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Comment Summary for Draft Safety Evaluation for NEDC-33840P, “The PRIME Model 
for Transient Analysis of Fuel Rod Thermal Mechanical Performance” 

Note: Page numbers shown in this table reflect the page numbers in the NRC Safety Evaluation (SE).  Due to 
suggested changes in the SE, these page numbers may differ from the page numbers in the draft SE sent to 
GNF for review. 

Location Comment 

Section 3.1 

Transient 
Temperature 

Solution 

Page 5: 

GNF suggests the following change (Line 44): 

Section 3.2.2.3 states that… 

Suggested changes shown in the markup. 

Section 3.1 

Transient 
Temperature 

Solution 

Page 6: 

GNF suggests the following change (Line 47): 

UO2.  Use of the UO2 specific heat for +-Gd2O3 

Suggested changes shown in the markup. 

Section 3.2 

Range of 
Applicability 

Page 11: 

GNF suggests the following change (Line 24): 

[[                                 ]] 

Suggested changes shown in the markup. 

Section 3.2 

Range of 
Applicability 

Page 11: 

The topical report is NEDC-33840P, not NEDE-33840P. 

 

GNF suggests the following change (Line 33): 

NEDENEDC-33840P 

Suggested changes shown in the markup. 

Section 3.3 

Validation of 
Transient 

Temperature 
Solution 

Page 13: 

The figure numbers are inconsistent with the numbers used in the topical report. 

GNF suggests the following changes (Line 10): 

Figures 4.-4 and 4.-6 

Suggested changes shown in the markup. 

Section 3.3 

Validation of 
Transient 

Temperature 
Solution 

Page 13: 

The figure numbers are inconsistent with the numbers used in the topical report. 

GNF suggests the following changes (Line 12): 

Figures 4.-5 and 4.-7 

Suggested changes shown in the markup. 

Section 3.3 

Validation of 
Transient 

Temperature 
Solution 

Page 14: 

GNF suggests the following changes (Line 17): 

FigureFigures 3.3-1 and 3.3-2 illustrate PRIME and FRAPTRAN-2.0 predictions… 

Suggested changes shown in the markup. 
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Location Comment 

Section 3.3 

Validation of 
Transient 

Temperature 
Solution 

Page 14: 

GNF suggests the following changes (Line 34): 

Figures 3.3-3 and 3.3-4 illustrate PRIME and FRAPTRAN-2.0 predictions… 

Suggested changes shown in the markup. 

Section 3.3 

Validation of 
Transient 

Temperature 
Solution 

Page 14: 

GNF suggests the following changes (Line 44): 

Figures 3.3-5 and 3.3-6 illustrate PRIME and FRAPTRAN-2.0 predictions… 

Suggested changes shown in the markup. 

Section 3.4 

Application 
Methodology 

Page 20: 

GNF suggests the following change (Line 41): 

Section 5.2.1.1 of NEDC-33840P states… 

Suggested changes shown in the markup. 

Section 3.4 

Application 
Methodology 

Page 21: 

GNF suggests the following change (Line 1): 

The text in Section 5.2.1.1 was intended… 

Suggested changes shown in the markup. 

Section 5.0 

Limitations and 
Conditions 

Page 23: 

The topical report is NEDC-33840P, not NEDE-33840P. 

 

GNF suggests the following changes (Lines 3, 7, and 16): 

NEDENEDC-33840P 

Suggested changes shown in the markup. 
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Markup of Draft Safety Evaluation for NEDC-33840P, “The PRIME Model 
for Transient Analysis of Fuel Rod Thermal Mechanical Performance” 

 
The following markup illustrates the GEH proprietary content and suggestions per the comment 
summary table. 
 



 

 

 1 
 2 

DRAFT SAFETY EVALUATION BY THE OFFICE OF NUCLEAR REACTOR REGULATION 3 
 4 

THE PRIME MODEL FOR TRANSIENT ANALYSIS OF FUEL ROD  5 
 6 

THERMAL-MECHANICAL PERFORMANCE 7 
 8 

GLOBAL NUCLEAR FUEL – AMERICAS, LLC 9 
 10 

NEDC-33840P, REV 0 11 
 12 

 13 
1.0 INTRODUCTION 14 

 15 
By letter dated April 22, 2016 (Ref. 1), Global Nuclear Fuel (GNF) submitted a Topical Report 16 
(TR) NEDC-33840P, “The PRIME Model for Transient Analysis of Fuel Rod Thermal – 17 
Mechanical Performance,” to the U.S. Nuclear Regulatory Commission (NRC) for review and 18 
approval.  The Licensing Technical Review (LTR) covers application of PRIME to the analysis of 19 
fast transient anticipated operational occurrences (AOOs) to determine compliance to specified 20 
acceptable fuel design limits (SAFDLs) for fuel temperature and cladding strain.  21 
 22 
Global Nuclear Fuel TRs NEDC-33256P-A, NEDC-33257P-A, and NEDC-33258P-A (Ref. 2) 23 
document the technical basis, qualification, and application methodology for steady-state 24 
application, including steady-state (long duration relative to the fuel rod thermal time constant) 25 
transients, of the PRIME fuel rod thermal-mechanical performance model.  Subsequent to 26 
approval of the PRIME steady-state TRs, the fast (short duration relative to the fuel rod thermal 27 
time constant) transient functionality of PRIME has been developed and qualified and a new 28 
application methodology specifically utilizing the transient functionality has been developed.  29 
The objectives of this TR are to document the: 30 
 31 

1) technical basis of the PRIME analysis capability utilizing the transient functionality; 32 
 33 

2) experimental qualification of PRIME predictions of fuel cladding strains for transients 34 
utilizing the transient functionality, which includes Reactivity-Initiated Accident (RIA) 35 
tests performed at the CABRI and Nuclear Safety Research Reactor (NSRR) test 36 
reactors, and Operational Transient (OPTRAN) tests conducted in the Power Burst 37 
Facility test reactor; and 38 
 39 

3) application methodology of the PRIME transient analysis capability to commercial fuel 40 
rod behavior and licensing analyses. 41 
 42 

