application of the ABBD2.0 correlation to the SVEA-96+ fuel design, and to the determination of
the associated "additive constants."
The additive constants are determined in accordance with the NRC approved procedure
described in Ref. 2. The uncertainties associated with these additive constants are then used
in the approved ABB-CE safety limit methodology for BWR fuel designs. The approved
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methodology is used to ensure that less that 0.1 percent of the fuel rods are in boiling transition
during steady-state operation and during anticipated operational occurrences.
The ABBD2.0 correlation is similar to the XL-S96 correlation, described in Reference 3.
However, the definitions of the associated parameters (dependent and independent) as
described in Reference 1, are specific to the application of the ABBD2.0 correlation to the
SVEA-96+ fuel design. The technical analysis of the ABBD2.0 correlation and its exclusive
application to the SVEA-96+ fuel type appears below.
2 TECHNICAL EVALUATION
2.1 The ABBD2.0 Correlation
The ABBD2.0 correlation is a new correlation designed and developed to address the critical
power behavior of the ABB-CE SVEA-96+ fuel design. The ABBD2.0 correlation is very similar
to and is a modification to the base GEXL critical power correlation. The ABBD2.0 correlation is
an empirically derived correlation from the SVEA-96+ fuel test data using the critical qualityboiling length form directly derived from the base GEXL correlation developed by General
Electric (Ref. 3). The critical quality-boiling length correlation represents a proven form capable
of adequately predicting the onset of dryout during a transient.
The ABBD2.0 correlation is an empirically derived expression that is a complex function of the
input parameters: boiling-length, mass flow, and system pressure. These input parameters
cover the ranges of pressure, mass velocity, and inlet cooling, consistent with expected
operating and accident conditions. The correlation is based on local coolant conditions
predicted from uniform and non-uniform axial power distribution test data. The correlation
includes correction factors to account for geometry and non-uniform axial power distributions
that deviate from the test data conditions.
Low-flow and high-flow behavior of the correlation are captured by refining the parameters in
the correlation equations. These parameters address the impact of the variations in the local
enthalpy from the planar average enthalpy. One of these parameters is the R-effective, which
characterizes the fuel rod local behavior, such as enthalpy rise, and which also factors in
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additive constants into the calculations. The additive constants are a measure of the dryout
sensitivity of each rod in the sub-bundle.
Although the ABBD2.0 correlation is a derived from sub-bundle data, ABBD2.0 is applied to full
bundles. Over prediction of the critical power is prevented by assuring that the R-factor is
modified to accommodate the sub-bundle mismatch among the four sub-bundles comprising
the SVEA-96+ fuel assemble.
2.2 SVEA-96+ Data Base and Test Strategy
The ABBD2.0 data base consisted of 2642 steady-state 24-rod sub-bundle data points, and
594 steady-state 96-rod full-bundle data points, taken at the FRIGG loop at the ABB-Atom
laboratories at Vasteras, Sweden. The test setup is comprised of electrically heated rods that
are physically the same as the SVEA 96+ fuel assembly. The tests are designed to reproduce
the local conditions typically present in a BWR fuel assembly, and support the full range of
applicability of the ABBD2.0 correlation.
Both the sub-bundle and the full bundle assemblies were tested subject to the intended full
range applicability of the SVEA-96+ fuel. The test programs were developed to accumulate a
data base representative of the appropriate statistical requirements for the SVEA-96+ fuel
design. This approach ensures that an adequate number of tests are performed and that
sufficient data are gathered to perform appropriate simulation of the behavior of the SVEA-96+
fuel design.
Both steady-state and transient tests were performed as part of the validation of the ABBD2.0
correlation. In each case, the tests were designed to include test runs with peaked rods at
selected locations.
The data base is comprised of more than 3200 data points taken in a large number of tests
performed at the FRIGG test facility. The data base consists of top peaked, down peaked, and
cosine axial power shapes accounting for adjacent rod positions, rods on the interior of an
assembly, and rods adjacent to the water cross, a feature unique to the SVEA-96+ fuel design.
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The local power peaking patterns were selected to determine the effects of the top peaked axial
power profiles as compared to the cosine power profiles in several regions of the test bundle
Local power peaking data were also collected at the corners, and peripheral rows, as well as
around the internal water cross to ensure complete understanding of the fuel bundle power
performance in these regions.
The range of local power distributions was selected to cover local power distributions expected
during reactor operations and to allow an accurate determination of the dryout sensitivity of
each fuel rod in the sub-bundle. A broad range of sub-bundle power mismatch factors are also
obtained to account for sub-bundle power differences among the four sub-bundles,
(Refs. 1 and 2). In addition, the full range of R-factors anticipated during normal BWR
operations, as well as anticipated operational occurrences (AOOs) and accidents, were covered
by the large number of local power distributions performed in the sub-bundle and full bundle
tests.
All the data collected was validated by performing periodic instrumentation reliability checks, as
well as conducting periodic calibration checks to ensure the accuracy of the data.
Instrumentation were checked before and after each test period. Heat balances were
performed to insure that power, flow, and temperature measurements were correct. Pressure
drop across the bundle at different flow rates were measured. Power generated by the heater
rods were compared to that of the power supply output for all test points subject to the criteria
that the two bundle powers had to agree within +/- 1 percent.
2.2 Description of the Additive Constants
Correlation parameters such as R-factors account for the local peaking factor effect on the
bundle critical power. One part of the R-factor accounts for the local power distribution of the
rod of interest and its immediate neighbors, the other part accounts for other local effects, such
as bundle cross section geometry and spacer grid designs. These spacer and bundle
geometry effects influence the critical power behavior of the bundle. Therefore, an offset term
is applied to each rod in the bundle, subject to the rod's position in the bundle. This offset term
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is called the 'additive constant." The additive constant can be considered as a flow/enthalpy
redistribution characteristic of a particular lattice/spacer design. So the additive constants are
unique to a particular fuel design.
The ABB-CE testing program consisted of a number of tests conducted at different local rod
power distributions, selected in a systematic way, to ensure that each unique rod location has a
sufficient database to determine an associated unique additive constant. The additive
constants are explicitly determined for each lattice/spacer design configuration and are utilized
in design calculations for the corresponding fuel bundle.
To assert the ability of the correlation to predict steady-state as well as transient upskew and
downskew axial power shapes, only the cosine test data were used in the determination of the
additive constants, thus validating the use of the additive constants in steady-state and
transient calculations. The additive constants are experimentally determined from a large data
bank representative of the power profile expected during the operational range of the
SVEA-96+ fuel design.
3 STATISTICAL ASPECTS OF THE SVEA-96+ CORRELATION
The ABBD2.0 correlation is designed to predict heat flux from several physical input
parameters, including mass flux, outlet pressure, subcooling temperature, and power shape
("profile"). The data base used in the evaluation ("correlation development") stage consists of
2113 steady-state critical power points. These points reflect 234 sub-bundle local power
distributions, randomly selected to represent the complete applicable range of the input
parameters. The selection of the associated points was made by using well established
Monte Carlo procedures (Ref. 4).
Perhaps the most telling performance index derived in this study, regarding the correlation
ability to 'predict," is the CPR. A good correlation would predict a CPR value near 1.00 (unity),
with a very small associated uncertainty. ABB-CE's calculation fluctuates near 1.00 for all
subsets of the data (different pressure, mass flux, and subcooling range). The calculation of
the CPR also involves the calculation of an individual additive constant that accounts for the
geometric position of a rod within a bundle. A detailed description of the process used in

6 of the submittal. And since the
identifying and generating those constants is given in Chapter
of variability associated with
calculated additive constants are estimates, there is a measure
are considered in the total
their calculation. Both additive constants and their variability
(nor is one needed) to isolate or
variability of the correlation development. No attempt is made
the total variability of the correlation.
calculate the contribution of individual components from
within the accepted limit, ABB-CE
To ensure that the overall uncertainty of the correlation is
CPR calculations (Ref. 1, Tables
performed a 95/95 upper tolerance limits calculation for the
ABB-CE chose to use a
D31 and D31-1). In the calculations of the tolerance limits,
distribution of error) approach. The
nonparametric (more conservative, assuming a non-normal
using parametric (less
staff confirmed ABB-CE's limits by running parallel calculations
Both ABB-CE's and the NRC staffs
conservative, assuming a normal distribution) statistics.
to be well within reasonable and
calculation of the 95/95 upper tolerance limit were found
acceptable statistical bounds.
range of parameters was
The applicability and behavior of the correlation over a wide
correlation against a full range of each
demonstrated and documented by charting (plotting) the
that the correlation is more than
parameter of interest. The charts demonstrate convincingly
quality (error) associated with the
adequate in its ability to predict the CPR. Furthermore, the
one range of the parameter to
CPR calculation does not deteriorate as one moves from
another.
may be considered potential outliers
It is worth noting that although several local power points
correctly, are not excluded from the
during the course of the evaluation stage, those points,
conservative as it overestimates the
database. Inclusion of those points renders the process
associated upper tolerance limits.
prediction method to assemblies
The validation of the correlation is achieved by applying the
data. To that end ABB-CE uses
that are not part of the evaluation (correlation construction)
The mean error of the sub-bundle
529 sub-bundle and 594 full-bundle critical power points.
in the associated standard deviation,
validation data is smaller, in both magnitude of error and
validating the appropriateness of the
than the statistics obtained for the evaluation data, thus
data, the CPR mean of the validation
correlation for sub-bundle operations. For the full-bundle
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but the standard deviation is
data is considerably smaller than that of the evaluation data,
are constructed, the validation
higher for the validation data. When the 95/95 tolerance limits
data, but still within
limits for the full bundle is slightly higher than that of the evaluation
acceptable bounds.

4 SVEA-96+ CORRELATION BEHAVIOR
smooth functions and that no
The SVEA-96+ correlation (ABBD2.0) was tested to ensure
range of operability of the fuel.
significant discontinuities exist in its behavior over the entire
objective is to correlate the
ABBD2.0 is a critical boiling-length plane correlation. Its main
has proven in the past (GE
SVEA-96+ critical power test data. The boiling-length correlation
be a very good correlation for
has used it and continues to use this type of correlation), to
conditions. The credibility of
representing the onset of dryout during steady-state and transient
is established by adequately
ABBD2.0 (which was formulated under steady-state conditions),
predicting the change in critical power during a transient condition.
of the major functions within the
A number of tests were conducted to determine the sensitivity
and axial power shape. The
ABBD2.0 to flow, inlet-subcooling, pressure variation, R-factors,
geometry, and the spacer grid
R-factors account for the local power distributions, cross section
that the SVEA-96+ correlation
configuration. Review of the data, figures, and tables, indicate
(ABBD2.0) behaves well over the applicable range of the fuel.
5 SVEA-96+ CORRELATION VALIDATION
SVEA-96+ correlation in steadyABB performed several tests to validate the behavior of the
of steady-state data points that
state and transient events. The validation data base consisted
collected from tests conducted
were not included in the correlation data base. The data were
bundle data set was used to:
on 24-rod sub-bundles and full 96-rod bundles. The full 96-rod
ratio (CPR) correlation (which
1) validate the analytical method of the ABBD2.0 critical power
for the sub-bundle power
was derived based on the 24-sub-bundle data set), which accounts
of the ABBD2.0 CPR
differences, and 2) to further validate the overall predictive capability
critical power versus the
correlation. The predicted results of the ABBD2.0 correlation
and that no biases exist
measured critical power for these tests showed very good agreement,
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pressure. In addition, no
as a function of critical power, mass flux, inlet subcooling or outlet
of the R-factor and as
bias was detected with respect to the ABBD2.0 correlation as a function
tables indicative of the
a function of boiling length. After reviewing submitted figures and
that the ABBD2.0 correlation
ABBD2.0 correlation behavior, the staff agrees with the conclusion
biases exist that would limit
provides a good fit to the test data, and that no apparent systematic
performance in design and
the validation of the correlation to predict the bundle critical power
licensing applications.
6 ABBD2.0 TRANSIENT BEHAVIOR
and pressure in the fuel
Transient CPR predictions involve evaluation of the flow, enthalpy,
ABB-CE uses the
assembly at each axial node as a function of time during the transient.
ABB-CE's objective of
BISON-SLAVE channel code to conduct the transient system analysis.
state CPR correlation in the
this analysis is to confirm the proper implementation of the steady
CPR correlation to calculate
transient code. Also to confirm the capability of the steady-state
predictions.
dryout during transients with adequate accuracy to provide conservative
This test section includes a
The transient data was taken on a test section called SF25N.
characteristics very close to
SVEA seven-spacer configuration with critical power performance
is very similar to SF24E,
that of the ABB2.0 test database (SVEA-96+ fuel design). SF25N
base for the ABBD2.0
where SF24E is one of a number of tests that make up the data
is that the SF25N test
correlation. The key parameters difference for the two test sections
in slight differences in
section has 25 rods while, the SF24E test section has 24 rods, resulting
test data obtained from test
hydraulic characteristics between the two sections. The transient
in transient
section SF25N was used to provide validation for the ABBD2.0 correlation
applications.

rn

2) a flow reduction transient.
Two transients were modeled 1) a power increase transient, and
and the flow reduction
A large number of tests were performed for both the power increase
and the generated power
transients. The power increase transients include the time profiles
to bound different types of
increase. The resulting transient heat flux increase is sufficient
without bypass, turbine
limiting pressurization events in commercial BWRs (e.g., load rejection
trip, etc.).
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code BISON (Refs. 5
The BISON-SLAVE channel version of the time domain reactor dynamics
transient CPR
and 6) is used in conjunction with the ABBD2.0 CPR correlation to predict
transient
behavior for reload fuel licensing analysis applications and other operational
simulations.
and safety related
BISON is a time domain BWR dynamics code used for analyzing operational
the recirculating
transients. The code simulates the entire primary core coolant loop including
of neutron flux and
pumps. A two-group diffusion theory model describes the axial distributions
in the radial
power generation in the reactor core. Heat conduction in the fuel is solved
as the turbine,
direction at each axial segment. The influence from external systems such
in BISON. The
control systems, scram signals, and relief valves can also be simulated
various
ABBD2.0 CPR correlation is incorporated in the BISON-SLAVE code. The
are used in
instantaneous fluid properties such as mass flow, pressure, and inlet subcooling,
evaluating the CPR correlation under transient condition.
BISON-SLAVE
All the tests were simulated by the BISON-SLAVE code. Review of the
CPR
simulation results indicates that the BISON-SLAVE code predicts the minimum
predictions are only
conservatively for 98.2 percent of all the data points. The non-conservative
No systematic
marginally non-conservative, but well within the measurement uncertainty.
agrees with the
biases of the code prediction of minimum CPR was observed. The staff
submitted analysis and results.
7 CONCLUSION

