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Response to Request for
Additional Information - BAW-10247(P)

(Second Part of Responses to First RAI)

. General Code Modeling

Question 1:

For question and response see BAW-10247Q1(P) Revision 000.

Question 2:

For question and response see BAW-10247Q1(P) Revision 000.
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Il. Specific Parameter Models in Code

Question 3:

For question and response see BAW-10247Q1(P) Revision 000.

Question 4

The following are on the thermal calculations and the need for additional comparisons to integral
thermal data (fuel centerline temperature measurements) to verify the integral thermal
calculation. The thermal analysis methodology assumes that the fuel pellet is eccentric within
the fuel cladding for commercial fuel rods while for calibration to experimental fuel rods with
centerline thermocouples the code assumes that the fuel pellet is more concentric within the
cladding (the fuel thermal conductivity appears to be increased early-in-life to compensate for
the greater temperature drop across the fuel-cladding gap, see RAI #6). This assumption may
be non-conservative for fuel temperatures in commercial fuel rods (results in biased lower
predicted fuel temperatures than experimental rods) and will need further justification with
additional thermal predictive comparisons to fuel rods with central thermocouples. Please
provide the following comparisons to fuel centerline temperature measurements taken early-in-
life (burnup < 10 GWd/MTU) from Halden rods with helium, xenon or argon fill gases.
Comparisons are needed for the Rod 4 of IFA-432 (xenon fill gas), and Rods 1 (helium) and 2
(argon) of IFA-633 for Ramp 1 as identified in the Halden report HWR-764. The comparisons to
Rod 4 of IFA-432 should include predicted minus measured versus burnup up to 10 GWd/MTU
while the comparisons to IFA-633 Rods 1 and 2 (identical rods only fill gas is different) should
be measured versus predicted for Ramp 1. A table of predicted and measured centerline
temperatures along with predicted fuel surface temperatures and effective gap conductance
values for these three rods needs to be provided. Please provide an estimate of the correction
in fuel surface and centerline temperature between the eccentric and less concentric
configurations for IFA-432 Rod 4, and IFA-633 Rods 1 and 2 as a function of linear heat
generation rate (LHGR). Please provide this same information for the current Atrium 10 fuel
design as a function of LHGR taking into account the effects of fission gas release (FGR) on
gap conductance.

Response 4:

The thermal analysis methodology assumes that the fuel pellet column is eccentric in the rod
based on manufacturing considerations. [
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Table 4-1 Fractional Fission Gas Release

-
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-

Figure 4-1 [
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-

Figure 4-2 ATRIUM 10 Fuel at the Constant LHGR of 20 kW/m
Effect of Pellet Eccentricity on Fuel Centerline and Surface Temperatures

-

Figure 4-3 ATRIUM 10 Fuel at the Constant LHGR of 25 kW/m
Effect of Pellet Eccentricity on Fuel Centerline and Surface Temperatures
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-

Figure 4-4 ATRIUM 10 Fuel at the Constant LHGR of 30 kW/m
Effect of Pellet Eccentricity on Fuel Centerline and Surface Temperatures

-

Figure 4-5 ATRIUM 10 Fuel at the Constant LHGR of 35 kW/m
Effect of Pellet Eccentricity on Fuel Centerline and Surface Temperatures
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-

Figure 4-6 ATRIUM 10 Fuel at the Constant LHGR of 40 kW/m
Effect of Pellet Eccentricity on Fuel Centerline and Surface Temperatures

-

Figure 4-7 ATRIUM 10 Fuel at the Constant LHGR of 44 kW/m
Effect of Pellet Eccentricity on Fuel Centerline and Surface Temperatures

AREVA NP inc.



AREVA NP
BAW-10247Q2(NP)

Response to Request for Revision 001
Additional Information — BAW-10247(P) Page 9 of 126
Question 5

The following questions are related to the code comparisons to fuel centerline temperature data
provided in EMF-3014(P).

Questions 5a, 5¢, 5d, 5e:
For questions and responses see BAW-10247Q1(P) Revision 000.

Question 5b:

Examining all of the predictions of the upper thermocouple positions in the tables and also the
predictions compared to measurements at high temperatures (Figure 5.35) it appears that the
code may provide a biased under prediction of fuel temperatures when centerline temperatures
are above 1400 °C. Please provide a plot of predicted minus measured temperatures versus
measured temperature and similar plot versus burnup for measured temperatures only above
1350 °C. Also, provide a table of experimental rods with measured temperatures above

1350 °C providing the measured and predicted values along with the burnup level.

Response 5b:

The requested plots are provided in the two figures below. As can be seen from the Figure 5b-1
a slight under prediction is noticeable. [
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Table 5b-1 Exposure Dependent Statistics

-

Figure 5b-1 Data Set with T > 1350 °C
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-

Figure 5b-2 Data set with T > 1350 C

Questions 6a, 6b, and 6c:

For questions and responses see BAW-10247Q1(P) Revision 000.

Question 7:

The following questions are related to understanding the fission gas release model
(EMF-2994(P)).

Questions 7a, 7b, 7c, and 7d:
For questions and responses see BAW-10247Q1(P) Revision 000.

Question 7e:

Please provide FGR predictions as a function of burnup up to 75 GWd/MTU at isothermal
temperatures of 800 to 1400 °C in 100 °C increments with no fuel-cladding contact pressure
and with maximum contact pressure. Also provide FGR predictions for one axial node as a
function of time (at 20 minutes, 1 hour, 24 hours and 48 hours) for 3 power ramps with an initial
starting power at 20 kW/m ramped to terminal powers of 35, 40 and 45 kW/m for each of two
burnup levels of 30 GWd/MTU and 60 GWd/MTU for a BWR design (base irradiation rod
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powers, prior to the ramp, to these burnups should be 20 kW/m to keep FGR low). The
calculated fuel surface and centerline temperatures at terminal powers at 20 minutes and 24
hours need to be provided for each power ramp (Section 5.8).