To assist in its review of NEDC-33840P, the NRC staff conducted two audits at the GNF 43 
facilities in Wilmington, North Carolina during May and September 2016.  The staff’s audit 44 
reports (Refs. 3 and 4) document the objectives and findings of these audits. 45 
 46 
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2.0 REGULATORY EVALUATION 1 
 2 
Regulatory guidance for the review of fuel system designs and adherence to General Design 3 
Criteria (GDC)-10, GDC-27, and GDC-35 is provided in NUREG-0800, “Standard Review Plan 4 
for the Review of Safety Analysis Reports for Nuclear Power Plants,” Standard Review Plan 5 
(SRP), Section 4.2, “Fuel System Design.”  In accordance with SRP Section 4.2, the objectives 6 
of the fuel system safety review are to provide assurance that: 7 
 8 

a. The fuel system is not damaged as a result of normal operation and AOOs, 9 
 10 

b. Fuel system damage is never so severe as to prevent control rod insertion when it is 11 
required, 12 
 13 

c. The number of fuel rod failures is not underestimated for postulated accidents, and 14 
 15 

d. Coolability is always maintained. 16 
 17 

In addition to licensed reload methodologies, an approved fuel rod thermal-mechanical model 18 
and application methodology is utilized to demonstrate compliance to SRP 4.2 fuel design and 19 
performance criteria.  NEDC-33840P describes the technical basis, qualification, and application 20 
methodology for the PRIME transient functionality.  The staff’s review of this TR is to ensure that 21 
the PRIME transient functionality is capable of accurately (or conservatively) predicting the  22 
in-reactor performance of fuel rods under fast transient AOO conditions, to identify any 23 
limitations on the code’s ability to perform this task, and ensure that the application methodology 24 
conservatively accounts for model uncertainties and is capable of ensuring compliance to 25 
SRP 4.2 criteria. 26 
 27 
3.0     TECHNICAL EVALUATION 28 
 29 
As described in Section 1 of NEDC-33840P, GNF has developed and implemented a transient 30 
functionality into its previously approved PRIME fuel rod thermal-mechanical model.   31 
NEDC-33840P covers application of PRIME to the analysis of fast transient AOOs (relative to 32 
the fuel thermal time constant) to determine compliance to SAFDLs for fuel temperature and 33 
cladding strain.  The PRIME steady-state methodology will continue to be applied to slow 34 
transient AOOs. 35 
  36 
As described in Section 2 of NEDC-33840P, PRIME’s steady-state thermal solution is 37 
augmented with a transient thermal solution in which the radial temperature distributions in the 38 
fuel and cladding are determined by a transient heat transfer analysis for simulating fast AOOs. 39 
Transient thermal results are fed into the PRIME mechanical model to solve for mechanics and 40 
material variables, including displacements, stresses, and strains.  The PRIME mechanics 41 
model is unchanged, so with the exception of the transient temperature calculation and the use 42 
of smaller time steps, the program flow for PRIME steady-state and transient analyses is 43 
essentially identical. 44 
 45 
The staff’s review of the PRIME fuel thermal-mechanical performance model is limited to 46 
changes relative to the approved version of PRIME which support the transient functionality and 47 
application and is summarized below: 48 
 49 

 Verify inherent fuel thermal time constant 50 
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 Verify transient thermal solution and qualification 1 

 Verify mechanical solution and qualification 2 

 Verify application methodology properly accounts for model uncertainties to provide high 3 
confidence compliance to SRP 4.2 criteria 4 
 5 