OX10 SVEA Fuel
The staff has reviewed the analyses in Topical Report CENPD-389-P, "'I
CENPD-389-P
Critical Power Experiments and CPR Correlations: SVEA-96+." Topical Report
which encompass
is acceptable for licensing applications, subject to the range of parameters
wishes to extend the
the test data used to develop the ABBD2.0 CPR correlation. If ABB-CE
documented in
range of applicability of the ABBD2.0 CPR correlation beyond the data range
a new correlation and
Section 7, Table 7.1, of CENPD-389-P, it will either revalidate or develop
agreement with this
submit one or the other for NRC staff review and approval. ABB-CE is in
condition (Ref. 7).
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ABSTRACT
ABB is currently completing a program expanding the critical power data bases
and developing improved Critical Power Ratio (CPR) correlations for ABB 1Ox 10
SVEA fuel. A full set of critical power data have been obtained for the SVEA96+ and SVEA Optima designs, and additional data have been obtained for the
SVEA-96 design. The SVEA Optima design is an advanced product which has
not yet been introduced in reload quantities. Based on measurements for these
fuel designs, advanced CPR correlations utilizing the same general form have
been established for the SVEA-96, SVEA-96+ and SVEA Optima designs.
This report describes the development of the advanced critical power correlation
for ABB SVEA-96+ BWR fuel assemblies. The CPR correlation for SVEA-96+
fuel is referred to as ABBD2.0. A subsequent report will describe the
corresponding advanced CPR correlation for SVEA-96 fuel, and it is anticipated
that a similar report will be submitted for the SVEA Optima design.
Four different test series have been performed for the SVEA-96+ CPR correlation
development. Three of the test series utilized 24-rod sub-bundles with three
different axial power shapes. The fourth series utilized a full 96-rod test assembly
and a cosine axial power shape. The tests include measurements of critical power
at pressures between [Proprietary Information Deleted.]and an inlet subcooling
temperature range between [Proprietary Information Deleted.] The mass flux
range in the tests is [Proprietary Information Deleted.] The critical power
measurements were performed at more than [Proprietary Information Deleted]
different local power distributions to capture the influence on critical power of
various local peaking factors and various peak power rod locations.
The SVEA-96+ data from the measurements were correlated by adapting a critical
power correlation of the critical quality/boiling length form [Proprietary
Information Deleted.] This CPR correlation is referred to as the ABBD2.0
correlation.
The SVEA-96+ full assembly test data were used to validate the ABB analytical
method which accounts for sub-bundle power mismatches which affect subbundle flow distributions. The SVEA-96+ full assembly test data also extends the
validation of the ABBD2.0 correlation.
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The ABBD2.0 correlation predicts the measured critical powers over the entire
data base with a mean error of [Proprietary Information Deleted.]
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INTRODUCTION

This report describes the development of an advanced critical power ratio (CPR)
correlation for the ABB SVEA-96+ water cross BWR fuel assembly. The SVEA96+ fuel assembly is very similar to the SVEA-96 assembly described in detail in
Reference 1. The SVEA-96+ and SVEA-96 assemblies are composed of four
sub-bundles in a 5x5 lattice configuration with one fuel rod missing. The
difference between the SVEA-96 and SVEA-96+ assemblies is in the design,
number, and location of the spacers. [Proprietary Information Deleted] A brief
description of the SVEA-96+ assembly is provided in Appendix A.
The CPR correlation for SVEA-96+ fuel described in this report is referred to as
ABBD2.0. This is the first CPR correlation for SVEA-96+ fuel submitted for
NRC review. The current CPR correlation for the SVEA-96 assembly, referred to
as the XL-S96 CPR correlation, has been reviewed and approved by the NRC and
is described in Reference 1.
The test sections consisted of 24-rod bundles simulating sub-bundles of the
SVEA-96+ fuel assemblies as well as a full 96-rod SVEA-96+ test section. This
test section simulates the same geometry as the SVEA-96+ assembly which is
operated in BWRs. Indirectly heated rods connected to several individual rectifier
units made it possible to control the local power (i.e. relative rod power)
distribution in a simple way and test a wide range of local power distributions.
The objectives of these tests and the CPR evaluation program were as follows:
1.

To determine the steady state critical power capability of the SVEA-96+
assembly over a wide range of simulated BWR operating conditions.
The range of BWR operating conditions must be sufficient to provide a
Critical Power Ratio (CPR) correlation which will be acceptable for
predicting the CPR behavior of the SVEA-96+ assembly over the entire
steady state and transient operating range of BWR's for design and
licensing applications.

2.

To confirm that the CPR correlation for the SVEA-96+ assembly
(ABBD2.0) developed from the steady state critical power data base
adequately describes the data base and to establish appropriate biases
and uncertainties for licensing applications. Since the correlation was
developed from steady state data, it will provide best estimate CPR
values for steady state applications. For licensing applications, the
correlation will be applied in computer codes accepted by the NRC.

3.

To confirm the acceptability of the ABB analytical method which
accounts for sub-bundle power mismatches including the subsequent
sub-bundle flow distribution with SVEA-96+ full 96-rod assembly test
data.

ABB Combustion Enaineerina Nuclear Power. Inc.

P IPED

ABB Combustion Engineering Nuclear Power, Inc.

4.

CENPD-389-NP-A
Page 2

To confirm that the CPR correlation for the SVEA-96+ assembly
(ABBD2.0) established under steady state conditions provides an
adequate description of the change in critical power (ACPR) during
transient applications. This confirmation is performed by comparing the
predictions of the ABBD2.0 CPR correlation for transient conditions
with available transient CPR test data. The ABB methodology for
performing this confirmation is illustrated for the BISON- SLAVE code
documented in Reference 2.

The test matrix was selected to cover the entire steady state and transient
operating range expected for U.S. BWR's and to sufficiently cover off nominal
conditions to allow its application to transient and accident conditions. Particular
emphasis has been placed on capturing the dependence on local power
distributions within the bundle since this is expected to be the major bundlespecific effect.
The critical power correlation developed for the SVEA-96+ assembly is of the
critical quality - boiling length form [Proprietary Information Deleted.] It is
referred to as the ABBD2.0 correlation. [Proprietary Information Deleted.]
In addition to the 24-rod sub-bundle data used to derive the ABBD2.0 CPR
correlation, full 96-rod SVEA-96+ assembly critical power data were also
obtained. This test assembly was equipped with a standard SVEA-96/SVEA-96+
channel used in reactor applications. These channels contain flow communication
holes between the sub-bundles. These 96-rod SVEA-96+ assembly critical power
data were used to confirm the acceptability of the analytical method used to
account for sub-bundle power mismatches which cause sub-bundle flow redistribution and to extend the validation of the ABBD2.0 CPR correlation. The
analytical method for treating sub-bundle power mismatches was originally
described in Reference 1.
[Proprietary Information Deleted.]
The degree to which the correlation fits the experimental data is reflected by the
average percent deviation of the correlation prediction relative to the measured
critical power over the entire data range. [Proprietary Information Deleted.]
Conservative transient application of the correlation has been illustrated for
implementation of the correlation in the BISON-SLAVE dynamic system
transient code. Power increase and flow reduction transient tests were simulated
demonstrating conservative prediction of the onset of dryout.
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TEST FACILITY

2.1

Description
The SVEA-96+ critical power tests were performed in the FRIGG loop at the
ABB Atom laboratories at Vdsterds, Sweden. The FRIGG loop has been utilized
for many years to perform thermal hydraulic tests in support of the ABB BWR
nuclear program.
A diagram of the FRIGG loop is shown in Figure 2.1. The loop contains a main
circulation loop with the test section, a cooling circuit, and a purification system.
The head of the main circulation pump can be continuously controlled by means
of a variable speed motor. When steam is produced in the test section, the loop
pressure is controlled by regulating the cold water flow to spray nozzles in the
condenser. Heat is removed by a heat exchanger in the cooling circuit from which
water is pumped to the spray nozzles. During start-up and heat balance tests, the
loop is filled with water, and the pressure is regulated by balancing the amount of
water by means of the feed water pump and a drainage valve. The inlet subcooling
is controlled by feeding water from the cooling circuit into the main circulation
loop upstream of the pump.
The loop is designed for a maximum pressure of 100 bar and a maximum
temperature of 311 'C. Carbon steel is used throughout as a construction
material, and water quality is carefully controlled. Demineralized and deaerated
water is used for filling the loop. Purification is continued during the tests to keep
water quality within specified limits. Normally water conductivity is in the range
of 0.15 - 0.30 piS/cm.

2.2

Test Section
The test sections described in this section are used for steady state tests. Test
sections for transient tests are described in Section 6.

2.2.1

SVEA-96+ Sub-bundle Test Section
The test section consists of a pressure vessel, a Zircaloy flow channel and a SVEA
5x5-1 sub-bundle with 24 heater rods. [Proprietary Information Deleted.] To
avoid deformation at extreme test conditions and the subsequent flow redistribution, the flow channel is reinforced by an outer support structure. Pressure
taps are connected to the flow channel at different elevations as shown in Figure
2.2. The pressure transmission lines are brought out of the test section through an
instrumentation ring.
An orifice plate is installed at the inlet of the flow channel to provide an even
distribution of flow into the channel. [Proprietary Information Deleted.]
[Proprietary Information Deleted.] In the sub-bundle test, additional Inconel
spacers which are not used in the standard SVEA-96+ are positioned at the inlet
and exit of the test section. These additional spacers do not impact the dryout
results. The axial locations of the spacers and the pressure taps (DP) are shown in
Figure 2.2.
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The pressure vessel top flange contains pressure seals similar in design to valve
stem packing seals which retain the heater rods in fixed position. The difference in
thermal expansion between the heater rods and the pressure vessel is taken care
via O-ring pressure seals in the bottom flange.
Dimensions of the test section are compared with actual SVEA-96+ design
parameters in Figure 2.3. The design dimensions of the SVEA-96+ test section
which might affect dryout are not identical to those of the standard SVEA-96+
reload fuel assembly. [Proprietary Information Deleted.] Therefore, the effects
on critical power of the small differences between the SVEA-96+ sub-bundle test
section geometry and the reload fuel assembly are either negligible or are
accounted for in the correlation.
The numbers assigned to the heater rods in Figure 2.3 are used to identify the
heater rods in Appendix B. As shown in Figure 2.3, the heater rod numbering
scheme identifies the rod location in the sub-bundle.
Tables 2.1 through 2.3 show the axial power shapes used in the three 24-rod subbundle test series.
2.2.2

96-Rod SVEA-96+ Test Assembly
The SVEA-96+ full 96-rod test section consists of a pressure vessel, a Zircaloy
flow channel, and four SVEA-96+ sub-bundles with a total of 96 heater rods.
[Proprietary Information Deleted.] Pressure taps are connected to the flow
channel at different elevations as shown in Figure 2.5. The pressure transmission
lines are brought out of the test section through an instrumentation ring.
An orifice plate is installed at the inlet of the flow channel to provide an even
distribution of flow into the channel. [Proprietary Information Deleted.]
[Proprietary Information Deleted.] In the full bundle test, additional Inconel
spacers are positioned at the inlet and exit of the test section. These additional
spacers do not impact the critical power results. The axial locations of the spacers
(SP) and the pressure taps (DP) are shown in Figure 2.5.
The pressure vessel top flange contains pressure seals similar in design to valve
stem packing seals to retain the heater rods in fixed positions. The difference in
thermal expansion between the heater rods and the pressure vessel is taken care
via O-ring pressure seals in the bottom flange.
Dimensions of the test section are compared with actual SVEA-96+ design
parameters in Figure 2.6. The design dimensions of the SVEA-96+ test section
which might affect dryout are not identical to those of the standard SVEA-96+
reload fuel assembly. [Proprietary Information Deleted.]As was explained in
Section 2.2.1, the effects on critical power of the small differences between the
SVEA-96+ full bundle test section geometry and the reload fuel assembly are
either negligible or are accounted for in the correlation.
The numbers assigned to the heater rods in Figure 2.6 are used to identify the
heater rods in Appendix C. As shown in Figure 2.6, the heater rod numbering
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scheme for the 96-rod test assembly identifies both the sub-bundle and rod
location in the sub-bundle.
As shown in Figures 2.6 and 2.7, heater rods with very slightly different axial
power shapes were used in the full assembly tests. These heater rods were
utilized due to their availability and not due to any testing requirement or goal.
The very minor change in axial power shape for the "M-rods" and "S-rods" has no
significant impact on the critical power results. The cosine axial power shape used
in the 96-rod full assembly tests is essentially the same as that used in the subbundle tests shown in Table 2.1.
2.3

Heater Rods
The heater rods used in the tests are indirectly heated rods rated at 200 kW at 380
V DC. A heater rod schematic is shown in Figure 2.8. Each heater rod contains a
[Proprietary
heater element, electrical insulation, Inconel-600 cladding.
tube. The
K-500
a
Monel
from
is
made
element
heater
Information Deleted.] The
to the
welded
heater element terminals consisted of a solid nickel transition piece
at the
tube
Monel tube at one end, and a copper electrode brazed to the Monel
other end. The heater-rod non-uniform axial power profile was generated by laser
cutting a spiral on the Monel tube with a variable pitch.
The electrical insulation was machined from solid boron nitrite (BN) pieces. After
the BN sleeves were assembled over the heater element, grooves were cut axially
to hold the thermocouples in position. Then the heater element assembly was
inserted into the oversized Inconel tube used as cladding. The final heater rod
dimensions were obtained by swaging the heater assembly to its final dimensions.
The swaging operation also provided good contact between the heater element,
the insulation material, and the cladding inner surface assuring good heat transfer
with low variability from the heating element to the cladding surface.
The thermocouples (dryout detectors) are embedded between the cladding and the
insulation sleeves. The thermocouples used were 0.5 mm ungrounded Inconel
sheathed type K with MgO insulation. The thermocouple wire used was of
premium grade. The thermocouple tips were backfilled with BN powder and
compacted by swaging to provide a faster response to temperature changes.
[Proprietary Information Deleted.] Figures 2.9, 2.10 and 2.11 show the axial and
azimuthal positions of thermocouples in the cosine axial power shape sub-bundle
tests. Figure 2.12 shows the axial and azimuthal locations of the thermocouples in
the 24-rod sub-bundle bottom peaked axial power shape tests. Figure 2.13 shows
the axial and azimuthal positions of the thermocouples in the top peaked axial
power shape 24-rod sub-bundle tests. Tables 2.1 through 2.3 show the axial
power shapes used in the three 24-rod sub-bundle test series.

Proprietary Information Deleted.] Tables 2.4 to 2.7 provide the axial and
azimuthal positions of the thermocouples in the 96-rod full assembly tests. Figure
2.7 and Table 2.1 show the cosine axial power shapes for the 96-rod full assembly
tests.
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Power Supply and Control
For the sub-bundle tests, electrical power to the heater rods was supplied by a 4.2
MW DC electrical power system operating at 380 V. The system consisted of 10
units (rectifiers). Six of the units were rated at 300 kW each, and four of the units
were rated at 600 kW each.
For the full bundle tests, electrical power to the heater rods was supplied by a 15
MW DC electrical power system operating at 380 V. The system consisted of 14
units. Eleven of the units were required for the 96-rod full assembly test. Three of
the units were rated at 320 kW each. Four of the units were rated at 640 kW each.
Two of the remaining four units were rated at 4000 kW and two were rated at
4800 kW. Not all the units were used in each test. Appropriate combinations of
these eleven units were used to provide the required power for a given test point.
The upgraded FRIGG loop has a very flexible system for connecting the
individual heater rods to selected units. This configuration provides the capability
to conveniently obtain numerous combinations of relative rod powers by adjusting
the computer signals that control the voltage across each unit. It is this capability
which allows a thorough determination of sub-channel factors (e.g. R-factors)
providing the relative dryout sensitivity of each fuel rod.