Response 7e:

[

_J

Figure 7e-1 Fission Gas Release For Zero Hydrostatic Pressure and 7 pm mli grain size
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-

_

Figure 7e-2 Fission Gas Release for 40 MPa Hydrostatic Pressure and 7 um mli grain size

~

_

Figure 7e-3 Fission Gas Release For Zero Hydrostatic Pressure and 15 pum mli grain size

AREVA NP Inc.



AREVA NP
BAW-10247Q2(NP)
Response to Request for Revision 001
Additional Information — BAW-10247(P) Page 14 of 126

-

_

Figure7e-4 Fission Gas Release for 40 MPa Hydrostatic Pressure and
15 pm mli grain size

-

_)

Figure 7e-5 Fission Gas Release for Power Ramps at a Burnup of 30 MWd/kgU
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-
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Figure 7e-6 Surface and Center Temperatures for Ramps at a Burnup of 30 MWd/kgU

_J

Figure 7e-7 Fission Gas Release for Power Ramps at a Burnup of 60 MWd/kgU
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-

_

Figure 7e-8 Surface and center temperatures for ramps at a burnup of 60 MWd/kgU

Question 8:

The following are related to determining whether a bias exists and the uncertainties in the
prediction of fission gas release (FGR) for fuel performance analyses particularly the rod
pressure analyses.

Question 8a:

For question and response see BAW-10247Q1(P) Revision 000.

Question 8b:

Also provide a histogram of FGR deviation on a linear scale for each of the international and

commercial databases with measured FGR’s above 5% and 10% release (Section 6.3,
EMF-3014(P)).
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Response 8b:

To supplement the plots provided in the BAW-10247Q1(P) Revision 000 response 8a
histograms were prepared. The histograms for measured FGR'’s above 5% and 10% release
are provided in Figure 8b-1 through 8b-4 for the full and optimized international database.
These support the conclusions stated in the response to Question 8a.

-

_

Figure 8b-1 Histogram for FGR > 5%, International Programs
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-

w

Figure 8b-2 Histogram for FGR > 10%, International Programs

-

_

Figure 8b-3 Histogram for FGR > 5%, International Programs — Optimized
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-

_

Figure 8b-4 Histogram for FGR > 10%, International Programs - Optimized

Question 9:

The following are related to understanding the solid and gaseous swelling, densification and
grain growth models (EMF-2994(P)).

Questions 9a and 9c:
For questions and responses see BAW-10247Q1(P) Revision 000.
Question 9b:

Please provide typical values used for P, and Ps used in Equations 6.133 and 6.136,
respectively. Please provide an example calculation of fuel swelling separating gaseous
(AV/Vys) and macroscopic solid swelling (AV/Vss) using these values as a function of burnup at
fixed isothermal temperatures of 800 °C, 1000 °C, 1200 °C and 1400 °C (for one radial node)

(p. 5-57). The gaseous swelling model calculation should provide the values used for grain
boundary bubble radius (r,), surface density of grain boundary bubbles (Ng,), and grain diameter
(dy,), as a function of burnup and temperature.
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Response 9b:

P, is identified as the manufacturing variable B9 on p. 5-13 of BAW-10247 and its distribution is
presented in Figure 5.2 of BAW-10247. [
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.

_

Figure 9b-1 Gaseous Swelling for Zero Hydrostatic Pressure and 7 pm mli grain size

-

_

Figure 9b-2 Gaseous Swelling for 40 MPa Hydrostatic Pressure and 7 ym mli grain size
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-

_

Figure 9b-3 Gaseous Swelling for Zero Hydrostatic Pressure and 15 ym mli grain size

-

_

Figure 9b-4 Gaseous Swelling for 40 MPa Hydrostatic Pressure and 15 um mli grain size
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-

J

Figure 9b-5 Solid Swelling for Zero MPa Hydrostatic Pressure and 7 ym mli grain size

-

J

Figure 9b-6 Solid Swelling for 40 MPa Hydrostatic Pressure and 7 pym mli grain size
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Figure 9b-7 Solid Swelling for zero MPa Hydrostatic Pressure and 15 ym mli grain size

_J

Figure 9b-8 Solid Swelling for 40 MPa Hydrostatic Pressure and 15 ym mli grain size
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Question 10:

The following are related to validating the solid and gaseous swelling, grain growth models.
Question 10a:

The Halden data does not appear to have the solid swelling rate dependence on temperature as
that calculated by the RODEX4 model. Please compare the solid swelling model to Halden
experiments where solid swelling was measured both prior to a power ramp and following a
power ramp such as for IFA-633 Rods 3 and 5 with UQ, fuel.

Response 10a:

The IFA-633 Rods 3 and 5 are similar both as design/fabrication as well as power history. Also,
the fuel pellet stack elongation measurements of the two fuel rods are similar. Therefore, only
one RODEX4 run was performed. The Halden reports HWR-764 and HPR-832 as well as
information received from PNNL were used to develop the input file and the power history.

There is no information on solid swelling prior to and after a power ramp. It is not possible to
separately measure the solid swelling before and after a ramp, because what is measured
(which applies to [FA-633) is the total fuel stack elongation or the cladding outer diameter. In
either case, the measured fuel deformation is the combined effect of several processes of which
solid swelling is just one.

[
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Figure 10a-1 [ 1
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Question 10b:

The gaseous swelling model is justified by comparison to four power ramped rods at relatively
high burnups of 45 GWd/MTU and 62 GWd/MTU. EMF-3014(P) states that the large cladding
deformation observed after the ramp testing cannot be explained by fuel thermal expansion
only. The interpretation of the tests with RODEX4 showed that gaseous swelling contributed
significantly to the deformation in the three Mark-BEB rods and one Super-Ramp rod. Please
provide those analyses that demonstrate that gaseous swelling contributed to the measured
strains in these rods, e.g., cladding strain predictions with and without gaseous swelling for
these four rods.

Response 10b:

The figures for the Mark-BEB rods, showing ramp strain with and without the contribution of
gaseous swelling, were provided in BAW-10247Q1(P) Revision 000. Additional rods were
proposed for ramp strain analysis in BAW-10247Q1(P) Revision 000, Response 15a. In these
rods as well, gaseous swelling contributes to the measured strains. The results for these rods
and the original 4 cases reported in EMF-3014(P) are provided and discussed in the current
revised response to Question 15a. This response includes calculated/measured ramp strain
comparisons for the initial 4 cases and the 13 additional ramp test cases.