In addition to reviewing the qualification and validation of PRIME transient functions within 6 
NEDC-33840P, the NRC staff conducted two audits at the GNF facilities in Wilmington, NC. 7 
During these audits, a series of benchmark calculations were developed and executed to 8 
investigate specific aspects of the PRIME transient features.  Working side-by-side, GNF staff 9 
performed PRIME steady-state and transient benchmark cases and provided the results to the 10 
NRC staff.  In turn, the NRC staff performed identical FRAPCON-4.0 (steady-state) and 11 
FRAPTRAN-2.0 (transient) calculations and compiled the results.  The fuel performance models 12 
in FRAPCON-4.0 and FRAPTRAN-2.0 have been validated against an extensive database and 13 
are continually assessed against newer data as it becomes available.  The results of these 14 
various benchmark exercises are presented below. 15 
 16 
It is important to recognize that these benchmark comparisons are based on best-estimate 17 
calculations.  While validated against similar empirical databases, each code has its own 18 
quantified uncertainties on fuel temperature and fuel swelling predictions.  Coupled with normal 19 
code-to-code variability in fuel characterization and analytical solutions, differences in both initial 20 
conditions (at start of transient) and peak transient parameters are expected.  Many differences 21 
between PRIME steady-state and FRAPCON models were identified and dispositioned during 22 
the staff’s original review (Ref. 2).  In an attempt to minimize code-to-code differences, the 23 
cladding inner diameter was artificially reduced to minimize initial pellet-to-cladding gap 24 
differences and the PRIME03P cladding heat transfer film coefficients were imported into 25 
FRAPTRAN-2.0.  For the end-of-life (EOL) benchmark calculations, the FRAPCON code was 26 
modified to force cladding creep down during the normal depletion, reduced power operation in 27 
an attempt to close the pellet-to-cladding gap and match the PRIME initial conditions. 28 
 29 
3.1 Transient Temperature Solution 30 
 31 
The PRIME transient functionality shares most fuel and cladding thermal-mechanical behavioral 32 
models and material properties with the PRIME steady-state functionality previously reviewed 33 
and approved by the NRC.  For models and properties which include explicit time 34 
dependencies, such as fuel densification, cladding creep and fission gas release (FGR), this 35 
approach is consistent with the current formulation of these models and material properties.  For 36 
models and material properties which do not include explicit time dependencies, the approach 37 
implicitly assumes that the time dependencies of these models and properties are small relative 38 
to the fuel thermal time constant and that the responses of these models and properties to a 39 
change in power are essentially instantaneous relative to the time required for the 40 
corresponding change in temperature to occur. 41 
 42 
Section 3.1 of NEDC-33840P describes the program logic for the PRIME transient temperature 43 
solution.  For each fast AOO (e.g., feedwater controller failure), the user defines and inputs the 44 
nodal power density (NPD) profiles based on NRC-approved reload safety analysis models and 45 
methods (e.g., TRACG, ODYN).  These transient-specific NPDs may be plant-specific and/or 46 
cycle-specific.  Figure 4-20 of NEDC-33840P illustrates a typical feedwater controller failure 47 
(FWCF) power profile. 48 
 49 
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The PRIME transient temperature calculation assumes that (1) heat transport is in the radial 1 
direction only and (2) the steady-state critical heat flux and clad to coolant heat transfer 2 
correlations are valid for transient application.  If the second assumption is not applicable, an 3 
appropriate clad to coolant heat transfer coefficient determined by transient thermal hydraulics 4 
methods can be input.  Additionally, PRIME transient functionality allows for direct user input of 5 
cladding outer temperature. 6 
  7 
As described in Section 2.2 of Reference 5, FRAPTRAN’s thermal solution assumes (1) no heat 8 
conduction in longitudinal direction, (2) steady-state critical heat flux correlations remain valid 9 
during transient conditions, and (3) steady-state cladding surface heat transfer correlations 10 
remain valid during transient conditions.  However, FRAPTRAN is capable of selecting different 11 
cladding surface heat transfer correlations based upon local conditions and surface heat flux. 12 
Figure 3.1-1 illustrates the different heat transfer regimes within FRAPTRAN. 13 
 14 
PRIME transient thermal overpower (TOP) and mechanical overpower (MOP) calculations are 15 
driven by the rate and magnitude of deposited energy (time-dependent, axially-dependent input) 16 
and its impact on dynamic centerline temperature and fuel thermal expansion calculations.  17 
There is no boiling transition or strong axially-dependent cladding-to-coolant heat transfer 18 
regimes (e.g., reflood quench front) during AOOs.  Furthermore, as discussed below, changes 19 
in heat transfer coefficients have an insignificant effect on these TOP/MOP calculations due to 20 
the short duration of the fast AOOs.  Ignoring longitudinal heat transfer during these fast AOOs 21 
will not significantly impact these TOP/MOP calculations and therefore this assumption is 22 
judged acceptable. 23 
  24 
With respect to the use of steady-state critical heat flux and cladding surface heat transfer 25 
correlations, the staff had concerns that these correlations may be used beyond their respective 26 
range of applicability.  In addition, the staff had concerns with the alternative direct user input of 27 
an “appropriate” correlation and direct user input of cladding outer surface temperature.  28 
As described in Section 2 of NEDC-33840P, the PRIME transient solution will be used to 29 
determine compliance to SAFDLs for fuel temperature and cladding strain during fast AOOs 30 
(relative to the fuel thermal time constant).  Given the nature of these fast AOOs, the important 31 
parameters are the predicted change in fuel centerline temperature and volume average fuel 32 
temperature (VAFT) (and resulting fuel thermal expansion and cladding strain).  PRIME is not 33 
being used to predict the change in fuel cladding surface heat flux to demonstrate compliance to 34 
the safety limit minimum critical power ratio (SLMCPR).  In accordance with GDC-10, AOOs 35 
must satisfy SLMCPR and demonstrate compliance using separate, approved reload methods. 36 
Hence, PRIME transient (as well as steady-state) methods will not be used to evaluate fuel rod 37 
performance during boiling transition.  This limitation on the applicability of PRIME was 38 
discussed between NRC and GNF staff during an audit and it was agreed that a Limitation and 39 
Condition (L&C) would be included in the staff’s safety evaluation (Ref. 4).  Limitation and 40 
Condition #3 contains this limitation on the applicability of PRIME transient. 41 
 42 
As described in Section 3.2.1 of NEDC-33840P, the clad-to-coolant film coefficients are 43 
unchanged from the PRIME steady-state model.  Given the restriction on boiling transition, the 44 
staff finds the continued use of the PRIME steady-state film coefficients acceptable.  To support 45 
this decision, GNF and NRC staff decided to perform independent benchmark calculations to 46 
investigate the sensitivity of fuel temperature predictions to heat transfer film coefficients.  The 47 
first audit benchmark cases consisted of a GNF2 fuel rod exposed to a base depletion along the 48 
bounding thermal-mechanical operating limit (TMOL) with both a 1-second and 5-second 49 
duration power ramp up to 3 times the initial rod power at 14.6 GWd/MTU.  For each power 50 
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ramp case, the heat transfer film coefficient was varied.  The results of this benchmark are 1 
shown in Table 3.1-1.  Examination of Table 3.1-1 reveals that the PRIME transient and 2 
FRAPTRAN-2.0 predicted peak fuel centerline temperature and peak VAFT were not 3 
significantly impacted (<0.5% difference) by a relatively large change in film coefficients.  As 4 
expected, the sensitivity of the predicted fuel temperature to clad-to-coolant heat transfer 5 
increases with the duration of the overpower scenario (i.e., 1-second versus 5-second ramp). 6 
Given that the applicability of PRIME transient is limited to fast AOOs (relative to the fuel 7 
thermal time constant), the choice of clad-to-coolant heat transfer coefficient will not have a 8 
significant impact on the TOP/MOP calculations.  Nevertheless, the staff’s concerns regarding 9 
the undefined selection options remained. 10 
 11 
During an audit (Ref. 4), the GNF and NRC staff discussed the alternate use of direct user input 12 
correlations or direct user input cladding surface temperatures.  While these options are useful 13 
for simulating experiments or investigating issues, it was decided that PRIME transients 14 
licensing calculations should only use the Jens-Lottes correlation, consistent with PRIME 15 
steady-state.  Limitation and Condition #4 describes this limitation. 16 
 17 
The sequence of calculations performed for analysis of a single power or time increment is 18 
shown in Figure 3-1 of NEDC-33840P.  First, the gas composition within the fuel rod is 19 
determined considering the initial fill gas and any fission gases released from the fuel during its 20 
irradiation history up to the present increment.  In contrast, Section 3.7 of NEDC-33840P 21 
describes a user input option to specify the FGR at each time step.  During an audit (Ref. 4), the 22 
GNF and NRC staff discussed the methodology for defining the initial gas gap composition at 23 
the start of the transient and any FGR during the transient.  GNF stated that PRIME steady-24 
state fission gas release predictions, based upon approved methodology including intermediate 25 
axial power sweeps, are input into a PRIME transient analysis at the start of the fast AOO 26 
simulation.  This approach results in a conservatively large concentration of fission gas in the 27 
plenum and a reduction in gap gas conductivity.  During the fast AOO, the PRIME FGR model is 28 
turned off and hence will not predict any transient FGR. This is consistent with the 29 
FRAPTRAN-2.0 model which also does not predict transient FGR and receives initial conditions 30 
from FRAPCON steady-state predictions.  Based upon the short time duration (for diffusion 31 
based FGR), relative low energy deposition (relative to a Control Rod Drop Accident), and 32 
consistency with FRAPTRAN-2.0, the staff finds the treatment of gas gap composition and FGR 33 
acceptable for PRIME transients. 34 
 35 
Next, the "axial nodes" loop is entered, wherein cladding temperatures are calculated from 36 
internally calculated cladding-to-coolant film coefficients (including the effects of input crud 37 
deposition and oxide formation on the cladding surface) and cladding thermal conductivity, or 38 
from user-specified values.  The staff recognizes that various options exist in PRIME transients 39 
for simulating in-pile experiments, calibrating models, or investigating in-reactor anomalies. 40 
However, as described above, several of these options are not acceptable for licensing 41 
calculations. 42 
 43 
Section 3.2.2 3 states that the defect recovery model [[                                          44 
                                                                                                 45 
                                                                                                 46 
                                                                                                 47 
                     ]]  The staff had a concern with the atypical option of crediting the defect 48 
recovery model during these short duration AOOs.  During an audit (Ref. 4), GNF and NRC staff 49 
discussed this option and when it may be exercised in the future.  We agreed that the use of the 50 