2.5

Instrumentation
The parameters defining the operating conditions during the tests consist of
temperature, pressure, flow, differential pressure and bundle power. These
variables and the method by which they are monitored are defined as follows:
p (bar)

is the pressure at the test section outlet. The pressure is measured
with a precision pressure transducer in the test section inlet.
Estimated accuracy in the measured pressure is ± 0.5 bar.

AT sub (0 C)

is the inlet subcooling. This parameter is defined as the
difference between the saturation temperature at the test section
outlet and the test section inlet temperature. The temperatures are
measured with type-K premium grade thermocouples for the subbundle tests and with resistance thermocouples (RTDs) for the
full bundle tests at the test section inlet and outlet. Estimated
accuracy in the measured inlet subcooling is ± I 'C.

Q (kW)

is the power provided to the coolant by the rod bundle. The
power is obtained by the summation of the power generated by
each heater rod. Heater rod power is calculated as the product of
measured current through each rod multiplied by the measured
voltage drop across the rod group in which the heater rods are
connected. Heater rod current is measured by a calibrated
precision shunt connected to the ground electrical leads.
The bundle power is obtained by reducing the measured power
by 0.4% to account for the heat generated in heater rod
extensions at the inlet and outlet. This power is dissipated in the
flanges and is not delivered to the coolant. The estimated

ABB Combustion Engineering Nuclear Power, Inc.

Pt P P

ABB Combustion Engineering Nuclear Power, Inc.
accuracy in measured bundle power is
power levels typical at dryout.

i

CENPD-389-NP-A
Page 7
1% of the reading at

G = th /A (kg/m2 s)
is the mass flux. A is the flow area in the test bundle at room
temperature. The flow rate, rh , is measured with an orifice plate
in the recirculation line. The estimated accuracy in G is 20
kg/m 2 s.

The above accuracies in the major variables represent an accuracy (tolerance) in
critical power of about ± 2%.
Rosemount differential pressure (D/P) cells, calibrated to an accuracy of + 0.5%
of full scale, were used to measure pressure drops across various part of the
bundle and across the main line flow meter. The main line flow meter was
equipped with two D/P cells having different ranges in order to minimize the flow
measurement error due to errors in differential pressure measurements.
Thermocouples were located at five elevations along the test vessel in order to
measure the fluid temperature in the annulus between the pressure vessel and the
flow channel (i.e. the temperature in the bundle differential pressure transmission
lines).
2.6

Data Acquisition System
A typical data acquisition system is shown in Figure 2.14. Signals reflecting
important parameters (e.g. temperature, voltage, current differential pressure and
mass flow) are connected to HP3852A data loggers. A sampling frequency of 0.5
- 1.0 Hz was used. This system was used for the sub-bundle tests. Somewhat more
modem equipment was used in the full bundle tests.
In addition to the data collecting function, the computer was also used as a dryout
monitor by utilizing software which allows it to recognize a temperature rise over
the initial local temperature in up to 500 heater rod thermocouples. In this case
the computer identified the channel(s) indicating dryout. Steady state dryout is
assumed to occur for a minimum measured temperature rise of 25 'C.
In addition to the dryout indication, two additional limits were used to protect the
bundle. A temperature rise of 50 'C and temperature above 450 'C automatically
causes a decrease in bundle power of 25%. A temperature rise of 75 'C causes the
bundle power to be shut off completely.
The dryout monitoring function must be in operation before power is provided to
the test section. When dryout was detected, the loop conditions were kept constant
for about 20 seconds to clearly define average loop conditions at dryout for that
test point.
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Critical Power Testing Procedure
Details of the measuring instruments used and the data acquisition system are
presented in Sections 2.5 and 2.6. The tests were recorded in blocks of a
maximum size of 1200 samples of each parameter which corresponds to 2400
seconds at a sampling frequency of 0.5 Hz. Each block generally included several
critical power measurements at different mass flows.
The procedure for establishing critical power was as follows:
*

The test identification number was entered into the computer.

.

The target local power distribution was entered into the computer, which
established the corresponding rectifier settings.

*

The target bundle inlet subcooling temperature, system pressure, and mass
flux were established.

.

The bundle power was slowly increased in small steps. The power was
increased until a temperature excursion exceeding 25 'C occurred and
triggered an alarm. All the thermocouples were connected to the data loggers,
and their outputs recorded. In addition, selected thermocouple outputs were
displayed on a monitor in the control room.
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TABLES 2.1 THROUGH 2.7

[PROPRIETARY INFORMATION DELETED.]
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FRIGG loop diagram
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Figures 2.2 through 2.7

[Proprietary Information Deleted.]
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Heater rod design

Note: See Figure2.10 or 2.11 for the shaded rods
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Figures 2.9 through 2.13

[Proprietary Information Deleted.]
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TEST PROGRAM
As discussed in Section 2, the test program included four separate test series.
Three of the test series were performed with full length 24-rod sub-bundle SVEA96+ test sections. The three sub-bundle test series differ in the axial power shape
used. Sub-bundle data were obtained for cosine, bottom-peaked, and top-peaked
axial power shapes. The test results for the three sub-bundle test series are given
in Appendix B. The number of data points and local power distributions in the
cosine, bottom-peaked, and top-peaked test series are summarized in Table 3.1.
SVEA-96+ data were also obtained for a full 96-rod SVEA-96+ test assembly.
These tests utilized a cosine axial power shape. The test results for the full 96-rod
test assembly are given in Appendix C.

3.1

Range of Test Parameters for Sub-bundle Tests
The sub-bundle test points and measured critical powers are shown in Appendix
B. The cosine, bottom-peaked, and top-peaked test series are identified by the
following ranges of test numbers in Appendix B:
Axial Power
Shape

Initial T'est Point

Final Ilest Point

Cosine

1020-2-AA2

1331-7-FlF 18

Bottom-peaked

103 8-1 -AA2

1230-2-DD9

l op-Peaked

1039-1-AA2

1199-3-CC3B

Appendix B contains a single table listing each data point and the measured
critical power and dryout location followed by maps showing the nominal relative
pin powers. As noted in Appendix B, the actual local power distribution at which
the data point was measured may differ slightly from the nominal distribution.
The local power distribution actually measured for each data point, and the Rfactor corresponding to that distribution, were used in the correlation derivation
and evaluation.
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The ranges of test parameters over which the sub-bundle critical power tests were
conducted are as follows.
[Proprietary Information Deleted.]

Histograms defining the ranges of mass flux, pressure, inlet subcooling, and local
power distribution as reflected by the CPR correlation R-factor values are shown
in Figures 3.1a through 3.1d, 3.2a through 3.2d, 3.3a through 3.3d, and 3.4a
through 3.4d, respectively. In each case, the figure denoted "a" is a histogram
showing the entire range of data for all three axial power shapes. The figures
denoted "b", "c", and "d" indicate histograms showing the range of data for the
cosine, bottom-peaked, and top-peaked axial power shapes, respectively.
[Proprietary Information Deleted.]
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Range of the Test Parameters for Full Bundle Tests
The full bundle test points and measured critical powers are shown in Appendix
C.

Appendix C contains separate tables listing the data point, the measured critical
power, and the dryout location for each unique nominal relative pin power
distribution. In addition, Appendix C shows a plot of the measured critical power
as a function of mass flow for each case. As noted in Appendix C, the actual local
power distribution at which the data point was measured may differ slightly from
the nominal distribution. The local power distribution actually measured for each
data, and the R-factor corresponding to that distribution were used in the
correlation evaluation.
The ranges of test parameters over which the full bundle critical power tests were
conducted are as follows.
[Proprietary Information Deleted.]

Histograms defining the ranges of mass flux, pressure, subcooling, and relative
sub-bundle power (FSUb) for the sub-bundle in which dryout was indicated are
shown in Figures 3.5, 3.6, 3.7, and 3.8, respectively.
3.3

Justification for the Range of the Test Parameters
The critical power performance of a test bundle is a function of mass flux, system
pressure, inlet subcooling, axial power distribution, and local power distribution.
The range of the test parameters over which the critical power tests were
conducted are presented in Sections 3.1 and 3.2. Justification for the ranges can be
summarized in the following subsections.

3.3.1

Mass Flux
The critical power is a strong function of mass flux. Therefore, data were obtained
at numerous points [Proprietary Information Deleted] over the range of mass
flux considered to establish the correlation at various values of pressure, inlet
subcooling, and bundle local powers.
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[Proprietary Information Deleted.] The range of mass flux representing normal
operations and AOOs is very broad [Proprietary Information Deleted.] This
range is covered by the mass flux points used for the tests.
3.3.2

System Pressure
Data were obtained at 6 different system pressures: [Proprietary Information
Deleted.] This provided sufficient data to determine the system pressure
dependence of critical power over the expected range of application of the
correlation. [Proprietary Information Deleted.]
Inlet Subcooling
It is well known (e.g. References 1 and 3) that the critical power is a linear
function of the inlet subcooling at constant mass flux and system pressure.
[Proprietary Information Deleted.] A 10 'C inlet subcooling corresponds to
the reactor normal operating condition, and 40 'C inlet subcooling covers the loss
of feedwater heater condition.

3.3.3

Axial Power Distribution
Sub-bundle critical power data were obtained for a chopped cosine as well as a
bottom-peaked and a top-peaked axial power shapes. The cosine axial power
shape is a reasonably representative of typical operation. The bottom-peaked and
top-peaked axial power shape were selected to capture the effect of axial power
shape over the range expected in reactor operation.

3.3.4

Local Power Distribution
The critical power performance of a test bundle is dependent on the test bundle
local power distribution. One advantage of the FRIGG test loop is that the test
bundle local power distribution can be easily varied. Systematic series of tests
were conducted to investigate the critical power performance at various local
peaking factors and various peak power rod locations. SVEA-96+ critical power
measurements were obtained at [Proprietary Information Deleted] to establish
the effect of local power distribution on critical power. Appendices B and C show
the nominal local power distributions for specified test groups. For tests within
the same group, the local power distribution may differ slightly. For establishing
the correlation, the local power distribution actually measured for each data point
was used.
The local power distributions used in the tests were designed to establish the local
Ipower distribution dependence of the bundle critical power performance. The

ABB Combustion Engineering Nuclear Power, Inc.

F

wIEPI

ABB Combustion Engineering Nuclear Power, Inc.

CENPD-389-NP-A
Page 19

local power distributions involve rods with peaking factors between [Proprietary
Information Deleted.]

3.3.5

Relative Sub-Bundle Power
The full bundle tests were performed within [Proprietary Information Deleted]
relative sub-bundle power range. This covers the expected range for design and
licensing applications. Note that the full bundle tests were used to validate the
analytical method accounting for sub-bundle power mismatch (See Section 4.5).
They were not used for the correlation development but do provide part of the
correlation validation.
Therefore, in summary, the ranges of parameters shown in Figures 3.1 through 3.8
were selected to cover values expected during normal BWR operations as well as
Anticipated Operational Occurrences (AOOs) and accidents while placing greatest
emphasis on those regions in which the reactor will usually operate. Therefore,
while pressure and inlet subcooling ranges of [Proprietary Information
Deleted.] This range is covered by the mass flux points shown in Figures 3.1a
through 3.1d and 3.5. The range of local power distributions were selected to
cover local power distributions expected during reactor operations and to allow an
accurate determination of the dryout sensitivity of each fuel rod in the sub-bundle.
In conjunction with the very broad sub-bundle power mismatch factor (FSUB)
range shown in Figure 3.8, the range of R-factors anticipated during normal BWR
operations as well as AOOs and accidents was covered by the [Proprietary
Information Deleted.]

3.4

Data Validation Criteria and Procedures
Data validation is supported with instrumentation performance reliability checks.
All the data collection instrumentation is periodically calibrated to assure the
accuracy of the data.
The data validation process is further reinforced by having all instrumentation
checked for proper operation prior to the actual running of each test. Before and
after each shift, a reading from every transmitter is recorded and compared to the
expected value for that transmitter. An abnormal reading indicates a problem in
that transmitter, and corrective actions are taken before the actual test is run. In
addition, at the beginning of each testing period the following checks are made:
1.

A heat balance is calculated to insure that power, flow, and temperature
measurements were correct.
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2.

The overall pressure drop across the bundle at different flow rates is
measured.

3.

The sum of the power generated by each heater rod is compared with the
sum of the power outputs from each power supply unit for all test points.
These two bundle power measurements are accepted without further
investigation if they agree to within ±1%.
Different critical power reference test points, were repeated which had
the following nominal conditions:
Bundle Outlet Pressure [Proprietary Information Deleted.]
Mass Flux

[Proprietary Information Deleted.]

Inlet Subcooling

[Proprietary Information Deleted.]

These reference test measurements were performed, at a minimum, for a
uniform local power distribution.
The reproducibility of the critical power was considered very good.
Conversion of the data to engineering units by the computer allowed preliminary
test validation to be done upon completion of a run and before the data analysis
took place. This preliminary validation provided a timely feedback on facility
operation and data collecting equipment performance.
After the instrumentation had been functionally checked and the test parameters
and performance had been compared with the test matrix, the final data validation
was performed during the data reduction and analysis stage.
3.5

Data Trends
Figure 3.9 illustrates the measured critical power as a function of mass flow for
five different local power distributions at approximately [Proprietary
Information Deleted]. Some spread is introduced into the data when it is plotted
in this manner since all of the points were not obtained at precisely [Proprietary
Information Deleted]. The trends of the data, however, reflect the expected
qualitative dependence on assembly flow and local power distribution based on
previous testing of earlier designs and the physical nature of the dryout process.
Figure 3.10 illustrates the measured critical power as a function of mass flow for a
specified local power distribution at various pressures. [Proprietary Information
Deleted.] Figure 3.11 shows typical data plotted as a function of pressure at
constant mass flows and inlet subcooling. The influence on the critical power of
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the system pressure [Proprietary Information Deleted]. The same type of
behavior as a function of system pressure was observed for the SVEA-96 design
reported in Reference 1 and is consistent with other earlier designs.
The influence of inlet subcooling for a specified local power distribution is shown
in Figure 3.12 [Proprietary Information Deleted.]. As expected, a larger inlet
subcooling temperature or lower inlet temperature leads to an increase in critical
power. The dependence of critical power on inlet subcooling is also shown in
Figure 3.13 in which the critical power is plotted as a function of inlet subcooling
at various mass flows rates. [Proprietary Information Deleted.]
The influence of axial power shapes [Proprietary Information Deleted]. A
comparison of the critical power performance between SVEA-96+ and SVEA-96
for the optimized local power distribution at approximately [Proprietary
Information Deleted] is shown in Figure 3.16. As shown in Figure 3.16, the
general trend as a function of assembly flow is similar for the two assembly
designs. [Proprietary Information Deleted.]
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TABLE 3.1

[Proprietary Information Deleted.]
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Figures 3.1a through 3.4a

[Proprietary Information Deleted.]
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Figures 3.1b through 3.4b

[Proprietary Information Deleted.]
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Figures 3.1c through 3.4c

[Proprietary Information Deleted.]
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Figures 3.1d through 3.4d

[Proprietary Information Deleted.]
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Figures 3.5 through 3.16

[Proprietary Information Deleted.]
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CRITICAL POWER CORRELATION
Form of the Correlation
There are two common ways used to correlate critical power test data. One is to
correlate the critical power test data in the critical quality-boiling length plane,
and the other method is to correlate the critical power data in the critical heat fluxquality plane.
The critical quality-boiling length form has been selected to correlate the SVEA96+ critical power test data.
Since the trends in the SVEA-96+ data are similar to trends for other BWR fuel, a
critical quality-boiling length correlation would be expected to accurately
correlate the SVEA-96+ data
This decision is confirmed by the results in Section 5 which demonstrate that a
critical quality - boiling length correlation [Proprietary Information Deleted]
sufficiently capture the dependence of all important parameters to which CPR is
sensitive for the SVEA-96+ design.
The SVEA-96+ critical power correlation, which has been derived from SVEA96+ test data using the critical quality - boiling length correlation form as a basis,
is referred to as ABBD2.0.
Experience has also shown that a critical quality-boiling length correlation
represents a proven form capable of adequately predicting the onset of dryout
during a transient. The process to confirm that ABBD2.0, which was established
under steady state conditions, provides an adequate prediction of the change in
critical power during a transient code application is described in Section 6.
As discussed in Section 3, the general trends in SVEA-96+ critical power as a
function of system pressure, mass flux, and boiling length are qualitatively similar
to trends in the data for earlier SVEA designs, such as the SVEA-96 design
discussed in Reference 1. [Proprietary Information Deleted.]
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Finally, application of the ABBD2.0 correlation based on sub-bundle data to a full
SVEA-96+ assembly in a manner that assures critical powers will not be
overpredicted requires a further modification to the R-factor. This modification
accommodates sub-bundle power mismatch.
These adaptations to the critical quality-boiling length correlation form
[Proprietary Information Deleted] resulted in the ABBD2.0 CPR correlation.
The ABBD2.0 CPR correlation is described in this section.