Question 10c:

Please provide fuel grain growth predictions of irradiated fuel data from the following references:
J. A. Turnbull J., Nucl. Mater. 50, 1974 (62-68); C. Bagger et al., J. Nucl. Mater. 211, 1994 (11);
Hargreaves and NewBigging data presented by J. B. Ainscough et al., J. Nucl. Mater. 49, 1973
(117).

Response 10c:

Turnbull reference (CEGB Grain Growth Experiment):

The capsule irradiation of the CEGB grain growth samples was modeled using RODEX4 with
the appropriate fuel parameters, power and time conditions. Since the capsule was electrically
heated, the temperatures were established with a special RODEX4 input allowing imposition of
the temperatures in each ring of the pellet region. The resultant pellet grain size, swelling, and
gas release were calculated.

The power for the 3 mm diameter pellet was established at 1.9 kw/m so as to produce the
reported burnup of 0.4% FIMA in 143.3 days. This is consistent with the time on the plot. [
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Table 10c—1 Comparative Results 7 micron Samples
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Table 10c—2 Comparative Results for 40 micron Samples

-

_J

The C. Bagger et al. reference refers to the PIE grain size measurements of the AN2 Bump Test
of the Third Riso Fission Gas Project. This is at a burnup of 41.54 MWd/kgU and after a ramp
to 39 kw/m. RODEX4 was run for the test rod AN2, referred to as CB6 in the project report, with
the rod divided into 10 equal axial sections and 10 radial pellet sections. The RODEX4 results
after the ramp are interpolated axially to the center of the CB6-9, CB6-19 and CB6-29
measurement sections. The RODEX4 results are plotted radially at the average radius of each
of the 10 pellet radial zones. The RODEX4 results show overall good agreement when
compared to the exam measurements in Figures 10c-1, 10c-2 and 10c-3.

Bagger et al. reference (Measured Grain Size after Riso AN2 Bump Test):
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-
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Figure 10c-1 Comparison of AN2 Measured Grain Size Distribution after
Ramping with RODEX4 Calculation (Section CB6-9)
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-
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Figure 10c-2 Comparison of AN2 Measured Grain Size Distribution after
Ramping with RODEX4 Calculation (Section CB6-29)
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-

Figure 10c-3 Comparison of AN2 Measured Grain Size Distribution after
Ramping with RODEX4 Calculation (Section CB6-19)

Ainscough et al. Reference (Limiting Grain Size Projections) :

The J. B. Ainscough et al. reference develops equations for projecting grain size versus
temperature and burnup. [
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The calculation used to model the CEGB experiment (Turnbull reference above) was used to
set up a matrix of RODEX4 calculations for the various temperatures and powers, and for the
starting grain size of 5 microns (mean linear intercept), to produce a matrix of limiting grain size
results comparable to Table 14 of the Ainscough reference.

[

Table 10c-3 Effect of rating on limiting grain size

Summary 10c:

[
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Questions 11:

The following are related to understanding the cladding creep equations used for determining
creep collapse and gap closure due to irradiation creep (EMF-2994(P)).

Questions 11a, 11b, and 11c:

For questions and responses see BAW-10247Q1(P) Revision 000.

Question 12:

The following questions are related to the cladding creep data used to verify the creep and
ovality models in RODEX4 (EMF-3014(P)).

Questions 12a, 12c¢, 12e, 12f, and 12g:
For questions and responses see BAW-10247Q1(P) Revision 000.

Question 12b:

The irradiated creep data used to determine the coefficients for the irradiation creep model are
provided but the data used to determine the coefficients to the thermal creep model are not
provided. Please provide either a justification on why the thermal creep model is not a
significant contributor to licensing analyses or provide this data and thermal creep model
comparisons to this data (Section 7.1).

Response 12b:

Cladding total creep is the sum of two components: thermal creep and irradiation induced creep.
Irradiation induced creep is the dominant component at low stress. This happens during steady
state operation when the stress in the cladding results from the pressure differential between the
inside and the outside of the cladding. In ATRIUM 10 fuel the absolute value of the hoop stress is
then of the order of 50 to 60 MPa. By contrast, thermal creep is dominant during severe pellet-
cladding mechanical interaction (PCl) when the hoop stress reaches values above 200 MPa.

During steady-state operation thermal creep is generally limited (less than 0.2%). Thermal creep
is essentially primary creep. lts contribution is significant only at very low burnup when zircaloy
strain hardening and irradiation hardening are not yet effective. After a few months secondary
irradiation creep controls cladding creep down before gap closure and slow creep out after gap
closure.

During a fast power ramp in strong PCI conditions the time is too short for irradiation creep to be
effective. The cladding deformation is then controlled by thermal creep only.

The thermal creep parameters of AREVA NP (SPC) CWSR (SRA) zircaloy cladding were

derived from 48 mechanical tests, 22 carried out on non-irradiated material and 26 on irradiated
material in the frame of the ZODIAC program.
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ZODIAC (Zircaloy High Dose Irradiation and Creep) is an international program managed by
BELGONUCLEAIRE to study the zircaloy cladding mechanical properties. Only partial results
of the ZODIAC program have been published so far (M. R. Billaux, V. I. Arimescu, F. Sontheimer
& H. Landskron, “Fuel and Cladding Properties at High Burnup,” International Topical Meeting
on Light Water Reactor Fuel Performance, Park City, Utah, April 10-13, 2000.)

The following pages provide a summary of an evaluation of this data. The summary includes:

A description of the tested material,

A brief description of the mechanical tests,

The essential test results,

The methodology used to derive the creep parameters from the test results,
The values of the creep parameters, and

The verification and validation of the creep parameters.

This verification and validation work shows that the RODEX4 thermal creep model is valid at
both low and high stress. It is able to reproduce all the results of the out-of-reactor mechanical
tests on non-irradiated and irradiated AREVA NP zircaloy cladding with a reasonable accuracy.
This includes:

Uniaxial (z) tensile tests,
Biaxial (B,z) tensile tests,
Uniaxial (z) creep tests,
Biaxial (8,z) creep tests, and
Uniaxial (z) relaxation tests.