M170112 
Non-Proprietary Information - Class I (Public)

Enclosure 2 
Page 8 of 27



 
- 6 - 

 

 

defect recovery model was not justified and a new L&C was developed to preclude its use, 1 
therefore, see L&C #5. 2 
Section 3.2.3 of NEDC-33840P describes the fuel thermal conductivity model used in the 3 
PRIME transient analysis.  It states that these models are unchanged relative to PRIME steady 4 
state and includes the effects of burnup, gadolinia, and additives (i.e., doped fuel pellets).  5 
 6 
Sections 3.3 and 3.4 of NEDC-33840P describe the thermal, material, and mechanical models 7 
and properties used in PRIME transient.  These models and properties are all unchanged from 8 
PRIME steady-state. 9 
 10 
Section 3.5 of NEDC-33840P describes the high burnup models and properties used in PRIME 11 
transient.  These models and properties are all unchanged from PRIME steady-state. 12 
 13 
Section 3.6 of NEDC-33840P describes the mechanics model used in PRIME transient.  With 14 
the exception of changes in convergence criteria, the mechanics solution is unchanged from 15 
PRIME steady-state. 16 
 17 
Section 3.7 of NEDC-33840P describes the fission gas release model used in PRIME transient. 18 
The FGR model options are [[                                      ]]. 19 
 20 
Section 3.8 of NEDC-33840P describes the rod internal pressure calculation.  Part of this 21 
calculation includes a user defined plenum gas temperature. During an audit (Ref. 4), GNF and 22 
NRC staff discussed the methodology used to predict plenum gas temperature.  The 23 
methodology used to predict plenum gas temperature is unchanged from PRIME steady-state. 24 
 25 
One important item not described in Section 3 of NEDC-33840P is PRIME transient’s fuel 26 
specific heat (Cp) correlation.  Specific heat is an important material property which defines the 27 
relationship between temperature increase and energy addition and is usually expressed in the 28 
form shown below.  Note that this relationship does not apply if a phase change is predicted. 29 
 30 

Q = Cp* M * ∆T 31 
where: 32 

  Q  = energy (heat) added 33 
  Cp = specific heat 34 
  M = mass 35 
  ∆T = resulting change in temperature 36 

 37 
During an audit (Ref. 4), the GNF and NRC staff discussed the fuel specific heat correlation 38 
used in PRIME transient.  GNF provided a description of the fuel specific heat correlation which 39 
is captured in the audit report (Ref. 4).  A new L&C is included in this SE to require that the 40 
correlation description be added to the “-A” version of the final TR, therefore, see L&C #8. 41 
 42 
Figure 3.1-2 provides a comparison between PRIME transient and FRAPTRAN fuel specific 43 
heat correlations as a function of temperature and fuel composition.  PRIME transient uses the 44 
same correlation for UO2 and UO2-Gd2O3 fuel; whereas, FRAPTRAN has different coefficients 45 
for UO2 and UO2-Gd2O3 fuel.  Examination of Figure 3.1-2 reveals an almost identical specific 46 
heat correlation for UO2.  Use of the UO2 specific heat for UO2+-Gd2O3 fuel introduces a small 47 
temperature dependent bias (less than 1%).  Note that the PRIME specific heat is smaller than 48 
that of FRAPTRAN over most of the temperature range which, based on the equation above, 49 
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tends to increase ∆T for a given energy addition.  This is conservative for predicting peak fuel 1 
centerline temperature and cladding incremental strain. 2 
  3 
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Table 3.1-1:  Heat Transfer Coefficient Sensitivity Benchmark  1 

Case 
HTC Film 

Coefficient 
(Btu/hr-ft2) 

Modified 
HTC Film 

Coefficient 
(Btu/hr-ft2) 

HTC Peak 
Centerline 
Temp (F) 

Modified 
HTC Peak 
Centerline 
Temp (F) 

HTC Peak 
VAFT (F) 

Modified 
HTC 
Peak 

VAFT (F)

PRIME Transient 
1-sec 

benchmark 
13000 10000 3608 3608 2247 2252 

5-sec 
benchmark 

13000 10000 4695 4698 2804 2815 

FRAPTRAN-2.0 

1-sec 
benchmark 

13000 10000 3471 3473 2090 2095 

5-sec 
benchmark 

13000 10000 4517 4520 2722 2735 

 2 

 3 
  4 
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Figure 3.1-1:  FRAPTRAN Cladding Surface Heat Transfer Models 1 
(Source: Section 2.2.5 of Reference 5)2 

 3 
 4 
  5 
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3.2   Range of Applicability 1 
 2 
The ranges of applicability for key dimensional and performance parameters are provided in 3 
Table 3-1 of NEDC-33840P.  These ranges of applicability are the same as those in the 4 
approved steady-state PRIME LTR (Ref. 2) with the exception of cladding temperature for 5 
transient events.  Approval for the cladding temperature limit for transient events is included as 6 
part of the request for approval for application to these events. 7 
 8 
Range of Applicability for Cladding Average Temperature: 9 
 10 