4.2

ABBD2.0 CPR Correlation
[Proprietary Information Deleted.]

4.3

Calculation of the Sub-bundle R-factor for SVEA-96+
The R-factor accounts for the local power distribution, cross section geometry,
and the spacer grid configuration.
[Proprietary Information Deleted.]
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Determination of ABBD2.0 Additive Constants and Correlation Coefficients
As shown in Table 3.1, the SVEA-96+ data base is extensive. Therefore, a
systematic approach was required to establish the additive constants and
correlation coefficients:
[Proprietary Information Deleted.]

4.5

Assembly R-Factor - Treatment of Sub-bundle Power Mismatch
[Proprietary Information Deleted.]

R is the R-factor which is input to the ABBD2.0 correlation for full assembly
applications.

Validation of this method for accounting for sub-bundle power mismatch by
comparison with the results from the SVEA-96+ full assembly tests is discussed
in Section 5.
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Figures 4.1 through 4.7

[Proprietary Information Deleted.]
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CORRELATION EVALUATION
The functional form of the ABBD2.0 dryout correlation has been developed to
correlate the critical power test data in the critical quality-boiling length plane.
The ABBD2.0 CPR correlation data base is composed of a total of [Proprietary
Information Deleted] steady state critical power measurements. Evaluation of
the ABBD2.0 CPR correlation relative to the steady state data base is contained in
this section. In addition, Section 6 contains the evaluation of the ABBD2.0 CPR
correlation relative to the transient critical power measurements.
The steady state CPR data base is composed of [Proprietary Information
Deleted] points measured with a full scale 24-rod sub-bundle and [Proprietary
Information Deleted] points measured with a full 96-rod SVEA-96+ assembly.
The sub-bundle critical power data base was divided into two data sets. The
[Proprietary Information Deleted] evaluation data set represented 80% of the
24-rod sub-bundle data set and was used in the correlation derivation. The
[Proprietary Information Deleted] validation data set represents 20% of the 24rod sub-bundle data set and was used for validation of the ABBD2.0 CPR
correlation. The [Proprietary Information Deleted.] full 96-rod SVEA-96+
assembly data set was used to validate the analytical method which accounts for
the sub-bundle power differences with the ABBD2.0 CPR correlation and to
further validate the overall predictive capability of the ABBD2.0 CPR correlation.
The 24-rod sub-bundle data base and test bundle local power distributions used to
generate that data base are shown in Appendix B. The full 96-rod SVEA-96+
assembly data base and test bundle local power distributions used to generate that
data base are shown in Appendix C.

5.1

ABBD2.0 Performance Relative to Sub-bundle Data Base
Table 5.1 shows mean prediction errors and standard deviations for the ABBD2.0
CPR correlation relative to the entire 24-rod sub-bundle data base, subsets of that
data base, the 96-rod SVEA-96+ assembly data base, and the entire steady-state
data base. The prediction error, e, is given by:
[Proprietary Information Deleted.]
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As shown in Table 5. 1, the mean prediction error and standard deviation over the
entire sub-bundle data base is [Proprietary Information Deleted.] The mean
prediction error and standard deviation over the validation data set is
[Proprietary Information Deleted.] Since the validation data set was selected in
a systematic, unbiased manner over the entire data base, the fact that the statistics
in Table 5.1 [Proprietary Information Deleted.]
A useful graphical validation technique for a calculated function is to plot the
function versus the measured values. Figure 5.1 is a comparison of the critical
powers predicted with the ABBD2.0 correlation as a function of the measured
critical powers for all [Proprietary Information Deleted] sub-bundle data
points used to develop and validate the correlation. The solid lines in Figure 5.1
represent variations from the correlation prediction of ± 5.00%. The designations
KiC, fiBi, and (iTi refer to data obtained with chopped cosine, bottom-peaked, and
top-peaked axial power distributions, respectively. As shown in Figure 5.1, the
ABBD2.0 correlation shows good agreement with the measured data and does not
show a bias as a function of critical power.
Another standard graphical validation technique is to plot the prediction error, a,
versus parameters to which the function is sensitive. An ideal prediction is
characterized by s = 0.0. Accordingly, the prediction error is plotted as a function
of [Proprietary Information Deleted] in Figures 5.2 through 5.8. The
prediction error, 6, is defined by Equation 5-1.
Figure 5.2 is a plot of the prediction error for the ABBD2.0 correlation relative to
the entire [Proprietary Information Deleted.].
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Figure 5.4 is a plot of the prediction error for the ABBD2.0 correlation relative to
the entire [Proprietary Information Deleted].
Figure 5.5 is a plot of the prediction error for the ABBD2.0 correlation relative to
the [Proprietary Information Deleted] Figures 5.6 and 5.7 are plots of the
prediction error for the ABBD2.0 correlation relative to the [Proprietary
Information Deleted.] Figure 5.8 is a plot of the prediction error for the
ABBD2.0 correlation relative to the [Proprietary Information Deleted.] In
Summary, Figures 5.2 through 5.8 demonstrate that the ABBD2.0 correlation
provides a good fit to the test data with no systematic biases which would limit
the validity of the correlation to predict the bundle critical power performance in
design and licensing applications.
Figure 5.9 is a frequency distribution of the prediction error for the sub-bundle
data base. [Proprietary Information Deleted.]
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Figure 5.11 shows the ABBD2.0 critical power dependence on axial power shape
and mass flux. As shown in Figure 5.11, [Proprietary Information Deleted.]
Similarly, Figure 5.12 shows the ABBD2.0 critical power dependence on inlet
subcooling for several different mass flux values. As shown in Figure 5.12,
[Proprietary Information Deleted.]. Table 5.2 shows the mean error and
standard deviation [Proprietary Information Deleted].
In summary, the following conclusions can be drawn from comparison of the
ABBD2.0 correlation predictions with the 24-rod sub-bundle data base:

5.2

1.

All trends in the critical power data base discussed in Section 3 are
adequately captured with the ABBD2.0 CPR correlation. Furthermore,
predicted critical power trends with [Proprietary Information
Deleted] are consistent with previous dryout testing of earlier assembly
designs.

2.

The quality of the predictions of the ABBD2.0 CPR correlation does not
show any evidence [Proprietary Information Deleted.]

3.

Therefore, it is concluded that the ABBD2.0 CPR correlation provides a
sufficiently satisfactory fit to the data to justify its use for design and
licensing applications. A normal uncertainty distribution with a mean
error of [Proprietary Information Deleted] provides a good
characterization of the prediction error distribution for 24-rod subbundle data base.

ABBD2.0 Performance Relative to 96-Rod SVEA-96+ Assembly Data Base
A primary purpose of comparing the ABBD2.0 CPR correlation predictions with
the 96-rod SVEA-96+ full assembly data base is to validate the analytical subbundle power mismatch model in ABBD2.0 described in Section 4.5. This
comparison also provides an extension of the ABBD2.0 validation based on the
comparisons with the 24-rod sub-bundle data base described in Section 5.1.
Figures 5.13 and 5.14 show the prediction error for the ABBD2.0 correlation
relative to the 96-rod SVEA-96+ assembly data base as a function [Proprietary
Information Deleted.] Comparison of Figure 5.13 with Figure 5.2 indicates that
the quality of the ABBD2.0 agreement with the sub-bundle and full SVEA-96+
data bases [Proprietary Information Deleted.]
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The conclusion that the analytical sub-bundle power mismatch model in the
ABBD2.0 CPR correlation does not introduce any significant systematic error is
supported by Figure 5.10. [Proprietary Information Deleted.]

5.3

Correlation Uncertainty and Range of the Correlation
Based on the evaluations in Sections 5.1 and 5.2, it is concluded that the best
estimate of the ABBD2.0 CPR correlation mean prediction error and standard
deviation in the mean prediction error should be based on the [Proprietary
Information Deleted.] Therefore, from Table 5.1, a mean prediction error and
standard deviation of [Proprietary Information Deleted]will be used for design
The standard deviation was increased from
and licensing applications.
(see Appendix D, ABB response to NRC
Deleted.]
Information
[Proprietary
Request Number 31).
The range over which the ABBD2.0 CPR correlation is valid is shown in Table
This range is based on the [Proprietary Information Deleted.]
5.3.

ABB Combustion Engineering Nuclear Power, Inc.

L MPMP

ABB Combustion Engineering Nuclear Power, Inc.

CENPD-389-NP-A
Page 37

TABLES 5.1 THROUGH 5.3

[PROPRIETARY INFORMATION DELETED.]
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Figures 5.1 THROUGH 5.14

[Proprietary Information Deleted.]
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CONFIRMATION FOR TRANSIENT APPLICATION
Introduction
One specified acceptable fuel design limit (SAFDL) is that no more than 0.1% of
the fuel rods in the core experience boiling transition under normal operation and
anticipated operational occurrences. This requirement is equivalent to maintaining
a certain transient Critical Power Ratio (CPR).
Transient CPR predictions involve evaluation of the flow, enthalpy, and pressure
in the fuel assembly at each axial node as a function of time during the transient.
A transient systems analysis code is used to calculate the transient fluid
parameters used with the steady-state CPR correlation for an assembly to evaluate
transient CPR. One transient systems analysis code used by ABB for CPR
predictions is the BISON-SLAVE channel model of the BISON transient analysis
code (Reference 2). In licensing analysis applications the plant Operating Limit
Minimum Critical Power Ratio (OLMCPR) is calculated with a transient systems
analysis code to ensure that the Safety Limit Minimum Critical Power Ratio
(SLMCPR) is not violated
The methodology for demonstrating that the application of the ABBD2.0
correlation in transient calculations will provide conservative predictions of ACPR
is described in this section. Specifically, the process for qualifying
implementation of the ABBD2.0 correlation in a transient code is described.
Then, the transient experiments performed in the FRIGG test loop, used to qualify
transient code implementation are described. Last, in demonstration of the
methodology, the ABBD2.0 correlation implementation validation in the BISONSLAVE transient code is presented.

6.2

Transient Implementation Validation Methodology
The two objectives of the transient systems analysis code implementation
validation are to:
a.

Confirm proper implementation of the steady state CPR correlation in
the transient code.

b.

Confirm the capability of the steady-state CPR correlation implemented
in the transient code to calculate dryout during transients with adequate
accuracy to provide conservative predictions of ACPR.

Transient code implementation of the ABBD2.0 CPR correlation is validated for
each code application by [Proprietary Information Deleted.]
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Transient Dryout Experiments
The transient tests used to validate the ABBD2.0 correlation were [Proprietary
Information Deleted.] The transient CPR data were taken in controlled transient
experiments performed in the FRIGG test loop. The measurements included
numerous different initial parameter variations as well as different transient event
assumptions. [Proprietary Information Deleted.]

6.3.1

FRIGG Loop
The transient tests were performed with the same test facility used in the steadystate experiments described in Section 2. Both fast pressurization transients and
flow reduction transients are simulated in the FRIGG loop transient tests. The
FRIGG loop transients cases [Proprietary Information Deleted.]
A power supply controller capable of producing power pulses simulating heat flux
variations which occur during BWR fast pressurization events, was used for the
transient test simulations. The fast flow decrease, which is needed in order to
simulate very fast flow reductions in BWRs with internal pumps, was created
using a valve closure between the recirculation pump and the test section inlet.
For the transient tests, dynamic heater rod thermocouple responses are recorded.
In addition, transient test system response data were recorded in order to provide
time-dependent boundary conditions for the transient system code calculations.
The test section inlet coolant flow, pressure, and temperature and the total power
production were recorded.

6.3.2

Test Section
The test section used for the dynamic measurements is called SF25N. The test
section includes [Proprietary Information Deleted.] The internal (radial) rod
power distributions used in the SF25N power increase and flow reduction
transient tests are shown in Figure 6.1.
[Proprietary Information Deleted.]
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At several positions along each test section rod, several thermocouples were
included in the data recording. [Proprietary Information Deleted.]
Two sets of thermocouple configurations were used in the data acquisition of the
power increase and flow reduction tests. The first configuration was used in
transient tests 1118 through 1194 and the second configuration was used in
transient tests 1196 through 1291. Tables 6.2 and 6.3 summarize the two
thermocouple configurations.
6.3.3

Transient Tests Description
The power increase and flow reduction transients include several variations of
initial and transient conditions. Totally [Proprietary Information Deleted.]
tests were made, of which [Proprietary Information Deleted.] were power
increase transients and [Proprietary Information Deleted.] were flow reduction
transients.
Groups of measurements are formed based on the transient conditions.
[Proprietary Information Deleted.] The power increase transients include the
The generated power is increased
time profiles shown in Figure 6.3.
resulting transient heat flux increase
The
Deleted.]
[Proprietary Information
is [Proprietary Information Deleted.] The matrix of test cases for the power
increase event is given in Table 6.4. [Proprietary Information Deleted.]
The flow reduction events used the flow and power time profiles shown in Figure
6.4. The flow reduction is [Proprietary Information Deleted.] Note that the
reduction rates shown in Figure 6.4 are nominal values, the actual test reduction
rate was recorded for each transient test and sometimes deviated from the nominal
value. The matrix of test cases for the flow reduction events is given in Table 6.5.
[Proprietary Information Deleted.]
The sub-bundle test section initial coolant flow was varied in the test matrix
[Proprietary Information Deleted.]
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Dryout Threshold Temperature
The dryout threshold temperature is the temperature increase during the transient
for which the test is stated to reach dryout (e.g., CPR equals 1.0). The dryout
threshold temperature [Proprietary Information Deleted.]