1.0  Analysis of Mechanical Tests on AREVA NP Material

1.1 AREVA NP Material

[
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]

1.2 Rod Characterization and Irradiation History

[
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Table 12b-1 Characterization of the AREVA NP Fuel Rod

-

J

Table 12b-2 Post-Irradiation Data of AREVA NP Fuel

-

_J
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Figure 12b-1 Power History of AREVA NP Rods in Blayais 1
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Figure 12b-2 Fast Fluence Axial Distribution in AREVA NP Rods
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1.3 PIE Creepdown Results

[

1.4 Mechanical Tests

[

Table 12b-3 General Test Matrix on AREVA NP Cladding

-
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1.4.1 Tensile Tests

[ ]

-

Table 12b-4 Tensile Tests on AREVA NP Cladding

1.4.1.1 Uniaxial Tensile Tests
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Table 12b-5 Summary of the Uniaxial Tensile Test Results on AREVA NP
Material

-

1.4.1.2 Biaxial Tensile Tests on Non-Irradiated Material

[
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Table 12b-6 Summary of the Biaxial Tensile Tests Resuits on
AREVA NP Non-lrradiated Material

-

1.4.1.3 Biaxial Tensile Tests on lrradiated Material

[

Table 12b-7 Biaxial Tensile Test Matrix for AREVA NP Irradiated
Material for Different Strain Rates

-
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Table 12b-8 Summary of the Biaxial Tensile Test Results on
AREVA NP Irradiated Material

-

Table 12b-9 Hoop Yield Stress from Biaxial Tensile Tests on
AREVA NP Irradiated Material (in MPa) for Different Strain Rates

-
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-

Figure 12b-3 Synthesis of the Biaxial Tensile Test Results on
AREVA NP Cladding

AREVA NP Inc.



AREVA NP
BAW-10247Q2(NP)

Response to Request for Revision 001
Additional Information — BAW-10247(P) Page 47 of 126

1.4.1.4  Summary
[ ]

Table 12b-10 Summary of the Yield Stress Results on
AREVA NP Material

-
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1.4.2 Creep Tests

[

Table 12b-11 Creep Tests on AREVA NP Cladding

-

1.4.2.1 Uniaxial Creep Tests
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Table 12b-12 Summary of the Uniaxial Creep Tests on
AREVA NP Material

-
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]
1.4.2.2 Biaxial Creep Tests on Non-Irradiated Material
[

Table 12b-13 Summary of the Biaxial Creep Tests Results on
AREVA NP Non-rradiated Material

1.4.2.3 Biaxial Creep Tests on Irradiated Material

Table 12b-14 Biaxial Creep Test Matrix for AREVA NP Irradiated
Material for Different Hoop Stresses
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1.4.3 Relaxation Tests

[
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Table 12b-15 Summary of the Biaxial Creep Test Results on
AREVA NP Irradiated Material

-

_

Table 12b-16 Time to Get 0.2% Hoop Permanent Strain of
AREVA NP Irradiated Material (in ks) for Different Hoop Stresses

.J

Table 12b-17 Relaxation Tests on AREVA NP Cladding

-
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-

Figure 12b-4 Primary Creep in Biaxial Creep Tests on
AREVA NP Irradiated Material
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Figure 12b-5 Synthesis of the Biaxial Creep Test Results on
AREVA NP Irradiated Cladding
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2.0 Determination of the Model Parameters

21 Computer Simulation of the Mechanical Tests

[

2.2 Contractile Strain Ratios

[

Table 12b-18 Contractile Strain Ratio Calculated
from Strain Measurements in Uniaxial Longitudinal
Tests on AREVA NP Irradiated Material
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Figure 12b-6 Hoop and Axial Strains in Uniaxial Longitudinal
Creep Tests on AREVA NP Irradiated Material
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Table 12b-19 Kearns and Anisotropy Factors of AREVA NP Materials

-

_

2.3 Determination of the Creep Model Parameters

[
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]

Table 12b-20 Creep Parameters for AREVA NP Materials

-
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3.0 Verification and Validation

3.1 Non-Irradiated Cladding

3.1.1 Tensile tests

[

Table 12b-21 Measured and Predicted Yield Stress of
AREVA NP Non-Irradiated Cladding

-
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3.1.2 Creep Tests

[

Table 12b-22 Measured and Predicted Creep Strain of
AREVA NP Non-Irradiated Cladding

-

3.2  lIrradiated Cladding

3.2.1 Biaxial Tensile Tests

[
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Table 12b-23 Measured and Predicted Yield Stress of AREVA NP
Irradiated Cladding

-

3.2.2 Uniaxial Tensile Test

[

3.2.3 Biaxial Creep Tests

[
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Table 12b-24 Measured and Predicted Permanent Hoop Strain in
Biaxial Creep Tests on AREVA NP Irradiated Cladding

-

3.2.4 Uniaxial Creep Tests
[
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Table 12b-25 Measured and Predicted Creep Strains in Uniaxial
Longitudinal Creep Tests on AREVA NP Irradiated Cladding

-

3.2.5 Relaxation Tests

[
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Table 12b-26 Extent of Relaxation in the Relaxation Tests on
AREVA NP Cladding

-

3.3 Rod Profilometry

[
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-

Figure 12b-7 Predicted and Measured Yield Stresses in
Biaxial Tensile Tests on AREVA NP Irradiated Cladding
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Figure 12b-8 Predicted and Measured Time to Get 0.2% Permanent
Hoop Strain in Biaxial Creep Tests on AREVA NP Irradiated Cladding
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Figure 12b-9 Calculated Stress Relaxation
of Non-Irradiated AREVA NP Sample ZS-2

-

_

Figure 12b-10 Calculated Stress Relaxation
of Irradiated AREVA NP Sample RXI
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Figure 12b-11 Calculated Stress Relaxation
of Irradiated AREVA NP Sample RXN

Figure 12b-12 Calculated Stress Relaxation
of Irradiated AREVA NP Sample RXO
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Figure 12b-13 Calculated and Measured Creepdown of
AREVA NP Rod A02
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Figure 12b-14 Calculated and Measured Creepdown of
AREVA NP Rod T01
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Figure 12b-15 Calculated and Measured Creepdown of
AREVA NP Rod U10
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Question 12d:

Examination of Figure 7.1 (9x9 fuel) suggests that cladding creepdown is not complete by a
burnup of 35 GWd/MTU. Please provide further discussion on why creepdown is not complete
because it is expected that cladding creepdown should be complete by this burnup level.