[[                                  11 
 12 
                                                                                         13 
                   14 
 15 
                                                                                         16 
                                                                                         17 
                                                                                         18 
                                                                                      ]] 19 
 20 

During an audit (Ref. 4), the GNF and NRC staff discussed the bases for the fast AOO peak 21 
average cladding temperature limit of [[            ]].  GNF was initially planning on submitting 22 
additional information justifying the PRIME models [[                                             23 
                                ]]).  Upon further discussion, it was agreed that with the L&C #3 24 
precluding boiling transition, the [[               ]] was no longer necessary.  In other words, fuel 25 
rods which remain within nucleate boiling will not experience temperatures above [[              26 
                ]].  Both GNF and NRC staff reviewed their respective bounding 5-second ramp 27 
benchmark cases and confirmed that peak cladding average temperature [[                      28 
                ]].  29 
 30 
The staff’s safety evaluation includes a new L&C limiting cladding average temperature to less 31 
than [[           ]] for all AOOs.  To avoid future confusion, the safety evaluation will direct GNF 32 
to modify Table 3-1 in the “-A” published version of NEDENEDC-33840P to reflect this change.  33 
See L&C #6. 34 
 35 
3.3   Validation of Transient Temperature Solution 36 
 37 
Section 4 of NEDC-33840P describes the validation and qualification of the PRIME transient 38 
model.  The PRIME transient functionality shares most fuel and cladding thermal-mechanical 39 
behavioral models and material properties with the PRIME steady-state functionality previously 40 
reviewed and approved by the NRC.  Because fuel rod temperature calculations for transient 41 
events are not inherently different than for steady-state operation, provided that the fuel rod 42 
thermal time constant is correctly addressed, results of PRIME transient solutions for cases with 43 
long duration power changes and cases including fast power changes followed by constant 44 
power operation at the terminal powers are expected to be similar to results for the 45 
corresponding PRIME steady-state solutions, except immediately following the power changes, 46 
where the effect of the thermal time constant will result in lower temperatures.  47 
 48 
To demonstrate this assertion, GNF compared fuel and cladding temperature and cladding 49 
diametral strain predictions from PRIME transient against PRIME steady-state for a hypothetical 50 

M170112 
Non-Proprietary Information - Class I (Public)

Enclosure 2 
Page 14 of 27



 
- 12 - 

 

 

transient event.  The duration of the hold following the step change in power was sufficiently 1 
long relative to the fuel rod thermal time constant to achieve steady-state response.  Figure 4-3 2 
of NEDC-33840P illustrates the comparison of the two codes.  Examination of Figure 4-3 3 
reveals that [[                                                                                    4 
                                           ]].  5 
 6 
To provide further evidence of PRIME transient features, the staff decided to expand the 7 
transient versus steady-state qualification exercise and calculate the fuel thermal time constant 8 
at several exposure points.  The second set of audit benchmark calculations were designed to 9 
investigate the inherent, exposure-dependent fuel thermal time constant within the code’s fuel 10 
rod properties and fuel thermal temperature solution.  11 
 12 
The fuel rod thermal time constant describes the amount of time required for the fuel cladding 13 
temperature to undergo 63 percent of its total change resulting from a given change in fuel 14 
temperature following a core power change.  It is influenced by initial fuel dimensions 15 
(e.g., pellet diameter, fuel-to-cladding gap size) and properties (e.g., fuel conductivity, gap gas 16 
conductivity) and changes in these dimensions and properties with irradiation.  An Organization 17 
for Economic Cooperation and Development (OECD) Halden Reactor Project report 18 
(Reference 6) used measured fuel centerline temperature data following a reactor scram from 19 
dozens of experiments to develop a fuel thermal time constant model and investigate its 20 
sensitivity to various parameters.  The Halden report identified several competing effects with 21 
fuel rod exposure: 22 
 23 

 thermal time constant increases with decreasing fuel thermal conductivity, 24 
 thermal time constant increases with decreasing fuel-to-cladding gap gas conductivity 25 

(due to fission gas release), and 26 
 thermal time constant decreases with decreasing fuel-to-cladding gap size. 27 

 28 
As described above in Section 3.1, the predicted changes in cladding temperature and surface 29 
heat flux are not important for these fast AOO licensing calculations.  As such, this benchmark 30 
was designed to investigate the inherent, exposure-dependent fuel thermal time constant based 31 
on predicted changes in fuel centerline temperature.  For this benchmark, fuel thermal time 32 
constant is defined as the time required to achieve 63 percent of the steady-state fuel centerline 33 
temperature following a power change.  For a given transient temperature over-power scenario, 34 
this fuel thermal time constant is an important parameter in defining the rate at which fuel 35 
temperature increases.  A smaller thermal time constant means a more rapid temperature 36 
response.  A larger thermal time constant means a more lethargic temperature response. 37 
 38 
The audit benchmark cases included a GNF2 fuel rod exposed to a base depletion along the 39 
bounding TMOL with an instantaneous 50% power spike held for 50 seconds at 0.01, 14.6, 45, 40 
55, and [[      ]] GWd/MTU.  GNF staff used the PRIME steady-state and transient fuel 41 
centerline temperature predictions to calculate the inherent fuel thermal time constant at each 42 
exposure point.  The same approach was taken by NRC staff using the FRAPCON-4.0 and 43 
FRAPTRAN-2.0 codes.  These audit benchmark calculations are documented in the audit 44 
reports (Refs. 3 and 4). 45 
 46 
The results of all these benchmark cases are summarized in Table 3.3-1.  Examination of 47 
Table 3.3-1 reveals that PRIME transient’s inherent fuel thermal time constant is smaller than 48 
FRAPTRAN-2.0’s inherent fuel thermal time constant at each exposure level.  A smaller 49 
inherent fuel thermal time constant promotes a more rapid fuel temperature excursion which is 50 
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conservative with respect to calculating approach to fuel centerline melting and incremental 1 
cladding hoop strain. 2 
 3 

Table 3.3-1:  Fuel Thermal Time Constant Benchmark Calculations 4 
Exposure Point 

(GWd/MTU) 
PRIME03P 
(seconds) 

FRAPTRAN-2.0 
(seconds) 