6.3.5

Transient Data
Example test boundary conditions for a power increase test (1119) and a flow
reduction test (1246) are shown in Figures 6.5 and 6.7, respectively. The figures
show the test section response for generated power, coolant inlet flow (for two
different flow measurement devices), test section outlet pressure, and coolant inlet
temperature. The inlet coolant flow measurement signal, K311, is used as a
boundary condition in transient code simulations. The K3 11 signal [Proprietary
Information Deleted.]
Sample thermocouple temperature responses for tests 1119 and 1246 are shown in
Figures 6.6 and 6.8, respectively. In order to avoid sudden device-specific
disturbances nullifying the results, the raw temperature signals are processed in all
Figures 6.6 and 6.8 show
tests by [Proprietary Information Deleted.]
for non-filtered and filtered
dryout
measured temperatures both with and without
signals. Each signal plot represents a different thermocouple. [Proprietary
Information Deleted.]

[Proprietary Information Deleted.]
results from the transient tests.

6.4

Tables 6.6 and 6.7 summarize measured

Implementation Validation for BISON Code
The BISON-SLAVE channel version of the time domain reactor dynamics code
BISON (Reference 2) is used in conjunction with the ABBD2.0 CPR correlation
to predict transient CPR behavior for reload fuel licensing analysis applications
and other operational transient simulations. The BISON-SLAVE simulations
presented in this section are an illustration of the methodology described in
Section 6.2, confirming that the use of a CPR correlation based on steady-state
data in transient application is acceptable.
An overview of the BISON code and test section model are described below.
Then, the transient test simulation results for both the power increase and flow
reduction tests are presented. The BISON-SLAVE predictions of transient dryout
are conservative for all [Proprietary Information Deleted] demonstrating
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conservative calculation of transient CPR performance with greater than 95
percent probability.

6.4.1

BISON Code
BISON is a time domain BWR dynamics code used for analyzing operational and
safety related transients. The code simulates the hydraulics of the entire primary
core coolant loop including the recirculation pumps. A two-group diffusion theory
model describes the axial distributions of neutron flux and power generation in
the reactor core. Heat conduction in the fuel is solved in the radial direction at
each axial segment. The influence from external systems such as the turbine,
control systems, scram signals, and relief valves can also be simulated in BISON.
A BISON-SLAVE version of the code is used for simulation of a single bundle in
the core by utilizing boundary conditions from a previous BISON calculation for
the entire reactor. It can also be used in a stand-alone mode to study heated
bundles in loop experiments. External boundary conditions in the form of inlet
mass flow and temperature, inlet pressure, and total power generation are supplied
as input to the code. This option was used in the present evaluation to calculate
the transient critical power ratio (CPR) for the experiments performed.
The ABBD2.0 CPR correlation is incorporated in the BISON-SLAVE code.
Instantaneous fluid properties [Proprietary Information Deleted] are used in
evaluating the CPR correlation under transient conditions.

6.4.2

BISON Model
In the BISON simulations of the experimental tests, [Proprietary Information
Deleted] are modeled. The heated part of the test section is simulated with the
The axial flow length is divided into
BISON-SLAVE channel model.
[Proprietary Information Deleted] nodes. The heater rod is modeled with the
same radial nodal divisions typically used in plant calculations. The radial
representation and material compositions of the heater rod are shown in Figure
6.9.
[Proprietary Information Deleted.]
The experimental conditions described in the previous sections were used as input
to the BISON-SLAVE model. [Proprietary Information Deleted.] They are
prescribed via a boundary condition data file to the BISON-SLAVE simulation.
The generated power is given as a boundary condition for the heater element
radial section of the rods. The axial and local rod radial power distributions
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[Proprietary Information Deleted.] The outlet pressure and inlet flow and
subcooling are also prescribed boundary conditions.
The R-factors for the local power distributions (Figures 6.1 (a) and (b)) used in the
power increase and flow reduction tests were determined [Proprietary
Information Deleted.]
6.4.3

BISO

Test Simulation Results
All [Proprietary Information Deleted] tests were simulated with the BISONSLAVE code. The observed experimental dryout and predicted minimum CPR
for each test is listed in Tables 6.8 and 6.9 for the power increase tests and flow
reduction tests, respectively. The code predicts the minimum CPR conservatively
for all [Proprietary Information Deleted.] Figure 6.10 shows the code
predicted minimum CPR versus the measured maximum temperature for the test.
The BISON-SLAVE calculations show that 98.2 percent of the data set are
conservatively predicted. Furthermore, the non-conservative points are only
marginally non-conservative.
Figure 6.10 also shows a best estimate exponential fit to the data set.
[Proprietary Information Deleted.]

Equation 6-1

The best estimate curve further shows [Proprietary Information Deleted.] The
deviation of each test from the best estimate curve was examined in detail to
A measure of the relative
determine if biases are present in the data set.
deviation from the mean can be defined by just the deviation in measured
maximum temperature,
[Proprietary Information Deleted.]
6.5

Summary
A systematic approach is used to confirm the conservative application of the
ABBD2.0 CPR correlation in transient CPR code application. The methodology
is demonstrated for the implementation of the ABBD2.0 correlation in the
BISON-SLAVE transient code. This implementation is shown to be conservative
with much greater that 95 percent probability, and no systematic biases of the
code prediction of minimum CPR are observed.
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TABLES 6.1 THROUGH 6.9

[Proprietary Information Deleted.]
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FIGURES 6.1 THROUGH 6.16

[Proprietary Information Deleted.]
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CONCLUSIONS
The critical power measurements described in this report provide an accurate
A total of [Proprietary
simulation of the SVEA-96+ fuel assembly.
Information Deleted] 24-rod sub-bundle and 96-rod full assembly data points
covering the entire range expected during reactor operation were obtained. The
ABBD2.0 critical power ratio correlation was developed to correlate this critical
power data. The correlation was developed to provide best estimate predictions of
critical power for a SVEA-96+ fuel assembly. The mean prediction error and
standard deviation over the entire range of validity are [Proprietary Information
Deleted.]
Based on the critical power data for SVEA-96+ and the evaluations of the data
presented in this report, the following conclusions can be drawn:
1. Sufficient data have been obtained to justify the use of the correlation over the
following ranges for design and licensing applications
Table 7.1 [Proprietary Information Deleted.]
The performance of ABBD2.0 througout these ranges shows no bias and
trend. These ranges cover the operating conditions expected during U.S.
BWR steady-state, transient, or accident conditions over which CPR
calculations are expected to be required.
2.

The correlation provides a best estimate of bundle Critical Power Ratio
over the range of validity without any significant trends in the prediction
error as a function of mass flux, inlet subcooling, system pressure and Rfactor and, is therefore, acceptable for evaluations of Critical Power Ratios
for design and licensing purposes over this range.

3.

The mean prediction error and standard deviation to be utilized for the
correlation for design and licensing applications is [Proprietary
Information Deleted] are appropriate for computing core safety limit
Minimum Critical Power Ratios (SLMCPR).
4.

The correlation has been demonstrated to be capable of providing
conservative estimates of the onset of dryout during fast transients. The
capability of the correlation to provide conservative estimates of the
onset of dryout during fast transients is demonstrated for each transient
system code application. An illustration of the ABB methodology for
confirming the capability of the correlation to conservatively treat
transient applications is provided for the BISON-SLAVE code
documented in Reference 2. It is demonstrated in this illustration that
the correlation, in conjunction with the BISON-SLAVE code, is
acceptable for the calculation of changes in CPR during transient events
for design and licensing applications.
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SVEA-96+ ASSEMBLY DESCRIPTION

The SVEA96+ assembly is shown in Figures A-I and A-2. The fuel assembly
consists of 96 fuel rods arranged in four subbundles, each with a 5x5-1 lattice.
Each subbundle is a separate unit with top and bottom tie plates. The fuel rods are
supported laterally by seven spacers, distributed non-uniformly along the bundle.
The channel has a cruciform internal structure (watercress) with a square center
channel and cross wings with gaps for non-boiling water during normal operation.
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Figures A-1 and A-2

[Proprietary Information Deleted]
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SVEA 96+ STEADY STATE CRITICAL POWER TEST DATA
(SUB-BUNDLE TEST)

APPENDIX B
NOTES:
1.

TEST ID (NNNN-NN-XX)
where
NNNN-NN: Test number
Local power configuration
XX:

2.

PRESS

Pressure at the outlet of test bundle
(psi = BAR * 14.50)

3.

T-SUB

Subcooling temperature
(OF= OC * 1.8)

4.

FLOW

Mass flow through the test bundle
(lb/hr = (kg/s) * 7.937x10+ 3 )

5.

MASS FL

Mass flux through the test bundle
(Mlb/hr-ft 2 = (kg/m 2 s) *7.37x1 0-4)

6.

DRY POW Total heating power in the test bundle at dryout
(kW)

7.

DRYOUT LOCATION (XX.YY)
where
XX:
YY:

Heater rod location (refer to Figure 2.3)
Thermocouple location (refer to Figures 2.9 to 2.13)

A table listing each data point in the cosine, top-peaked, and bottom-peaked series
with the information identified above is shown first. Then, the local power
distribution (Fin,) maps for all tested local power configurations are shown. These
maps are provided in the same order as they appear in the data table. A single
example of a local power distribution for each nominal power distribution (e.g.
AA2, AA3, etc.) is provided. A given local power designation (e.g. AA2) is
different for the cosine, top-peaked, and bottom-peaked series. It must, however,
be noted that the local power distribution may differ slightly for different points
intended to have the same nominal distribution. The actual power distributions
were used for all points in the correlation development and validation process.
[Proprietary Information Deleted]
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SVEA 96+ STEADY STATE CRITICAL POWER TEST DATA
(FULL BUNDLE TEST)
ID

The identity of the measurement point

Fsub

Sub-bundle 1 (northwest corner in Figure 2.6) relative power

P

The system pressure (bar)

Tsub

Subcooling temperature (K)

Flow

Mass flow (kg/s)

Power

Bundle power at dryout (kW)

Y/I

The ratio between average local power for the 15 peripheral rods and
the average local power for the 9 central rods in sub-bundle 1

Rod

The rod(s) and its/their thermocouples indicating dryout (refer to
Figure 2.6 for rod location and Tables 2.4 to 2.7 for thermocouple
location)

The most representative local power distribution (Fint) map of the group with
the relative power of all four sub-bundles (Fsub) are printed on each page
together with a power versus mass flow plot with all separate dryout points.
Each group may contain more than one Fint designation (e.g., AA3, AA4,
AA5, AA6). The different designations reflect different rectifier
configurations but result in very similar relative rod powers. When the Fj1 t
map is not printed, it has been shown for a previous test series.
It must, however, be noted that the local power distribution may differ
slightly for different points intended to have the same nominal distribution.
The actual power distributions were used for all points in the correlation
validation process.
[Proprietary Information Deleted]
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ABB RESPONSES TO THE NRC REQUEST FOR
ADDITIONAL INFORMATION

The NRC request for additional information is in the form of thirty-four questions
(Reference D-8). In each case the NRC question is repeated for convenience followed
by the ABB response. [Proprietary Information Deleted.]
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CHAPTERS 1 THROUGH 5 REQUESTS FOR INFORMATION
D-1.

NRC Request Number 1
Provide description of the SVEA-96 and SVEA-96+ fuel designs (i.e., figures indicating
physical differences, etc.)
ABB Response to NRC Request Number 1
A description of the SVEA-96 fuel design is provided below and followed by a discussion
of the differences between SVEA-96 and SVEA-96+ fuel assembly.
The SVEA-96 fuel assembly was designed specifically for non-ABB built BWRs. The
SVEA-96 fuel assembly consists of three basic components:
*

The fuel bundle,

*

The fuel channel, and

*

The handle,

Figures Dl-1 and Dl-2 show the SVEA-96 fuel assembly and the fuel assembly cross
section.
The fuel bundle consists of 96 fuel rods arranged in four 5x5 minus 1 (5x5-1) sub-bundles.
The channel has a cruciform internal structure with a square center channel that forms
gaps for non-boiling water during normal operation. The sub-bundles are inserted into the
channel from the top and [Proprietary Information Deleted.] This design principle has
been used in various ABB BWR fuel assembly designs for many years, and eliminates the
leakage path at the bottom end of the channel. This design feature also avoids stresses in
the tie rods during normal fuel handling operations. The fuel assembly is lifted with a
handle connected to the top end of the channel.
The sub-bundles are freestanding inside the channel. There is sufficient space for subbundle growth at the top of the assembly to avoid restriction due to differential growth
between the fuel bundles and the channel.
The bottom of the transition piece or "nose piece," seats in the fuel support piece. The top
ends of fuel assemblies are supported laterally against the adjacent assemblies through the
interaction of leaf springs on two sides, and the upper core grid on the other two sides.
Compatibility evaluations and operating experience have confirmed the mechanical
compatibility of the SVEA-96 assembly with U.S. reactors and several existing fuel types.
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The SVEA-96 and SVEA-96+ assemblies are almost identical. [Proprietary Information
Deleted.] Therefore, separate CPR correlations are developed for SVEA-96 and SVEA96+ fuel assemblies.
D-2.

NRC Request Number 2
Provide a description of CorrelationStructure differences between the SVEA-96 and the
SVEA-96+.
ABB Response to NRC Request Number 2
| [Proprietary Information Deleted.]

D-3.

NRC Request Number 3
Provide the range ofpeaking factors expected to be covered by this correlation.
ABB Response to NRC Request Number 3
The ranges of radial peaking factor and R-factor used in the tests are shown in Table D3- 1
along with the ranges expected in a typical reactor application.
[Proprietary Information Deleted.] Therefore, the range of R-factors, rather than the range
of radial peaking factors, expected to be covered by ABBD2.0 CPR correlation is of
primary interest. Table D3-1 shows the R-factors are within the range [Proprietary
Information Deleted.] for typical reactor applications. This is covered by the combined
range [Proprietary Information Deleted.] for the tests.
It should be noted that the tests include radial power distributions with a water rod (radial
peaking factor = 0.0), and they bound the cases with low values of radial peaking.
[Proprietary Information Deleted.] The high values of radial peaking in a typical reactor
come from assemblies next to the inserted control rods, and they are not the CPR limiting
assemblies.
It should be pointed out that full bundle radial power distributions (e.g., BB 18, BB 19,
BB21, BB23) were also selected to include dryout for rods near the water channel.
It should also be noted that while the range of radial peaking factor in a typical reactor
application may be greater than the range of radial peaking factors in the tests, the range of
R-factors in the tests encompasses the range of R-factors in a typical reactor application.
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This is a consequence of the dependence of R-factors on the powers surrounding the
subject rod in addition to the power of the subject rod.
D-4.

NRC Request Number 4
On pages 33 and 34 of the topical, the range of test parameters are providedfor the subbundle and the full bundle criticalpower tests. Please provide the number of data points
taken at each of the test points for all three parameters, (Mass flux, Pressure and Inlet
Subcooling).
ABB Response to NRC Request Number 4
Each data point is a test point defined by a unique set of parameters (mass flux, pressure,
inlet subcooling, and local power distribution). The sub-bundle tests consist of
Table D4-1 shows the number of data points
[Proprietary Information Deleted.]
associated with each axial power distribution. Appendix B provides a list of the subbundle data points.
The full bundle tests consists of [Proprietary Information Deleted.] Appendix C provides
a list of the full bundle data points.
The number of data points taken at each parameter range for all three parameters (Mass
flux, Pressure and Subcooling) are shown in Tables D4-2 through D4-5 for the sub-bundle
tests (total, cosine, bottom-peaked and top-peaked) and Table D4-6 for the full bundle
tests.