Response 12d:

The cladding creepdown, depending on the pellet properties, may continue until 45 MWd/kgU,
after which an upturn in cladding deformation is observed. The UO, ADU/DC pellets for BWRs
have densification/swelling properties that lead to an upturn in fuel deformation around 45

MWd/kgU. This is illustrated in Figure 12d-1 which presents the data from Figure 7.1 plotted vs.
burnup.

-

J

Figure 12d-1 Diametral creepdown vs Burnup

The cladding creepdown evolution may be better illustrated if the fuel rod burnup is replaced by
the local fast fluence as in the figure below, where the upturn in cladding deformation for both
measurements and calculations is more apparent:
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Figure 12d-2 Diametral Creepdown vs Fluence

Question 13:

The following are related to the assumption that the irradiation creep uncertainties are the same
as the uncertainties in the thermal creep model. This assumption does not appear to be valid
because the RODEX4 irradiation creep and thermal creep models are significantly different
suggesting that the mechanisms for these two types of creep must be different. In addition,
compatrison of the irradiated creep model to irradiated creep data suggests that the uncertainty
in irradiation creep is much greater than observed in thermal creep. This observation is based
on the following model comparisons to irradiated creep data presented in EMF-3014(P) and
BAW-10247(P).

Question 13a:

There does not appear to be a good correlation between predicted and measured creep in
Figure 7.2 (9x9 fuel) and from Figure 7.3 the model under predicts creep in the 10x10 fuel
designs at low fluences where creepdown is present. The small number of rods from which
creep data were collected plus the large differences between predicted and measured creep
(Figures 7.2 and 7.3) suggest that the model does not provide a valid mean of the data and,
therefore, both the mean predictive uncertainty and overall uncertainty are very large (much
larger, > factor of 3, than assumed for thermal creep).
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Response 13a:

The large uncertainties in measured diameter are reflected in Figures 7.1 and 7.2 of
EMF-3014(P) which influence the measured-predicted comparison. These uncertainties are in
both the initial dimensions of the measured cladding and in the post-irradiation measurement of
the outer cladding diameter. This accounts for the large horizontal scatter bands in the plots.
This is also why the irradiation creep measurements were not used to establish the cladding
creep uncertainty (see Section 5.4.2 of BAW-10247).

The larger 9x9 data set was used to establish the cladding creep rate and only confirmed with
the 10x10 data shown in Figure 7.3. The free cladding creepdown data are well predicted. This
is illustrated in Figures 12d-1 and 12d-2 of the Response 12 above. To further illustrate that the
creepdown prediction is best-estimate Figure 13a-1 was prepared. It shows that the scatter of
predicted/measured is the same over the fast fluence range.

-

_J

Figure 13a-1 P/M Creepdown vs Fast Fluence

An additional figure, Figure 13a-2, is provided which, in addition to the data presented in
EMF-3014(P), has new 10x10 data which have been acquired after the submittal. The new data
spans the range from free creepdown to PCI. This figure illustrates that the 10x10 behavior is
well predicted with the parameters derived for the larger 9x9 data set.

The improved prediction at high burnup (high fast fluence) as illustrated in Figure 13a-2 is due
to improving the fuel pellet deformation evaluation by using a SWMDEN value (see response to
Question 9b) of 0.975. This value better characterizes the 10x10 fuel pellets which are of more
recent production.
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Figure 13a-2 Creepdown including expanded data base

Question 13b:

In addition, the intended application for RODEX4 is the Atrium 10 fuel design with very little data
and the small amount of data provided is not predicted well by the code. It is implied that the
large uncertainty in the irradiated data is due to uncertainties in fuel rod dimensions in
fabrication, however, further examination does not appear to support this assumption. The
example of the uncertainty contribution of cladding fabrication dimensions to cladding
creepdown only demonstrates a plus or minus of 15 um (at a 2o level) in Figure 5.6 of
BAW-10274(P) while the scatter in the data in Figure 7.1 of EMF-3014(P) is plus or minus 40
um and the uncertainty in Figure 7.2 of EMF-3014(P) is approximately plus 50um and minus 70
um from the model predicted values. This suggests that the fabrication uncertainties offer only
a small fraction of the uncertainty in the cladding creep model and combined with the assumed
uncertainty for the irradiation cladding creep (same as thermal creep) does not adequately
address the uncertainty in the predicted versus measured irradiated creep data. Please provide
further irradiation creep data, analyses and or creep model modifications to demonstrate that
the uncertainty in the irradiation creep model equals that for the thermal creep model.
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Response 13b:

[ 1
This data as presented in Figure 5.6 of BAW-10274P are also illustrated by the group around a
fast fluence of 4 10%' n/cm? in Figure 7.3 of EMF-3014(P). These data are representative of
diameter measurements and calculations during the free creepdown domain and therefore
relevant for the derivation of creep uncertainty.

The larger scatters in Figures 7.1 and 7.2 of EMF-3014(P) are due to higher burnup data which
are affected by larger uncertainties because of the compounded effect of fuel properties’
variation. This is illustrated in the Figure 13b-1 below, where the data in Figures 7.1 and 7.2 of
EMF-3014(P) are plotted as (calculated — measured) versus burnup. It is apparent that the
maximum scatter is present when the pellet-to-cladding contact is established and remains for
the “soft contact” period when strain reversal occurs.

-

_J

Figure 13b-1 Predicted — Measured, diametral creep
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Table 13b-1 Thermal Creep Data

-

Table 13b-2 Creepdown Measurements
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Questions 14a and 14 b:

For questions and responses see BAW-10247Q1(P) Revision 000.