0.01 6.0 6.9 
14.6 6.4 7.5 
45 6.3 8.1 
55 6.3 8.2 

[[      ]] 6.2 7.8 
 5 

To further validate the implementation of the transient temperature solution and confirm its 6 
capabilities, GNF compared PRIME steady-state and transient fuel temperature predictions 7 
against measured temperatures from two long-term irradiation programs at the Halden Reactor 8 
Project.  The power histories from [[                                                        ]] 9 
are shown in Figures 4.-4 and 4.-6 of NEDC-33840P.  The comparison of predicted to 10 
measured fuel temperatures following power ramps at several exposure points are shown in 11 
Figures 4.-5 and 4.-7 of NEDC-33840P.  Examination of these figures reveals [[                  12 
                                                                                                 13 
                                                                                                 14 
                                                                                                                                       15 
       ]]. 16 
 17 
Similarly, GNF compared PRIME steady-state and transient cladding strain predictions against 18 
[[                                                                                   ]].  The 19 
results of these comparisons are discussed in Section 4.1.2 and presented in Figures 4-8 20 
through 4-19 of NEDC-33840P.  [[                                                               21 
                                                                                                 22 
                                                                                                                                   23 
               ]] 24 
 25 
In Section 4.2.1 of NEDC-33840P, GNF compared PRIME transient fuel temperature 26 
predictions against the finite element analysis code ANSYS for a typical feedwater controller 27 
failure AOO.  As shown in Figure 4-20 of NEDC-33840P, there is good agreement between the 28 
two solutions. 29 
 30 
Section 4.3 of NEDC-33840P describes the validation and qualification database for PRIME 31 
transient.  As described in the TR, GNF compared PRIME transient cladding diametral and axial 32 
strain predictions against measurements from OPTRANs conducted in the OPTRAN test 33 
program and RIAs conducted in the NSRR (Japan) and CABRI (France) test programs.  34 
Figures 4-24 and 4-25 of NEDC-33840P show the comparison of PRIME predictions against the 35 
measured data from these test programs along with the original PRIME steady-state 36 
qualification database.  Examination of these figures reveals that [[                              37 
                                                                                                        38 
                     ]] 39 
 40 
To further validate the PRIME transient capabilities, the staff conducted independent benchmark 41 
calculations.  This third set of audit benchmark calculations were designed to compare changes 42 
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in time-dependent parameters for identical power ramps at several exposure points.  The 1 
benchmark cases included a GNF2 fuel rod exposed to a base depletion along the bounding 2 
TMOL with both a 1-second and 5-second duration power ramp up to 3 times the initial rod 3 
power at 0.01, 14.6, 45, 55, and [[     ]] GWd/MTU.  These benchmark calculations investigate 4 
the burnup dependence on the fuel response to a fast AOO with limited energy deposition 5 
(1-second ramp) versus a slower AOO with a much larger energy deposition (5-second ramp). 6 
The 5-second ramp case was chosen since it likely bounds the time duration of the boiling water 7 
reactor fast AOOs.  Hence, code-to-code differences in time-dependent and burnup-dependent 8 
parameters should be exaggerated for this bounding transient power profile. 9 
 10 
Overall, PRIME transient predictions of changes in fuel centerline temperature (∆TCL), changes 11 
in stored energy (∆Hfuel), and changes in cladding hoop strain (∆εhoop) were in reasonable 12 
agreement with FRAPTRAN-2.0.  Table 3.3-1 and 3.3-2 summarize the results of the 13 
benchmark calculations for the 1-second and 5-second ramp cases, respectively.  More detailed 14 
results from these benchmark calculations are available in the audit reports (Refs. 3 and 4). 15 
 16 
FigureFigures 3.3-1 and 3.3-2 illustrate PRIME and FRAPTRAN-2.0 predictions of ∆TCL and 17 
∆Hfuel during the 1-second and 5-second ramp cases at Beginning Of Life (BOL) (0 GWd/MTU).  18 
Trends in these important parameters are virtually identical between the two codes, indicating 19 
that the rate and magnitude of deposited energy and the transient temperature solutions are in 20 
good agreement.  For this BOL case, FRAPTRAN-2.0 predicts lightly higher ∆TCL and ∆Hfuel 21 
relative to PRIME.  However, the PRIME predicted incremental plastic strain is larger.  This 22 
result suggests that the PRIME03P fuel thermal swelling model and resulting cladding strain are 23 
conservative relative to FRAPTRAN-2.0.  This is the same conclusion reached during the staff’s 24 
assessment of PRIME steady-state in Reference 2. 25 
 26 
Following the peak of the power ramp, differences in code predictions are observed mainly due 27 
to differences in post-ramp pellet-to-cladding gap size.  These differences will not impact the 28 
TOP/MOP licensing calculations which occur at approximately the peak power.  Note that 29 
PRIME is not approved to evaluate steady-state fuel rod performance following an AOO.  30 
Hence, post-ramp differences which may have a compounding influence on post-AOO, long-31 
term steady-state fuel performance are not important for this review. 32 
 33 
Figures 3.3-3 and 3.3-4 illustrate PRIME and FRAPTRAN-2.0 predictions of ∆TCL and ∆Hfuel 34 
during the 1-second and 5-second ramp cases at the knee of the TMOL (14 GWd/MTU).  35 
Trends in these important parameters are virtually identical between the two codes, indicating 36 
that the rate and magnitude of deposited energy and the transient temperature solutions are in 37 
good agreement.  For this case, PRIME predicts slightly higher ∆TCL and lower ∆Hfuel relative to 38 
FRAPTRAN-2.0.  These code-to-code differences are not significant and within the uncertainty 39 
of each code’s ability to predict these parameters.  As with the BOL case, PRIME predicts 40 
higher strain for the 5-second ramp case even though the predicted ∆Hfuel was lower relative to 41 
FRAPTRAN-2.0. 42 
 43 
Figures 3.3-5 and 3.3-6 illustrate PRIME and FRAPTRAN-2.0 predictions of ∆TCL and ∆Hfuel 44 
during the 1-second and 5-second ramp cases at EOL ([[      ]] GWd/MTU).  For this case, the 45 
rate of energy deposition is similar; however PRIME predicts a larger magnitude in ∆TCL and 46 
∆Hfuel. Code-to-code differences which have accumulated over the lifetime of the rod make it 47 
difficult to produce the nearly identical results seen at lower exposures.  Nevertheless, PRIME 48 
predicts a larger ∆TCL, ∆Hfuel, and incremental cladding strain relative to FRAPTRAN-2.0 which 49 
is conservative for TOP/MOP licensing calculations. 50 
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 1 
As described in the audit report (Ref. 3), the staff reviewed the original PRIME transient 2 
validation cases documented in the PRIME software test report.  The results compare well with 3 
the validation cases documented in Section 4 of NEDC-33840P and provide further evidence of 4 
the codes capabilities. 5 
Based upon GNF’s validation of PRIME transient against PRIME steady-state predictions, 6 
ANSYS predictions, and data from multiple test programs and the staff’s independent 7 
benchmark calculations, the staff finds the PRIME transient model acceptable for performing 8 
licensing calculations for fuel centerline temperature and cladding diametral strain during fast 9 
AOOs.  Note that while the qualification included comparisons to cladding strain measurements 10 
from RIA test programs, GNF has not requested NRC approval for the application of PRIME 11 
transients for RIA scenarios (e.g., control rod drop). 12 
 13 