D-5.

NRC Request Number 5
Please provide graphical representation of CPR-vs-Mass flux for each of the three axial
profiles: Upskew, Cosine, and Downskew, spanning the full range of applicability of the
fuel.
ABB Response to NRC Request Number 5
The performance of the ABBD2.0 CPR correlation can be expressed in terms of the
Experimental ECPR, which is defined as the ratio of the critical power predicted by the
correlation to the measured critical power. Graphical representation of ECPR-vs-Mass flux
for each of the three axial profiles is shown in Figure D5-1 through Figure D5-3. The
anomalies showed in Figures D5-2 and D5-3 are explained in ABB Response to NRC
Request Numbers 9, 10 and 33. [Proprietary Information Deleted.] Table D5-1 provides
the mean and standard deviation for ECPR at various mass flux ranges. Inspection of
Figures D5-4, D5-5 and Table D5-1 show that there is no trend and bias in the
performance of ABBD2.0, supporting the conclusions listed in Section 7.
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The standard deviation,
expressed as:
C =

6,

is calculated using the "non-biased" or "n-i" method,

n yX -(XI

n(n - 1)
where X is the sample and n is the number of samples.
D-6.

NRC Request Number 6
In Tables 2.1 to 2.3 on Pages 11, 12, and 13 there are blanks in the number of points
columns. Please explain.
ABB Response to NRC Request Number 6
The last column in Table 2.2 and 2.3 was inadvertently overwritten with incorrect data.
They should show the relative power versus axial location specified in column 3. In the
submittal of errata pages (Reference D-1), these tables have been corrected. The corrected
tables are also provided here as Table D6-1 and D6-2, respectively, for convenience. Table
2.2 and 2.3 were also corrected.

D-7.

NRC Request Number 7
Please provide correspondingcorrelationpredictionsfor each of the test runs in Figures
3.9 through 3.16.
ABB Response to NRC Request Number 7
The corresponding correlation predictions for each of the test runs are shown on Figures
D7-3.9 through D7-3.16. In these figures, the predicted critical powers (shown as lines)
are superimposed on the measured critical powers (shown as symbols). It should be noted
that in Figure D7-3 .16, the predicted critical power for SVEA-96 was calculated with XLS96 CPR correlation (Reference D-2). The measured values are plotted on Figures 3.9
through 3.16.
Note that these figures are based on a small subset of the test database that were selected
for the purpose of showing trends in the data. The purpose in providing Figures 3.9
through 3.15 show that the trends in the data are physically reasonable and consistent with
expectations. No unexpected behavior is detected. Figure 3.16 was to show the
comparison of the critical power performance between SVEA-96+ and SVEA-96. The
trend is similar with SVEA-96+ having higher critical powers.
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D-8.

NRC Request Number 8
(a) Please explain the difference between "M" rods and "S" rods on page 23.
(b) Please explain the difference between "Rod type A " and "Rod type B" on page 29.
ABB Response to NRC Request Number 8
Heater rod type "S" and "M" are chopped cosine axial power profile rods with slightly
different profiles. Rod types "A" and "B" are used to capture the dependence on axial
power shapes by testing with non-uniform axial power shapes.
(a) Heater rod type "S" has a chopped cosine axial power profile with [Proprietary
Information Deleted.] The heater rod type "M" also has a chopped cosine axial power
profile with [Proprietary Information Deleted.] The relative powers at both ends of the
heated length have been slightly modified relative to the "S" type rods. Specifically, the
bottom end of the "M" type rods has a relative power of [Proprietary Information
Deleted.] The relative axial power of the S and M type heater rods is shown in Table D81.

The gradient of the axial power profile at the top and bottom of the fuel in an operating
reactor is typically steeper than that given by these test rods. Due to axial neutron leakage
and the relatively low enrichment of blanket nodes, the power in the top and bottom nodes
relative to the peak power is substantially less than [Proprietary Information Deleted.] in
top and bottom nodes in operating fuel assemblies. However, technical constraints related
to the manufacturing of the rods limit the achievable difference between the maximum and
minimum relative power along the rod.
As shown in Table D8-2, the chopped cosine sub-bundle tests were all performed with the
S type heater rods. In order to perform the full assembly tests, it was necessary to procure
additional heater rods. Manufacturing improvements allowed a small reduction in the in
the ratio of top and bottom node relative power to the peak nodal power. This
modification allowed a slightly more realistic simulation of the axial power shapes
expected during operations and resulted in the M type rods. The intention of the
modification was to lower the relative power at the ends of the heated length without
significantly changing the relative power profile of the heated length. As shown in Table
D8-2, the M type rods were used only in the full assembly tests. The sub-bundle data with
the chopped cosine axial power shape (S type rods only) were used to establish the.
additive constants. The correlation coefficients were established from the sub-bundle
chopped cosine data (S type rods) and the top- and bottom-peaked peaked rods (A and B
type rods). The top and bottom axial power shape sub-bundle tests have been performed
to assure that the axial power profile impact on the critical power is adequately captured.
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Table D8-2 shows that the full assembly test section consists of both the S and M type
chopped cosine rods. The full assembly dryout test were performed to [Proprietary
Information Deleted.] The data from this test were not used in deriving the ABBD2.0
dryout correlation. Since the correlation is based on assembly-averaged quantities,
evaluation of the full assembly data utilized an average axial power shape weighted by the
numbers of S and M type heater rods.
Table D8-3 demonstrates that there is no significant error involved in utilizing both types
of heater rods. Table D8-3 shows the impact on the mean error and standard deviation for
the full assembly database of assuming that the full assembly is composed entirely of S
and M type rods as well as the result for the weighted average axial profile. The fact that
the impact on mean error and standard deviation is minimal can be understood by
recognizing that the impact on assembly CPR of a weighted average axial power shape
relative to assuming all S or M type rods is on the order of 0.002.
To summarize, Table D8-3 shows that there is no significant impact on the mean error and
the standard deviation associated with use of rod types M and S.
(b) Rod types "A" and "B" are used to capture the dependence on axial power shape by
testing with non-uniform axial power shapes. The chopped cosine axial power shape (rod
type S) was used to determine the additive constants.
With the exception of the thermocouple locations, rod types "A" and "B" are identical.
The axial positions of the thermocouples and the locations of the A and B type rods in the
bottom- and top-peaked sub-bundle tests are shown in Figures 2.12 and 2.13. The same A
and B type rods are used for both the top-peaked and bottom-peaked tests. Dryout will
always occur in the top of the sub-bundle in these tests. The thermocouples in the A type
rods are located to detect dryout for the top peaked axial profile when they are oriented at
the top of the assembly. The thermocouples in the B type rods are located to detect dryout
for the bottom peaked axial profile when they are oriented at the top of the assembly. The
orientation of the top and bottom of the A and B type rods is reversed for the top- and
bottom-peaked axial power shapes. That is the rods are turned "upside down" in going
from one test to the other.
As shown in Figure 2.12, fifteen B type and nine A type rods were used in the bottom
peaked axial sub-bundle tests. The thermocouples in the B type rods in this test series are
located in positions to assure that dryout with a bottom peaked axial power shape will be
detected. The thermocouples in the A type rods are not positioned in a manner to indicate
dryout. Therefore, A type rods are placed only in symmetrical positions to the B type rods
in the bottom peaked test section. The relative powers for the A type rods were
maintained sufficiently lower than the B type rods in the bottom peaked sub-bundle tests
to assure that dryout would not occur on the A type rods.
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As shown in Figure 2.13, fifteen A type and nine B type rods were used in the top peaked
axial sub-bundle tests. The thermocouples in the A type rods in this test series are located
in positions to assure that dryout with a top peaked axial power shape will be detected.
The thermocouples in the B type rods are not positioned in a manner to indicate dryout.
Therefore, B type rods are placed only in symmetrical positions to the A type rods in the
top peaked test section. The relative powers for the B type rods were maintained
sufficiently lower than the A type rods in the top peaked sub-bundle tests to assure that
dryout would not occur on the B type rods. Rod type "A" and rod type "B" are essentially
identical. They have the same heated length, rod diameter and axial power profile. The
only difference between these rod types is in the thermocouple positions as was shown on
Figures 2.12 and 2.13.
Also in clarification of Figures 2.9, 2.10 and 2.11, the clear rods denote rods with
thermocouple positions shown in the adjacent figure. The total of the clear rods in these
three figures covers all the rods in the test section.

D-9.

NRC Request Numbers 9, 10 and 33
Request Number 9
Please explain the non-conservatism in figure 5.1 at approximately 100 W/cm 2 .
Request Number 10
Please explain the anomalies exhibited infigures 5.2 through 5.8.
Request Number 33
Interpret the behavior anomaly of a group of bottom-power profile datapoints in Figure
5.2 through 5.8.
ABB Response to NRC Request Numbers 9, 10 and 33
NRC Request Numbers 9, 10, and 33 deal with anomalies, or outliers, shown in Figures
5.1 through 5.8. Therefore, it is convenient to address these requests together.
The observed anomalies are associated with four heater rods that achieved dryout in less
than 2% of the tests. The anomalous points were not used in deriving the ABBD2.0
additive constants. It is concluded that the observed anomalies are not physically realistic
and are attributed to intermittent malfunction of a heater rod or thermocouple. The
anomalous test points were conservatively included in the overall correlation statistics.
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Malfunction of a heater rod or thermocouple, or the coupling between them, is referred to
below as malfunction of a heater rod.
|Proprietary Information Deleted].

D-10. NRC Request Number 10
Please explain the anomalies exhibited infigures 5.2 through 5.8.
ABB Response to NRC Request Number 10
Please see the response to NRC Request Number 9.
D-11. NRC Request Number 11
Pleaseprovide test data to accompany the predicted criticalpower in figure 5. 11.
ABB Response to NRC Request Number 11
ABBD2.0 was developed based on tests containing chopped cosine, top-skewed, and
bottom-skewed axial power profiles. The intent of Figure 5.11 is to illustrate the
dependence of the critical power on axial power shape as predicted by the ABBD2.0
correlation. It should be noted that the Y-axis title "Critical Power" in Figure 5.11 refers to
the calculated critical power.
Figure 5.11 shows critical powers predicted by the ABBD2.0 CPR correlation as a
function of mass flux for the three axial power profiles. A nominal condition (pressure =
70 bar, subcooling = 10 'C, R-factor = 1.0) is assumed for these predictions. The tests are
performed at various conditions and do not match precisely the assumed nominal
condition used to generate Figure 5.11. Therefore, direct comparison between predicted
and measured critical power for these conditions is not feasible. The measured critical
power dependence on axial power shape and mass flow is shown in Figures 3.14 and 3.15.
Comparison of Figures 3.14 and 3.15 with Figure 5.11 shows that the predicted
dependence of the critical power on axial power shape is consistent with the measured
data.
D-12. NRC Request Number 12
Please provide figure displaying error (%) as a function of mass flux for the subassembly
andfull assembly test data ONL Y (excluding validation and duplicate data).
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ABB Response to NRC Request Number 12
Figure 5.2 shows the error (%) as a function of mass flux for the sub-bundle test data.
Figure 5.13 shows the error (%) as a function of mass flux for the full assembly test data.
There is no duplicate data in these figures.
Each data point represents a unique test case. The sub-bundle test data was divided into
two data sets. [Proprietary Information Deleted.] A figure displaying error (%) as a
function of mass flux for the sub-bundle evaluation data (excluding validation data) is
provided in Figure D12-1.
D-13. NRC Request Number 13
The last sentence of the middle paragraphon page 78, states that the mean predicted
error and the standard deviation tabulated in Table 5.1 will be used for design and
licensing basis application. Pleaseprovide a quantitative technical analysis (ustification)
pertainingto the determinationof the additive constant uncertainties.
ABB Response to NRC Request Number 13
Critical Power Ratio (CPR) correlation uncertainties (e.g., uncertainties in the
additive constants) are accommodated in the establishment of thermal limits in the
Safety Limit MCPR (SLMCPR) calculation. In order to understand the ABB
treatment of these uncertainties, it is important to consider the information which is
provided by the critical power tests and the manner in which this information is
utilized in the SLMCPR calculation.
D-13.1 Information from Critical Power Tests
A critical power test point establishes the test bundle critical power for a specific
set of input parameters (e.g. mass flux, pressure, inlet temperature, and axial power
shape) and rod powers. The test bundle power is increased for a given rod power
distribution and set of input parameters until dryout is detected on some rod. The
test is terminated after dryout is detected on some thermocouple. Occasionally,
depending on the conditions, dryout is simultaneously detected on more than one
rod whose sensitivity to dryout is very close to that of the limiting rod. Therefore,
each critical power point typically provides the sensitivity to dryout of a single rod
whose power and the power of the surrounding rods is sufficient to make it the
limiting rod. The limiting rod for a given set of conditions establishes the test
bundle critical power for that set of conditions. The limiting rod critical power, or
assembly critical power, is the quantity of interest for monitoring critical power
ratio.
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The assembly critical power test does not, however, provide information on the
CPR distribution of rods which are not limiting. It provides information only on
those rods, which are limiting or sufficiently close to limiting to go into dryout at
about the same assembly power as the limiting rod. Information on the nonlimiting rods would require that the test bundle power be increased after the initial
dryout indication. This practice would destroy the limiting rods. Alternatively, a
very local dryout correlation depending on the detailed local conditions at the
surface of a rod could be developed. This approach would require higher order
two-phase hydraulic models which are not currently consistent with the state of the
art for design and licensing calculations.
Since a given critical power test point provides information only on the limiting
rod or rods for a given set of input parameters, a relatively large number of
different test radial power distributions and input conditions are required. The
number of input conditions must be sufficient to assure that the sensitivity to
dryout of each unique rod is established for relative power distributions for which
the rod could be limiting. For example, recognizing that the fuel rods in the
SVEA-96+ sub-bundle are geometrically symmetric about the sub-bundle
diagonal, there are 14 unique rods in the 24-rod sub-bundle. The corresponding 14
unique additive constants were established based on [Proprietary Information
Deleted.] different target local power distributions, and the entire sub-bundle data
base contained [Proprietary Information Deleted.] different local power
distributions.
D-13.2 Uncertainties Associated with the CPR Correlation(s)
Uncertainties associated with the correlation and R-factor accuracy are the
uncertainty in the dryout correlation, the uncertainty in the assembly (i.e. limiting
rod) R-factor, and the relative uncertainty in the non-limiting rod R-factors. The
basis for establishing each of these uncertainties can be summarized as follows:
1. Uncertainty in the Dryout Correlation
The uncertainty in the dryout correlation provides the uncertainty with which the
correlation predicts assembly CPR assuming that all of the parameters required
for evaluating dryout are known precisely. [Proprietary Information Deleted.]
[Proprietary Information Deleted.] Assembly R-factor Uncertainty.
2. [Proprietary Information Deleted.]
3. Relative Uncertainty in Individual Rod R-factors for a Given Maximum, or
Assembly, R-factor
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[Proprietary Information Deleted.]
In summary, the uncertainties associated with the correlation and R-factor accuracy have
been selected to be consistent with the available measurements. The critical power data
provide information on the limiting fuel rod (or assembly) critical power. Critical
configuration and gamma scan measurements typically provide experimental information
to establish the uncertainty with which the local pin powers and, subsequently, R-factors
are calculated.
D-13.3 Overview of ABB SLMCPR Calculation
The ABB methodology for calculating SLMCPR is described in Reference D-4. The three
uncertainties associated with the CPR correlation discussed in Section D- 13.2 are
combined in the SLMCPR calculation. The SLMCPR is established to assure that fewer
than 0.1 % of the fuel rods will be in boiling transition when the minimum core CPR, or
MCPR, is equal to the SLMCPR and all uncertainties associated with establishing steadystate CPR are considered. The manner in which the three uncertainties associated with the
CPR correlation discussed in Section Dl 3.2 are combined can be understood by
considering the manner in which the SLMCPR calculations are performed. Accordingly,
the methodology discussed in Reference D-4 can be summarized as follows.
The calculation is initiated from a specified core condition (e.g. power, flow, inlet
temperature, and system pressure). [Proprietary Information Deleted.]
The core MCPR established in the monitoring of CPR in the core supervision system is
the nominal minimum rod CPR for the entire core. The actual, or true, core MCPR can
differ from the nominal value due to uncertainties in conditions and parameters used to
determine the CPR values.
The SLMCPR is defined as the nominal MCPR which assures that less than 0.1% of the
fuel rods are expected to be in boiling transition when accounting for all of the
uncertainties in the parameters used to establish CPR.
The SLMCPR is calculated by repeatedly varying each of the parameters to which the
steady state CPR of each rod is sensitive a sufficient number of times to confidently
establish a nominal MCPR for which less than 0. I% of the fuel rods are expected to be in
boiling transition. The variation of each parameter is performed using a Monte Carlo
method, which assures that the parameter values selected are consistent with the known
probability distribution function (pdf) about the nominal parameter value.
Specifically, a Monte Carlo trial in the SLMCPR calculation is defined as a systematic, step-by-step
variation of each of the parameters affecting the calculation of the CPR to obtain an assembly and rod
CPR distribution which is perturbed relative to the nominal assembly and rod CPR distribution.
Variation of each parameter is performed by selecting a perturbed value of the parameter using
standard Monte Carlo methods in a manner which assures that the result of many selections of the
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parameter will reflect the probability distribution function (pdf) of the parameter
about its nominal value. For example, the parameter can be selected by choosing a
random number, n, in the interval [Proprietary Information Deleted.] and defining the
perturbed value of the variable x, where:
n=