Question 15:

The following are related to the lack of data used to verify the cladding deformation models.

Question 15a:

The code has been compared to measured deformation from only four power ramped rods. The
comparison to these four tests does not provide a valid estimate of any bias nor the uncertainty
in the code calculations of fuel rod deformation. There are considerably more power ramped
rods with measured cladding deformation than the four rods provided including rods ramped in
R3/R2, DR-2, BR-2 HFR-Petten and Halden, (Section 7.3.2, EMF-3014(P)). Please provide a
proposed list of ramped rods for RODEX4 code comparisons. Of particular interest are those
experimental ramped rods that are closest to the licensing conditions experienced during normal
operation and slow transient (control rod withdrawal error) analysis of cladding strain, e.g.,
maximum strain is calculated when the fuel cladding gap is closed and the power range for this
transient. Once an agreement is reached (between Framatome ANP, NRC and PNNL) on
which rods should be used please provide these code to data comparisons. If power ramp data
exist that are applicable to the strain analyses for fast transients (feedwater controller failure)
these data comparisons should also be provided.

Response 15a:

A review of the profilometry recordings of ramp tested rods available in the AREVA NP
calibration database was made as discussed under this question in BAW-10247Q1(P)
Revision 000. This included the following projects:

Inter-Ramp
Over-Ramp
Super-Ramp
Super-Ramp Extension
Super-Ramp I

Risg TFGP

Risg FGP3

BAW Mark-BEB

The four rods presented in report EMF-3014(P) showed a cladding deformation of 1% or more
during the ramp test: the Super-Ramp rod PK2/3 and the three BAW Mark-BEB rods. In these
rods gaseous swelling plays a significant role.

Most BWR rods show only small cladding deformations after ramp (no more than a few
micrometers). Sometimes the rod diameter after irradiation is larger than the reported as-
fabricated diameter (Super-Ramp BG8, BG9 and BK7 series). For others, such as the Risg
FGP3 GE or Super-Ramp Il rods, the reported LHGRs are questionable (In the Risg FGP3 the
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reported LHGRs are non-consistent with the temperature measurements; in Super-Ramp |
repeated mass flow rate calibrations gave very different LHGR estimates).

The HFR-Petten LHGR data are in general less reliable than the Risg or Studsvik data (see
discussion in DOE/ET/34030-4 CEND-402 Report, Appendix).

The more reliable data seem to be the PWR data from the Over-Ramp and Super-Ramp
Programs, as well as data from the Risg FGP3 ANF rods.

In BAW-10247Q1(P) Revision 000 a list of additional ramp test rods which could be used to
estimate the uncertainties in the cladding deformation predictions was provided. The RODEX4
calculations were performed for these rods. The rods are listed in Table 15a-1 with the 4 rods
already described in EMF-3014(P). The calculation results are provided for all the rods.

Table 15a-1 — Ramp Test Rods for Evaluating Cladding Deformation Predictions

Program Rod ng",zl-l;im::;i ! Hold Time

Over-Ramp G20/1 42.0 24 h
G20/2 445 24 h

G20/3 48.2 10 min

W5/1 44.5 16 min
W5/2 37.0 24 h
Super-Ramp PK1/1 41.5 12 h
PK2/3 43.8 12 h
PK4/1* 39.0 12 h
PK4/2* 44.5 12 h
PKo6/2 40.0 12 h
PWa3/2 35.3 12 h

PW3/4 37.2 12 min

Rise FGP3 AN2 44.4 61.7h
AN8 47.2 4.1h
Mark-BEB 65-2 62.3 12 h
65-4 62.4 12 h
66-2 62.3 12 h

* gadolinia fuel
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Calculations were performed with RODEX4 for the steady state and ramp test irradiations of
these rods. Rod characteristics, irradiation parameters and measured results were taken from
the program reports. Pellet and clad parameters derived from the reports were checked by
comparison of the steady state calculation with the measurement results. Since the ramp
programs include a variety of fuel types, the parameters were in some cases optimized
consistent with the measured steady state creepdown.

The RODEX4 strain increment results provided at the end of the ramp tests show the difference
between the pre-ramp and post-ramp axial strain profiles at pool side or hot cell measurement
conditions. The calculated cladding diameters are corrected for cladding outer corrosion.
Figures 15a-1 through 15a-17 show the results for the rods in the order listed in Table 15a-1.

Each plot shows four axial profiles: the measured and the RODEX4 calculated diameter
change for the mid-pellet region and for the pellet end (ridge). The diameter changes are
relative {o clad diameters of about 10 mm, so a diameter increase of 100 um approximates a
clad strain value of 1%. The comparison of both mid pellet diameter change and pellet end
ridge changes with the measurement results provides confirmation of the validity of the
RODEX4 models.

The rods are divided into 10 or 12 axial nodes in the ramp regions. The nodal results give a
smoothed curve in the Excel plots. The measured profiles were similarly divided into axial
zones with the average of the mid-pellet measurements and the average of the pellet ridges
determined for each zone. A smoothed “measurement” curve for the 10 or 12 zones is similarly
plotted in Excel. [
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Figure 15a-1 Over-Ramp Rod G20/1
Cladding Diameter Increase during the Ramp Test
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-

_

Figure 15a-2 Over-Ramp Rod G20/2
Cladding Diameter Increase during the Ramp Test

-

_J

Figure 15a-3 Over-Ramp Rod G20/3
Cladding Diameter Increase during the Ramp Test
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Figure 15a-4 Over-Ramp Rod W5/1
Cladding Diameter Increase during the Ramp Test

-

Figure 15a-5 Over-Ramp Rod W5/2
Cladding Diameter Increase during the Ramp Test
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Figure 15a-6 Super-Ramp Rod PK1/1
Cladding Diameter Increase during the Ramp Test

-

_J

Figure 15a-7 Super-Ramp Rod PK2/3
Cladding Diameter Increase during the Ramp Test
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Figure 15a-8 Super-Ramp Rod PK4/1
Cladding Diameter Increase during the Ramp Test