Table 3.3-2: 1-Second Power Ramp Benchmark Calculations 14 
Parameter PRIME03P FRAPTRAN Difference (%)

0 GWd/MTU 
∆TCL (°F) 401 410 -2.2 
∆Hfuel (cal/g) 12.45 12.6 -1.2 
∆Plastic Strain (in/in) 0.002 0.001 0.08 
14 GWd/MTU 
∆TCL (°F) 359 358 0.3 
∆Hfuel (cal/g) 12.39 12.5 -0.9 
∆Plastic Strain (in/in) 0.0002 0.0007 -0.05 
45 GWd/MTU 
∆TCL (°F) 258 247 4.4 
∆Hfuel (cal/g) 8.61 8.7 -1.0 
∆Plastic Strain (in/in) 0 0 0 
55 GWd/MTU 
∆TCL (°F) 220 201 8.6 
∆Hfuel (cal/g) 7.29 6.4 12.2 
∆Plastic Strain (in/in) 0 0 0 
[[      ]] GWd/MTU 
∆TCL (°F) 148 129 13.1 
∆Hfuel (cal/g) 4.95 4.74 4.2 
∆Plastic Strain (in/in) 0.01 0.00 1.0 

 15 
Table 3.3-3: 5-Second Power Ramp Benchmark Calculations 16 
Parameter PRIME03P FRAPTRAN Difference (%)

0 GWd/MTU 
∆TCL (°F) 1615 1620 -0.3 
∆Hfuel (cal/g) 42.48 43.05 -1.3 
∆Plastic Strain (in/in) 0.009 0.004 0.48 
14 GWd/MTU 
∆TCL (°F) 1454 1424 2.1 
∆Hfuel (cal/g) 41.71 43.7 -4.8 
∆Plastic Strain (in/in) 0.007 0.004 0.31 
45 GWd/MTU 
∆TCL (°F) 1134 1098 3.2 
∆Hfuel (cal/g) 30.23 30.4 -0.6 
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3.4   Application Methodology 1 
 2 
Section 5 of NEDC-33840P describes the application methodology for the PRIME transient 3 
features.  For slow AOOs (relative to fuel thermal time constant), the currently approved PRIME 4 
steady-state model, application methodology (Ref. 2), and resulting fuel-design specific 5 
allowable TOP and MOP screening criteria will continue to be used.  For fast AOOs (relative to 6 
fuel thermal time constant), three different analytical approaches are defined. 7 
 8 
As described in Section 5.2.1.1 of NEDC-33840P, the first transient application methodology 9 
involves performing a detailed PRIME transient analysis to predict the fuel temperature and 10 
cladding strain responses during the specified fast AOO(s) and comparing these results directly 11 
to fuel design-specific fuel temperature and cladding strain limits.  As described below, 12 
modelling uncertainties, operational uncertainties, and manufacturing tolerances are applied in 13 
the same manner as the approved PRIME steady-state application methodology.  14 
 15 
To demonstrate compliance to the fuel temperature criterion (no fuel melting), the transient 16 
analysis is performed statistically by applying the standard error propagation equation to the 17 
results of a PRIME transient best estimate (nominal) case and multiple single parameter 18 
perturbation analyses.  The specific statistical perturbations performed include the same 19 
modelling uncertainties, operational uncertainties, and manufacturing tolerances as the 20 
approved PRIME steady-state application methods (Ref. 2).  The upper 95 percent confidence 21 
value for the PRIME transient predicted fuel centerline temperature is then compared to the fuel 22 
design-specific fuel melting temperature, which accounts for both fuel additives (i.e., Gadolinia) 23 
and local fuel burnup effects. 24 
 25 
To demonstrate compliance to the cladding strain criterion, a worst-tolerance approach is used 26 
in which all manufacturing tolerances and operating parameters that affect calculated cladding 27 
strain are placed at their most limiting values.  The specific parameters perturbed in the worst 28 
direction include the same manufacturing tolerances and operational uncertainties as the 29 
approved PRIME steady-state application methods (Ref. 2).  The resulting worst-tolerance 30 
PRIME transient predicted incremental cladding strain is then compared to the fuel design-31 
specific cladding strain limit, which accounts for cladding alloy and corrosion related 32 
(e.g., hydrogen uptake) effects. 33 
 34 
Figure 5-5 of NEDC-33840P provides the power history for an example FWCF case with the 35 
PRIME transient application methodology.  The PRIME transient predicted nominal and upper 36 
95 percent confidence fuel centerline temperature and nominal and worst tolerance cladding 37 
strain are shown in Figure 5-6 of NEDC-33840P.  This figure illustrates the impact of applying 38 
uncertainties on the licensing calculations. 39 
 40 
Section 5.2.1.1 of NEDC-33840P states, “Nuclear codes and processes used to provide the 41 
power histories applied in PRIME transient analyses are separately approved and address other 42 
uncertainties, [[ 43 
 44 
               ]]”  The staff had concerns with the wording in this sentence which could be 45 
interpreted as allowing changes to the approved reload safety analysis models and methods 46 
(e.g., TRACG, ODYN).  During an audit, NRC and GNF staff discussed the application of 47 
uncertainties and overall conservatism of the nodal power histories provided by the nuclear 48 
codes.  GNF stated that the existing approved TRACG and ODYN methods, including the 49 
application of uncertainties, would be used to provide nodal power histories for PRIME transient 50 