L p(t)dt, where 6 = x-xo, xO is the nominal value of x, and p is the pdf for the

variable about its nominal value.

1=

The normalization of p is given by

fp(t)dt.

In the discussion below, the nominal assembly CPR distribution and a perturbed assembly
CPR distribution are referred to as {CPR,)' and {CPR1 .}X, respectively. Similarly, the
t
nominal rod CPR distribution and a perturbed rod CPR distribution in the i h assembly are
referred to as {CPR,,} 0 and {CPRIJ}X, respectively.

Conceptually, the calculational progression of a Monte Carlo trial used in an SLMCPR
calculation for a typical set of uncertainties using a CPR correlation such as ABBD2.0 can
be summarized as follows:
1. Perturbed values of the core process parameters [Proprietary Information
0 is replaced by {CPR,)' and {CPR)J}0
Deleted.] are selected. As a result, {CPRI}
is replaced by {CPRjJ 1'.
2. Perturbed values of the parameters common to each assembly type relative to
their nominal values are selected. As a result, {CPR,}' is replaced by {CPRj}2
and {CPRN} 1 is replaced by {CPRjJ} 2 . [Proprietary Information Deleted.]
a. 3. Perturbed values of the parameters specific to each assembly relative to
their nominal values are selected. As a result, {CPR, }2 is replaced by
{CPR,} 3 and {CPRJ}2 is replaced by {CPRIJ}3 . [Proprietary Information
Deleted.]
4. [Proprietary Information Deleted.] Therefore, perturbed values of relative rod
CPRs relative to their nominal values are selected resulting in the replacement of
5
{CPR,,} 5 by {CPRJ}6 while maintaining the assembly CPR distribution, {CPR,}
Steps 1 through 4 result in perturbed assembly and rod CPR distributions for which
all of the parameters to which CPR is sensitive have been perturbed and constitute
a single Monte Carlo trial. The SLMCPR is computed from a sufficiently large
number of Monte Carlo trials to confidently establish the distribution of perturbed
rod CPRs. The number of trials is concluded to be sufficient by demonstrating that
an increase in the number of trials will not significantly alter the result. For
example, [Proprietary Information Deleted.] Monte Carlo trials are typically
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adequate for current applications based on the fact that the calculated SLMCPR
with [Proprietary Information Deleted.] trials is typically within about [Proprietary
Information Deleted.] of the SLMCPR based on 5000 trials.

ABB Combustion Engineering Nuclear Power, Inc.

A 11s
PIMPID

ABB Combustion Engineering Nuclear Power, Inc.

CENPD-389-NP-A
Page 67

CHAPTER 6 REQUESTS FOR INFORMATION
D-14. NRC Request Number 14
Was the transientdata taken on the SVEA-96+?
ABB Response to NRC Request Number 14
The transient data were taken on a test section called SF25N. This test section includes a
SVEA seven-spacer configuration with critical power performance characteristics very
close to that of the ABBD2.0 test database (SVEA-96+ fuel design). The transient tests
performed in the SF25N test section provide validation data for CPR correlation dynamic
performance for fuel assembly types with steady-state CPR performance similar to that of
the SF25N test section.
It should be noted that the transient tests were used only to determine sufficient
conservatism of ABBD2.0 correlation in transient applications. Based on the evaluations
provided below, transient data taken on SF25N is adequate to validate the ABBD2.0
correlation for transient applications.
[Proprietary Information Deleted.]

D-15. NRC Request Number 15
What is the difference between cold and hot rods?
ABB Response to NRC Request Number 15
Hot rods are heater rods with a radial peaking factor greater than zero. They are used in
the tests to simulate fuel rods. Cold rods are heater rods with the radial peaking factor set
to zero. They are used in the tests to simulate zero power rods such as water rods.
D-16. NRC Request Number 16
What do the designationsSF25N, SF24E --- Uniform and Optimum mean infigure 6.2?
ABB Response to NRC Request Number 16
The designations SF25N (S=SVEA, F=FRIGG, 25=number of rods, N=serial number) and
SF24E stand for different test sections used for the measurements in the ABB FRIGG loop
facility. The difference between SF25N and SF24E is discussed in the ABB response to
NRC Request Number 14 and in this document, Section 6.3.2.
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The designation "uniform" refers to a rod power distribution with all fuel rods having the
same relative power.
The designation "optimum" refers to a rod power distribution that gives the highest dryout
power for a given set of mass flux, system pressure, inlet subcooling and axial power
shape conditions. The optimum" rod power distribution is achieved by [Proprietary
Information Deleted.]
D-17. NRC Request Number 17
Pleasesuperimpose a plot of the correlation behavior onto the data provided in figure 6.2.
ABB Response to NRC Request Number 17
Figure D17-6.2 shows the ABBD2.0 correlation prediction for the 24-rod test section
SF24E superimposed onto the test data provided in Figure 6.2. Figure D17-6.2 also shows
the ABBD2.0 correlation prediction of the flow dependence of the 25-rod test section,
SF25N. [Proprietary Information Deleted.]

D-18. NRC Request Number 18
What does "Non-conservative Pred. " Mean in last column of Tables 6.8 and 6.9?
ABB Response to NRC Request Number 18
In Tables 6.8 and 6.9, the last (fourth) column provides the identification of the tests for
which the correlation prediction is non-conservative relative to test result. The criteria for
a non-conservative predicted test (denoted by a "yes") is shown in Table DI 8-1. Only
three points out of the 168 points were marginally non-conservatively predicted.
In Table 6.8 and 6.9 the first column is the test number. The second column indicates (by
a "yes") if measured dryout was reached. Dryout is defined by the criterion of a maximum
temperature greater than or equal to [Proprietary Information Deleted.]. The third column
reports the correlation prediction. A value less than 1.0 indicates dryout was predicted.
The last column indicates the cases that were non-conservatively predicted based on the
criteria that measured dryout was observed, but the correlation did not predict dryout.
Alternatively, applying the criteria shown in Table D18-1 to Figure 6.10 in this document,
the northeast quadrant predictions are non-conservative. The dryout indications in Figure
6.10 can be summarized as:
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NE
Quadrant:
Prediction)

NW Quadrant:

(Non-conservative

Measure Dryout -Yes
Measure Dryout -Yes
Predict Dryout -Yes
Predict Dryout - No
SW Quadrant:

SE Quadrant:

Measure Dryout -No

Measure Dryout -No

Predict Dryout -Yes

Predict Dryout - No

Further evaluation of the points in the northwest quadrant (both measurement and
prediction indicate dryout) in terms of time to dryout are presented in ABB Response to
NRC Request Number 20.
D-19. NRC Request Number 19
Provide table showing comparisonsof MCPR for tests andpredicted.
ABB Response to NRC Request Number 19
The BISON-SLAVE predicted MCPR (e.g., Minimum CPR during the transient) for each
test is listed in Table 6.8 for the power increase tests and Table 6.9 for the flow reduction
tests. The MCPR during a transient test is not a directly measured parameter. Hence, the
"change in cladding temperature" was used as the measure of margin relative to dryout in
the transient tests. A temperature increase of [Proprietary Information Deleted.] is
defined as dryout. (For each transient test that does reach dryout, "time required to reach
dryout" can also be used as a measure of margin to dryout. See Response to NRC Request
20 for more information.)
CPR is the ratio of the bundle actual power to the critical power for a given set of
conditions. The actual powers and the critical power are measured in steady state test
series for a set of conditions. In transient tests, if dryout occurs, the bundle critical power
is known only for one set of transient conditions during the test. In order to determine a
test measured MCPR, the time variation of the critical power throughout the transient test
would be need. The critical power is not directly measured for each transient condition
throughout the test, hence would have to be inferred from steady state correlation
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predictions. Instead, purely measured parameters, such as, change in cladding temperature
and time to reach dryout, are used to compare and validate transient correlation
predictions.

D-20. NRC Request Number 20
Provide a table of test results for time to boiling transition (BT)-vs-BT predicted by the
BISON-SLA VE code.
ABB Response to NRC Request Number 20
Table D20-1 and D20-2 show for the flow reduction and power increase transients,
respectively, the time to boiling transition (dryout), "BT", observed in the test and
predicted by the BISON-SLAVE code. The predicted "times-to-BT" are also plotted
against the measured "times-to-BT" in Figure D20-1. The comparison of times confirms
that the correlation conservatively predicts earlier times to reach boiling transition than
observed in the test measurements. Based on this additional evaluation of the "time-toBT", it is reaffirmed that the use of ABBD2.0 CPR correlation developed with steady state
critical power data can conservatively predict the transient CPR performance.
The measured "time to BT" (dryout) is defined as the time when the measured temperature
increase in the thermocouples first reaches [Proprietary Information Deleted.] The
predicted "time-to-BT" is defined as the time when the BISON-SLAVE calculated CPR
reaches 1.0. [Proprietary Information Deleted.] Figure D20-1 shows that the "time-toBT" are predicted earlier than the measured "time-to-BT" for all the data. The mean
deviation in the "time-to-BT" is [Proprietary Information Deleted.] with a standard
deviation of [Proprietary Information Deleted.] The deviation in the "time-to-BT", A, is
given by:
A

_predicted

Time to BT - Measured Time to BT

Measured Time to BT
D-21. NRC Request Number 21
Please elaboratefurther on Section 6.4.3 focusing on the development of equations 6.1
and 6.2 and Figures6.10 to 6.15.
ABB Response to NRC Request Number 21
Section 6.4.3 presents the comparative results between measured transient test data and
code predictions. In addition to a direct comparison, a measure of error between measured
and predicted result was also examined versus individual input test parameters to confirm
the absence of systematic biases.
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The results of the transient tests are presented in Figure 6. 10. It is a plot of the maximum
measured temperature increase versus the correlation predicted minimum CPR. These two
parameters are used since they are the primary parameters indicating margin to dryout in
the measurements (maximum measured temperature increase) and in the predictions
(minimum CPR). [Proprietary Information Deleted.]
In order to examine for any biases in the data, first a mean representation of the data was
developed; second, a measure of the relative deviation from the mean was defined, and
last, the relative deviation was examined visually in plots to confirm no systematic biases
with specific test input parameters. An exponential fit to the data, given in Equation 6.1,
was judged to be an adequate best estimate representation of the mean in the data trend.
Equation 6.1 was derived by a least square fit of the logarithm of Tma..
Each data point relative deviation from the mean (Equation 6.1) can be represented in
numerous ways. Equation 6.2 was chosen as a measure that captures both the CPR and
Tmax relative deviation from the mean. (In Section 6.4.3, Equation 6.2 was incorrectly
described as the perpendicular distance from the best estimate curve.) Figures 6.11
through 6.16 illustrate that the Relative Deviation is not systematically biased with respect
to: [Proprietary Information Deleted.] These six parameters are characteristics of the tests
and their values are tabulated in Tables 6.2, 6.3, 6.6 and 6.7.
An alternative mathematically simpler measure of the relative deviation from the mean can
be defined by just the deviation in measured maximum temperature,
[Proprietary Information Deleted.]
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STATISTICAL TYPE REQUESTS FOR INFORMATION
D-22. NRC Request Number 22
Provide detailed datapoint count
* According to Table 2.2, 5284 points were used in the bottom-peakedprofile
i