-

Figure 15a-9 Super-Ramp Rod PK4/2
Cladding Diameter Increase during the Ramp Test
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Figure 15a-10 Super-Ramp Rod PK6/2
Cladding Diameter Increase during the Ramp Test

J

Figure 15a-11 Super-Ramp Rod PW3/2
Cladding Diameter Increase during the Ramp Test
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Figure 15a-12 Super-Ramp Rod PW3/4
Cladding Diameter Increase during the Ramp Test

-

_J

Figure 15a-13 Risg FGP3 Rod AN2
Cladding Diameter Increase during the Ramp Test
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Figure 15a-14 Risg FGP3 Rod ANS8
Cladding Diameter Increase during the Ramp Test

_J

Figure 15a-15 Mark-BEB Rod 65-2
Cladding Diameter Increase during the Ramp Test
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Figure 15a-16 Mark-BEB Rod 65-4
Cladding Diameter Increase during the Ramp Test

-

_

Figure 15a-17 Mark-BEB Rod 66-2
Cladding Diameter Increase during the Ramp Test
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Figure 15a-18 Cladding Strain during Ramp Tests at Mid-Pellet
Whole Database (17 Ramp Tests)

-

_J

Figure 15a-19 Cladding Strain during Ramp Tests at Pellet End
Whole Database (17 Ramp Tests)
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Figure 15a-20 Cladding Strain during Ramp Tests at Mid-Pellet Ramp Tests
with Rods Representative of Current AREVA Fuel (9 Ramp Tests)

_J

Figure 15a-21 Cladding Strain during Ramp Tests at Pellet End Ramp Tests
with Rods Representative of Current AREVA Fuel (9 Ramp Tests)
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Question 15b:

Please provide code comparisons to the Halden power ramp data including axial and diametral
deformation from IFA-520, IFA-525 (HWR-122) and IFA-509 Rod 3 (HWR-162).

Response 15b:

The IFA-520 and IFA-525 power ramp tests on instrumented experimental fuel rods, reported in
HWR-122, are difficult to interpret and consequently difficult to simulate with a fuel code; these
difficulties are explained below.

[
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Question 15¢:

For question and response see BAW-10247Q1(P) Revision 000.

Question 16:
The following are related to understanding the fuel pellet deformation modeling.

a. Inthe last paragraph in Section 6.2.5.2, in what way were the results from the 1-D model
for deformation at pellet ends incompatible with observation (page 6-26, EMF-2994(P))?

b. Please provide an illustrated example of how dish filling is calculated (p 6-5). In
Equation 6-34, please provide a value for o, and a comparison of predicted and

measured values of dish filling along with a tabulation of this data (p. 6-34).
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c. ltis stated that “an additional hoop strain component, ¢, , has been introduced into the

circumferential compatibility equation to simulate the tangential displacement associated
with pellet cracking.” Please provide a prediction of the hoop strain displacement in um due
to cracking as a function of LHGR and any other important parameters for fuel
displacement due to cracking (page 6-4). This calculation is wanted to determine the
extent of gap closure for the experimental data base and the licensing analyses of
commercial fuel rods.

Response 16a:

The pellet end geometry is complex. Moreover it is manufacturer dependent. Pellets may have
dishes or not. They may have chamfers or larger land tapers.

[

Response 16b:

[
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Calculations were performed with RODEX4 for the steady state and ramp test irradiations of
these rods. Rod characteristics, irradiation data and measured results were taken from program
reports. No adjustment of the pellet densification and cladding creep parameters has been

made.

-

Table 16b-1 Ramp Test Rod for Evaluating Dish Filling Predictions

_J

RODEX4 calculates the dish profile at any axial level and any time using the method described
above. The results, presented in Figures 16b-1 through 16b-7 show for each rod the dish profile
at the level of the peak power node at the end of the ramp test just before reactor shut down.
The results are presented in a way that makes easy the comparison with the experimental
results. The ceramography cross-sections are also located close to the peak power location

during the ramp tests.

The comparison shows a good agreement between predictions and experimental results for
different pellet designs, different ramp terminal levels and different hold times.
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-

Figure 16b-1 Over-Ramp Rod A20/1
Dish Filling after Ramp Testing at 44 kW/m for 24 h
RODEX4 Predictions and Experimental Results
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Figure 16b-2 Over-Ramp Rod F20/3
Dish Filling after Ramp Testing at 43.2 kW/m for 22 min
RODEX4 Predictions and Experimental Results
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Figure 16b-3 Over-Ramp Rod F30/4
Dish Filling after Ramp Testing at 44.5 kW/m for 19.6 h
RODEX4 Predictions and Experimental Results
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Figure 16b-4 Over-Ramp Rod G20/2
Dish Filling after Ramp Testing at 44.5 kW/m for 24 h
RODEX4 Predictions and Experimental Results
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Figure 16b-5 Super-Ramp Rod PK1/2
Dish Filling after Ramp Testing at 44 kW/m for 12 h
RODEX4 Predictions and Experimental Results
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Figure 16b-6 Super-Ramp Rod PK2/2
Dish Filling after Ramp Testing at 46.0 kW/m for 12 h
RODEX4 Predictions and Experimental Results
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Figure 16b-7 Super-Ramp Rod BK7/3
Dish Filling after Ramp Testing at 32.5 kW/m for 12 h
RODEX4 Predictions and Experimental Results
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Response 16c¢:

Three ATRIUM 10 rods were calculated with RODEX4 up to 40 MWd/kgU. In each calculation
the rod average LHGR was maintained constant during irradiation. To make the interpretation
easy, the axial power distribution was modeled as uniform. The power levels in the three rods
were respectively 20, 30, and 40 kW/m, respectively. These calculations are identical to those
presented in the response to question 4.

[

_

Figure 16c-1 ATRIUM 10 Fuel at the Constant LHGR of 20 kW/m
Width of the Pellet Radial Cracks at Several Pellet Exposures
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Figure 16c-2 ATRIUM 10 Fuel at the Constant LHGR of 30 kW/m
Width of the Pellet Radial Cracks at Several Pellet Exposures

_

Figure 16¢c-3 ATRIUM 10 Fuel at the Constant LHGR of 40 kW/m
Width of the Pellet Radial Cracks at Several Pellet Exposures
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Figure 16c-4 ATRIUM 10 Fuel
Fuel Radial Relocation due to Pellet Cracking

Questions 17a, 17b, 17¢, and 17d:

For questions and responses see BAW-10247Q1(P) Revision 000.