M170112 
Non-Proprietary Information - Class I (Public)

Enclosure 2 
Page 23 of 27



 
- 21 - 

 

 

applications. The text in Section 5.2.1.1 was intended to address duplicate uncertainties. 1 
However, due to the difficulty in defining a consistent process to allow the requested flexibility, it 2 
was decided to modify the sentence and remove the confusing text.  Currently, GNF does not 3 
believe that duplicative uncertainties exists between the nuclear methods and PRIME transient 4 
licensing analyses.  Limitation and Condition #7 captures direction to remove this text. 5 
 6 
As described in Section 5.2.1.2 of NEDC-33840P, the second transient application methodology 7 
[[                                                                                                8 
                                                                                                 9 
                                                                                                 10 
                                                                                                 11 
                                                                                                 12 
                                                                                                 13 
                                                                                                 14 
                                                                                                 15 
                                                                                                 16 
                                                                                                 17 
                                                                                                                                              ]] 18 
 19 
During an audit, the NRC and GNF staff discussed the second application methodology and 20 
whether it could be demonstrated that this simplified approach is always inherently more 21 
conservative than the detailed PRIME transient calculations (Method #1).  GNF provided 22 
example calculations of transient and steady-state TOP and MOP values which proves the 23 
inherent conservatism of the simplified approach. 24 
 25 
As described in Section 5.2.2 of NEDC-33840P, the third transient application methodology 26 
involves [[                                                                  ]]  The staff had 27 
concerns with the degree of flexibility in the methodology description, [[                          28 
                                               ]].  As with Method #2, the staff wanted a 29 
demonstration that this [[               ]] approach is always inherently more conservative than 30 
the detailed PRIME transient calculations (Method #1).  During an audit, GNF provided sample 31 
TRACG calculations (similar to those described in NEDC-33840P) which illustrate [[             32 
                                                                                                 33 
                                                                                                 34 
                                      ]] 35 
 36 
Nevertheless, the staff still had lingering concerns that the [[                                     37 
                        ]], relative to a detailed PRIME transient analysis, may be impacted by 38 
future changes to (1) fuel rod design, (2) PRIME models, (3) uncertainties and tolerances, (4) 39 
transient nuclear codes, and (5) plant operations and fuel utilization (which impact the sequence 40 
of events and accident progression for fast AOOs).  To address this concern, a new L&C was 41 
developed and included in this SE which requires the periodic confirmation of [[                  42 
                     ]].  See L&C #2. 43 
 44 
 45 
  46 
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4.0   CONCLUSIONS 1 
 2 
As described in NEDC-33840P, GNF has developed and implemented a transient functionality 3 
into their previously approved PRIME fuel rod thermal-mechanical model.  NEDC-33840P 4 
covers application of PRIME to the analysis of fast transient AOOs (relative to the fuel thermal 5 
time constant) to determine compliance to SAFDLs for fuel temperature and cladding strain.  6 
The PRIME steady-state methodology will continue to be applied to slow transient AOOs.  7 
 8 
Based upon GNF’s validation of PRIME transient features against PRIME steady-state 9 
predictions, ANSYS predictions, and data from multiple test programs and the staff’s regulatory 10 
audits and independent FRAPCON-5.0 and FRAPTRAN-2.0 benchmark calculations, the NRC 11 
staff finds GNF’s PRIME transient fuel rod thermal-mechanical performance model and 12 
application methodology acceptable.  Licensees referencing these TRs will need to comply with 13 
the conditions listed in Section 5. 14 
 15 
5.0     LIMITATIONS AND CONDITIONS 16 
 17 
Licensees referencing the PRIME transient fuel rod thermal-mechanical performance model 18 
license TR (NEDC-33840P) must ensure compliance with the following conditions and 19 
limitations: 20 
 21 

1. Limitations and conditions documented within the staff’s safety evaluation for the steady-22 
state PRIME fuel rod thermal – mechanical model TRs (NEDC-33256P, NEDC-33257P, 23 
and NEDC-33258P) continue to be applicable with the exception of the following: 24 
 25 

a. Reporting requirements in L&C #4 are relaxed from every 5 years to every 26 
7 years. 27 
 28 

b. Periodic model validation requirement in L&C #4c expanded to include the 29 
effects of the augmented database on PRIME transient features. 30 
 31 

2. The conservatism of [[                                                           ]] 32 
described in Section 5.2.2 of NEDC-33840P must be periodically confirmed.  The overall 33 
conservatism of this [[                                 ]], relative to a detailed PRIME 34 
transient analysis, may be impacted by changes to (1) fuel rod design, (2) PRIME 35 
models, (3) uncertainties and tolerances, (4) transient nuclear codes, and (5) plant 36 
operations and fuel utilization which may impact the sequence of events and accident 37 
progression for the fast AOOs.  Results of the periodic confirmation should be added to 38 
the PRIME steady-state L&C #4 report, as augmented in L&C #1 above. 39 
 40 

3. The PRIME transient methodology is not applicable to fuel rods which are predicted to 41 
experience boiling transition. 42 
 43 

4. PRIME transient licensing calculations must use the Jens-Lottes heat transfer correlation 44 
consistent with PRIME steady-state. 45 
 46 

5. PRIME transient licensing calculations must disable the fuel defect recovery model. 47 
 48 

  49 
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6. The PRIME transient methodology is not applicable to fuel rods which are predicted to 1 
experience cladding average temperature above [[           ]], consistent with PRIME 2 
steady-state.  Modify “-A” version of NEDENEDC-33840P to revise Table 3-1 to remove 3 
discussion related to [[            ]] (e.g., revert back to PRIME steady-state defined 4 
limit). 5 
 6 

7. Modify “-A” version of NEDENEDC-33840P to revise the following text from Section 7 
5.2.1 as follows: 8 

 9 
Nuclear codes and processes used to provide the power histories applied in PRIME 10 
transient analyses are separately approved and address other uncertainties, [[        11 
                                                                                     12 
                                                                                     13 
                ]] 14 
 15 

8. Modify “-A” version of NEDENEDC-33840P to capture description of fuel specific heat 16 
correlation. 17 
 18 
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