According to Table 2.3, 5284 points were used in the bottom-peakedprofile

*

Yet, Table 2.1, does not provide the point count used in the cosine profile

ABB Response to NRC Request Number 22
As was discussed in ABB Response to NRC Request Number 6, The last column in Tables
2.2 and 2.3 was inadvertently overwritten with incorrect data. Table 2.1, 2.2 and 2.3 were
presented to show the relative power-vs-distance from the beginning of heated length
(BHL) for the three different axial power profiles that were used in the critical power tests.
Tables D4-1 through D4-6, D5-1 and D23-1 provide detailed data counts.
D-23. NRC Request Number 23
Provide a table for the evaluation data set, showing, for each profile, the number of tests
and the number of configurationsfor each test. Constructa similar table for the validation
data set.
ABB Response to NRC Request Number 23
The steady state ABBD2.0 CPR correlation data base is composed of [Proprietary
points measured with a full scale 24-rod sub-bundle and
Information Deleted.]
[Proprietary Information Deleted.] axial power shapes and [Proprietary Information
Deleted.] points measured with a full 96-rod SVEA-96+ assembly and a cosine axial
power shape. The sub-bundle critical power data base was divided into two data sets (e.g.,
evaluation data set and validation data set) in a systematic way. The process of the
division was described in Section 4.4. [Proprietary Information Deleted.]
The word "configuration" in the question is assumed to refer to radial power distribution.
The number of tests and the number of local power distributions for each axial power
profile are provided in Table D23-1 for the evaluation data set and Table D23-2 for the
validation data sets.
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The complete data base is listed in Appendices B and C. The 24-rod sub-bundle data base
and test bundle local power distributions used to generate that data base are shown in
Appendix B. The full 96-rod SVEA-96+ assembly data base and test bundle local power
distributions used to generate that data base are shown in Appendix C.
Additional information on the test ID, and test reproducibility are presented below.
First the Test ID used in Appendices B and C are clarified. For example, Test ID "1020-2AA2" identifies a single test with a unique set of thermal hydraulic conditions (pressure,
subcooling, flow, local power distribution). The "1020" is a serial number of the file
recording the test data. "2" refers to the second test within this particular file "1020".
"AA2" refers to the target local power distribution. "AA" represents a specific
combination of rectifiers (e.g., a specific combination of rods connected to each rectifier).
The actual local power distribution was recorded for the individual test, and it differs
slightly from the target values due to uncertainties in power supply control. In general, a
new serial number is used for a different target local power distribution. Because of the
limitation of the size of the file, occasionally, more than one serial number was used for
the same target local power distribution when there is a large number of tests associated
with this particular local power distribution. If there are very few tests associated with the
local power distribution, one serial number may be used to cover more than one local
power distribution. Serial numbers were not used to identify different subsets of input
parameters. They were selected sequentially as tests were performed. Note that some serial
numbers used for tests of cosine axial power shapes were also used for tests of top-peaked
and bottom-peaked axial power shapes.
An inspection of the data base confirmed that the reproducibility of the critical power was
very good, as was stated in Section 3.4. Any pair of test cases with almost identical
conditions gave critical powers within 0.5 %. Examples of the reproducibility are shown in
Table D23-3.
D-24. NRC Request Number 24
Indicate whether any points (configurations) were excludedfrom the analysis as outlier. If
so, please tabulate- by profile and by test - the number ofpoints used and the number of
points excluded.
ABB Response to NRC Request Number 24
All data points and configurations (e.g., local power distributions) are shown in
Appendices B and C were included in the analyses of the evaluation or validation data
sets. No data point were excluded as an outlier. For example, while the points discussed in
the response to NRC Request Numbers 9, 10, and 33 were concluded to be anomalous,
they were not excluded from the calculation of correlation statistics. As noted in the
response to NRC Request Numbers 9, 10, and 33, this led to an overestimate of both the
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mean prediction error and standard deviation in the prediction error calculated for the subbundle data set. This approach was adopted since the exact cause of the anomalous data
was not unambiguously established when the correlation was developed.
D-25. NRC Request Number 25
Ifpoints were excluded as outliers, provide the basisfor their exclusion.
ABB Response to NRC Request Number 25
All data points shown in Appendices B and C were included in the analyses of the
evaluation or validation data sets. None were excluded as outliers.
D-26. NRC Request Number 26
Provide a side by side comparison of the range of the parametersof the tests to that of the
proposed or expected range of application, Please show it separatelyfor sub-bundle, fullbundle, and combined.
ABB Response to NRC Request Number 26
A side by side comparison of the range of the test parameters (mass flux, outlet pressure,
inlet subcooling and R-factor) to the expected range of application is shown in Table D261. It should be noted that the combined range is the composite range of all the tests and is
considered to be the range of validity of ABBD2.0. As can be seen from Table D26-1, the
range for a typical reactor application is bounded by the range of validity of ABBD2.0.
[Proprietary Information Deleted.]
However, to ensure that ABBD2.0 is used within its range of validity defined in Table 5.3
of this document, ABB computer programs are controlled to identify if the thermal
hydraulic conditions have fallen outside of the range of validity for ABBD2.0 CPR
correlation.
D-27. NRC Request Number 27
Sections 3.1 and 3.2 discuss the range of individualparameters. Please discuss the range
of applicationsfor combinations ofparameters ("corner to corner" range).
ABB Response to NRC Request Number 27
The combinations of parameters (e.g., pressure vs. subcooling, pressure vs. mass flux, etc.)
for which the sub-bundle and full bundle tests were performed are plotted in Figures D271 to D27-6. The expected ranges of application defining the boundary of a typical
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application are also included. For example, the R-factor range is typical of an
uncontrolled SVEA-96+ assembly. Uncontrolled assemblies are expected to be limiting.
As can be seen in these figures, the range of parameters used in the tests encompasses the
"corner to corner" range of typical reactor application.
Figures D27-1 through D27-3 show that the expected range of mass flux, inlet subcooling,
and pressure are well within the test ranges. Figures D27-4 through D27-6 show expected
R-factor ranges for potentially limiting assemblies within the data ranges. [Proprietary
Information Deleted.]
Figures D27-7 to D27-24 are cross plots of subsets of the data in Figures D27-1 through
D27-6 showing that there are no significant trends or biases in the prediction error as a
function of mass flux, inlet subcooling, or pressure within the range of application and
along parameter boundaries. Figures D27-7 to D27-24 confirm the conclusion reached in
the response to NRC Request Number 26 that no significant bias or degradation of
predictive capability in the correlation is observed at the maximum and minimum points in
the range of parameters. Since the correlation and data trends as a function of mass flux,
inlet subcooling, and pressure for various axial power shapes and radial power
distributions are continuous and well-behaved, the correlation will provide accurate values
over its entire range and will not break down just outside of the boundaries of its range.
The expected range of application is based on operational constraints and limits typical of
U.S. BWRs. Similarly, the data ranges of the parameters in the test matrix reflect the
values and combination of values which actually would be achieved for U.S. BWRs
during normal operation and Anticipated Operational Occurrences (AOOs). [Proprietary
Information Deleted.]
D-28. NRC Request Number 28
Show the number ofpoints collected on either side of the "expected range of application"
for each of the parameters mass flux, subcooling, and outlet pressure. Explain why this
number is sufficientfor referencing aboutfuel behavior in the fringe area of operations.
ABB Response to NRC Request Number 28
The numbers of points collected on either side of the "expected range of application" for
mass flux, subcooling, outlet pressure, and R-factor are shown in Table D28-1. As noted
in the response to NRC Request Number 27, relatively high (full assembly) R-factors
reflect partially controlled and controlled assembly R-factors which are not expected to be
limiting. As can be seen in Figures 5.2, 5.4, 5.5, 5.8, 5.13 and 5.14, the prediction errors
as a function of mass flux, outlet pressure, subcooling, and R-factor in the fringe area
(below and above the expected range) are similar to the rest of the range (the anomalies
are explained in ABB Response to NRC Request Numbers 9, 10 and 33). In addition, the

ABB Combustion Enqineerinq Nuclear Power, Inc.

HiIPIP

ABB Combustion Engineering Nuclear Power, Inc.

CENPD-389-NP-A
Page 76

various cross plots shown in ABB Response to NRC Request Number 27 confirm that
there are no significant trends in the prediction error as a function of mass flux, inlet
subcooling and pressure.
Therefore, the test data matrix was extended outside the normal range for which CPR
limiting assemblies are expected to operate. As discussed in the responses to NRC Request
Numbers 26 and 27, no significant bias or degradation of predictive capability in the
correlation is observed at the maximum and minimum points in the range of parameters.
Since the correlation and data trends as a function of mass flux, inlet subcooling, and
pressure for various axial power shapes and radial power distributions are continuous and
well-behaved, the correlation will provide accurate values over its entire range and will not
break down just outside of the boundaries of its range. Therefore ABBD2.0 is completely
reliable and can be applied with confidence in the fringe area of operations.
D-29. NRC Request Number 29
Explain the legend in Figures 3.9 and 3.16.
ABB Response to NRC Request Number 29
Figure 3.9 illustrates the measured critical power as a function of mass flow for five
different local power distributions at approximately 70 bar (1015 psia), 10 'C (18 'F) inlet
subcooling and for a cosine axial power shape.
Figure 3.16 compares the critical power performance of SVEA-96+ with SVEA-96 for
optimum local power distribution for both correlations at approximately 56 bar (812 psia),
10 'C (18 'F) inlet subcooling, and a cosine axial power shape. The definition of
"optimum" local power distribution is provided in the response to NRC Request Number
16.
The legends in Figures 3.9 and 3.16 are designations of nominal local power distributions.
These local power distributions were selected as representative cases for demonstration of
the data trends.
For SVEA-96+, the nominal local power distributions AA2, BBI 1, CC6, EEl 1, FF10, and
FF16 are provided in Appendix B of this document, (pages B-83, B-86, B-87, B-93, B-95
and B-96).
For SVEA-96, the local power distribution ZH is provided in Reference D-2, Figure 3.1.
(page 36) and repeated below of convenience. [Proprietary Information Deleted.]
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D-30. NRC Request Number 30
Superimpose the correlation (predicted)values on Figures 3.9 through 3.16.
ABB Response to NRC Request Number 30
The predicted values are superimposed on Figures 3.9 through 3.16 in Figures D7-3.9
through D7-3.16 as discussed in the response to NRC Request Number 7.
D-31. NRC Request Number 31
Provide 95/95 tolerance limitsfor the various errors in Tables 5.1 and 5.2.
ABB Response to NRC Request Number 31
The 95/95 tolerance limits are included in Tables D3 1-5.1 and D3 1-5.2. These tables will
replace Tables 5.1 and 5.2 in the approved version. It should be noted that the term "95/95
tolerance limit" denotes the one-sided upper non-parametric tolerance limit. Statistics for
the censored data sets [Proprietary Information Deleted.] are also provided in Tables D3 15.1 and D31-1. The mean errors, standard deviations, and 95/95 tolerance limits for the
censored data sets are generally less than or equal to the corresponding values when all
tests are included. In particular, the unexpected high standard deviation listed in row 8 of
Table D3 1-5.2 (due to the anomalous points) was reduced from [Proprietary Information
Deleted.] and hence judged to be acceptable.
The mean prediction error of [Proprietary Information Deleted.] and standard deviation of
[Proprietary Information Deleted.] for the entire Critical Power data base was originally
proposed as the correlation mean error and standard deviation to be used in Safety Limit
MCPR calculations in this document. An alternate approach is to utilize the mean
[Proprietary Information Deleted.] and standard deviation of
prediction error of
[Proprietary Information Deleted.] established for the 96-rod SVEA-96+ assembly data
base. In order to assure that the ABBD2.0 correlation is applied conservatively in
licensing basis reload analyses, a composite of the entire data base and full assembly mean
standard errors and standard deviations has been selected. Specifically, the mean
prediction error and standard deviation to be utilized for the correlation for design and
licensing applications has been selected to be [Proprietary Information Deleted.],
respectively, over the entire range of validity of the correlation.
The "95/95" non-parametric, or "distribution-free", tolerance limits have been calculated
using the Binomial probability distribution function. Details of this approach are described
in Section 7.8 of Reference D-5. Tables A-30 and A-3 1 of Reference D-6 provide TwoSided and One-Sided Tables of "Distribution-Free" Tolerance limits. The actual
numerical value for a given sample size was determined using the "Incomplete Beta
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Function". The relationship between the Incomplete Beta Function and the cumulative
Binomial probability distribution function is stated in item 26.5.24 of Reference D-7.
Exhibit D31-1 shows the revision to Table 5.3 and Section 7 of this document to reflect
the ABBD2.0 R-factor range of validity, mean prediction error and standard deviation to
be used in design and licensing applications.
D-32. NRC Request Number 32
Provide count and percent of calculated data points that exceed the 5% boundaries in
Figure 5.1. Presenta similar count for each power profile.
ABB Response to NRC Request Number 32
The count and percent of calculated data points that exceed the 5% boundaries in Figure
5.1 are provide in Table D32-1. As can be seen in Table D32-1, more than [Proprietary
Information Deleted.] The relatively high percentages of points outside of the 5%
boundaries for the top and bottom-peaked data sets is due to the anomalous results for rods
[Proprietary Information Deleted.] discussed in the response to NRC Request Numbers 9,
10 and 33. If the top and bottom-peaked data sets for rods [Proprietary Information
Deleted.] are excluded from the data base, only [Proprietary Information Deleted.] The
results for the censored data (e.g., with the top and bottom-peaked data sets for rods
[Proprietary Information Deleted.] excluded from the data base) are shown in Table D322.
D-33. NRC Request Number 33
Interpret the behavior anomaly of a group of bottom-power profile data points in Figure
5.2 through 5.8.
ABB Response to NRC Request Number 33
Please see the response to NRC Request Number 9.
D-34. NRC Request Number 34
Discuss the calculations of the additive constants and the associateduncertainties. Please
provide a presentation of the methodology and a walk-through of the uncertainty
calculations.
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ABB Response to NRC Request Number 34
A discussion of the uncertainties associated with the CPR correlation and R-factors is
contained in the response to NRC Request Number 13. The relationship between the
additive constants and the correlation uncertainty is addressed in the response to NRC
Request Number 13. This response addresses the determination of the additive constants.
The ABBD2.0 correlation has 14 unique additive constants. The uncertainty in the
additive constants is probably the major component in the overall correlation uncertainty.
Therefore, a database containing a relatively large number of local power distributions is
required to minimize the correlation uncertainty. The ABBD2.0 additive constants were
established based on a large database of different local power distributions [Proprietary
Information Deleted.] and the entire ABBD2.0 sub-bundle database contains more than twice
as many different local power distributions [Proprietary Information Deleted.].
The additive constants are derived by the systematic testing and data reduction program
outlined in this response. The process is described in detail to explain the high degree of
accuracy to which the unique additive constants are determined.
The ABBD2.0 correlation is a critical quality versus boiling length formulation. The
additive constants are used in defining the R-factor in the correlation for each unique rod
based on the local rod power distribution. Hence, the testing program includes an
extensive number of tests at difference local rod power distributions, selected in a
systematic way, to ensure that each unique rod location has a sufficient database to
determine an associated unique additive constant. The specific steps in determining the
local rod power distributions tested for the ABBD2.0 correlation are discussed below.
The 14 additive constants are determined from the experimental data by an iterative
process of minimizing the error in the predicted critical power for all tests used in the
correlation development. Then the additive constant is optimized further based on
physical constraints not reflected in the mathematical minimization of error process.
Systematic Selection of Local Power Distributions and Obtaining Test Results
The first step in the process used to establish sufficiently accurate additive constants is the
systematic selection of local power distributions at which the Critical Power
measurements are performed.
[Proprietary Information Deleted.]
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The cosine axial power shape sub-bundle measurements incorporating these six types of
local power distributions were performed at [Proprietary Information Deleted.] local
power distributions in the sequence shown explicitly in Table D34-1. The testing process
in Table D34-1 is also summarized below. The local power distributions are listed in
Table D34-1 and the data describing the Critical Power measurements associated with
each local power distribution are shown in Appendix B of this document.
The test sequence described in Table D34-1 can be summarized as follows:

Data Reduction to Obtain Additive Constants
[Proprietary Information Deleted.]

Preliminary Additive Constants
[Proprietary Information Deleted.]

Additive Constant Optimization
[Proprietary Information Deleted.]
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FIGURES D5-1 THROUGH D5-5
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FIGURES D7-3.9 THROUGH D7.3-16
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FIGURES D9-1 THROUGH D9-24
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FIGURES D12-I
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FIGURE D14-I
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FIGURE D17-6.2
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FIGURE D20-1
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FIGURES D21-6.11 THROUGH D21-6.16
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FIGURES D27-1 THROUGH D24-24
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Exhibit D31-1
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