Question 18:

For question and response see BAW-10247Q1(P) Revision 000.

Question 19:

For question and response see BAW-10247Q1(P) Revision 000.

Questions 20a and 20b:

For questions and responses see BAW-10247Q1(P) Revision 000.
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ili. Code Application

The following are from the review of BAW-10247(P) unless otherwise stated.

Question 21;

For question and response see BAW-10247Q1(P) Revision 000.

Question 22:

For question and response see BAW-10247Q1(P) Revision 000.

Question 23:

The model parameter uncertainties are provided for only three parameters, however, there are
several other model parameters that are known to impact fuel performance calculations for
normal operation such as fuel thermal expansion, densification and swelling to name a few.
These three parameters are important for both rod pressure and cladding deformation analyses.
Another parameter important for cladding collapse analyses is cladding ovality. Please provide
a justification of why the uncertainties in these model parameters are not included

(Section 2.3.4). Please perform a sensitivity analysis to show the effect of these parameters on
rod pressure (include axial rod growth in the rod pressure sensitivity analysis) and cladding
deformation, e.g., strain increment and axial gap formation, analyses at various burnup levels.

Response 23:

[
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]
Question 24:

For question and response see BAW-10247Q1(P) Revision 000.

Question 25:

Random errors due to uncertainties can sometimes be of lesser importance in Monte Carlo
(random error) analyses than biases in the data, particularly when you are interested in the
extremes of the data. Have sensitivity analyses been performed to determine the impact for a
given bias (e.g., see RAI's#4, 5, 6, 8, 12, 13, 15, 17 and 24) on the predicted outcome of
analyses in Section 6 of BAW-102477 In like manner have sensitivity analyses been performed
to examine the impact of an increase in uncertainties on the predicted outcome? If not please
provide these sensitivity analyses for how biases and increases in parameter uncertainties in
the diffusion coefficient, irradiation creep model and cladding oxidation impact licensing
analyses.

a For example, please assume that the gas atom diffusion coefficient provided in
EMF-2994 and EMF-3014(P) is currently biased low and needs to be increased by a
factor of 1.5 (uncertainty remains unchanged) and determine how this impacts the
rod pressure analyses for BWR-6 and BWR-4 plants presented in Section 6 of
BAW-10247. Please assume that the uncertainty on the diffusion coefficient is 20%
higher than assumed in the rod pressure analyses in Section 6 (no bias).

b Please assume that the irradiation creep model is biased 33% (1.33) higher and
33% (0.67) lower than currently assumed and show how this impacts column gap
formation and creep collapse analysis. Please assume the uncertainty in the
irradiation creep model is a factor of 2 higher than assumed and show how this
impacts column gap formation and creep collapse.

¢ Please assume that the cladding ovality model is biased (also assume an
uncertainty exists in this model) and show how this impacts column gap formation
and creep collapse analysis.

d Please perform similar sensitivity analyses for cladding steady strain and strain
increments as a function of burnup. For these sensitivity analyses assume that the
following on an individual basis, the fuel thermal expansion is 15% higher than
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assumed and solid fuel swelling is 50% higher than assumed. Also perform
analyses assuming the thermal creep is 20% higher than assumed.

e Please perform similar analyses for fuel melting assuming that fuel thermal
conductivity is biased 20% lower than assumed and the uncertainty in fuel thermal
conductivity is 50% higher than assumed (bias and uncertainty effects should be
separate).

Response 25:

[
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Table 25-1 Sensitivity Study Results BWR-6 U0, Rods

-
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Figure 25-1 Comparison Of The Effects Of Shifting The Mean To An
Increase Of The Standard Deviation.

Question 26:

For question and response see BAW-10247Q1(P) Revision 000.

Question 27:

For question and response see BAW-10247Q1(P) Revision 000.

Questions 28a and 28b:

For questions and responses see BAW-10247Q1(P) Revision 000.
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Questions 29a, 29b, and 29c:

For questions and responses see BAW-10247Q1(P) Revision 000.

Question 30:

The following questions are related to the uncertainties applied to planned rod power operation
for a specific plant and fuel batch.

Questions 30a and 30b:
For questions and responses see BAW-10247Q1(P) Revision 000.

Question 30c¢:

Please provide a power distribution for each of the BWR-6 and BWR-4 (transition batch)
analyses provided in Section 6 at burnup levels of 0, 10, 20, 30, 40, 50 and 60 GWd/MTU.

Response 30c:

[
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Figure 30c-1 BWR 6 Transition Batch [
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Figure 30c-2 BWR 6 Transition Batch [

-

Figure 30c-3 BWR 6 Transition Batch |
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Figure 30c-4 BWR 6 Transition Batch [

-

Figure 30c-5 BWR 6 Transition Batch [
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Figure 30c-6 BWR 6 Transition Batch [
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Figure 30c-7 BWR 6 Transition Batch [

AREVA NP Inc.



AREVA NP
BAW-10247Q2(NP)

Response to Request for Revision 001
Additional Information — BAW-10247(P) Page 121 of 126

-

Figure 30c-8 BWR 6 Transition Batch —[

-

Figure 30c-9 BWR 6 Transition Batch — [
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Figure 30c-10 BWR 4 TransitionBatch — [

-

Figure 30c-11 BWR 4 Transition Batch — [
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Figure 30c-12 BWR 4 Transition Batch ~ [
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Figure 30c-13 BWR 4 Transition Batch - [
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Figure 30c-14 BWR 4 Transition batch — [
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Figure 30c-15 BWR 4 Transition Batch — |
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Figure 30c-16 BWR 4 Transition Batch — [
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Figure 30c-17 BWR 4 Transition Batch - [
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Question 31:

For question and response see BAW-10247Q1(P) Revision 000.

Question 32:

For question and response see BAW-10247Q1(P) Revision 000.
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