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Background — The “Kopp Memo”

SFP burnup credit needs the reactivity of depleted fuel at cold rack conditions:
» Reactivity of fresh fuel at rack conditions determined from cold criticals

« NRC’'s 1998 “Kopp Memo” allowed applicants to compute the depletion
reactivity change and apply 5% of the decrement as the uncertainty

NRC wants justification and/or quantification of depletion reactivity uncertainty
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EPRI Project To Quantify Code Depletion Reactivity Bias and Uncertainty

1) Measure errors in lattice-computed fuel assembly reactivity at hot full power
2) Determine enrichment and burnable absorber trends in hot bias/uncertainty
3) Use regression analysis to determine burnup shape of hot bias/uncertainty
4) Use SCALE sensitivity/uncertainty to determine cold reactivity uncertainty
5) Evaluate “measured” lattice cold reactivity bias/uncertainty

6) Define 11 benchmark lattice’s for applicants to develop lattice code’s and
SFP tool’s depletion reactivity biases and uncertainties

WLS Fit of Depletion Reactivity Bias
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Step 1: Determining Reactivity Errors using PWR In-Core Detector Data
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PWR: Monthly Measured 23U Fission Rate Distributions
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Perturbing Sub-batch Lattice Reactivity to Find Best Measurement Fit

1) Compute r.m.s. difference (Calculated-Measured)
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Data Generation

4 Duke reactors over 44 cycles of operation
e > 600 flux maps and >8000 sub-batch reactivities
« > 10 million core calculations with CASMO-5 and SIMULATE-3 nodal codes

 No enrichment or burnable poison trends observed

Depletion Reactivity Bias vs. Burnup
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NRC Request: “Can you demonstrate that Step 1 inferred biases/uncertainties are not
influenced by the nodal code and reactivity perturbation techniques?”
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Homogenized Nodal Diffusion vs. Heterogeneous Discrete Transport

o 35-group fine-mesh lattice transport

» Assembly homogenized Data

e 2-Group nodal diffusion theory

* Assembly depletion of nuclides
Pin-power and detector reconstruction

» No Lattice calculation needed

» Lattice-detail model for every pin
o 35-group fine-mesh transport

* Pin depletion of nuclides

« Explicit detector model

T-H
Model

Shared
Channel
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Analysis Used BEAVRS Two-Cycle PWR Open Benchmark
(Rather than the Duke 44 Cycle Data)
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- Publically available measured reactor data
- Model starts in Cycle 1 (easier for people to get started with analysis)
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BEAVRS Full-Core Multi-group Transport Calculations with CASMO-5
CASMO-5 full-core transport in 35 energy groups — about 10 CPU hours per state-point

Reactivity bias/standard deviation using 3D SIMULATE-3 two-group nodal model reduced-
data is the same as with full-core 2D CASMO-5 35-group multigroup transport reduced-data.

TABLE | SIMULATE-3 (53) vs. CASMO-5 (C5): Reactivity Bias

Cyele J Burnup | Enrichment | Fuel Bateh | 53 Bias C5 Bias |53 Bias - C5 Bias

[5) (GWd/T) | (pem) | ([pem) {pcm)
1/B0OC 2.4 2.44 -215 -251 36
1/ Moc 2. 7.39 i 66 0 . . . .
A 1 = T s— Eliminates concerns about approximations
2/ BOC 2. .10 a0 L) =29 .
Siwoc |74 | oss | er | om sr—| needed for nodal core calculations:
2/ EOC 2.4 23.29 -197 -167 =30 . . .
1/80C 31 187 | &0 | 2@ 162 * Assembly lattice reflective boundary conditions
1/ MoC 31 5.53 0 4] 0 .
1/EoC 31 552 | ia 1a 0 * Assembly-homogenized, two-group nodal data
2 /BoC 31 15.43 432 255 177 . .
2/ moc 31 1909 | 160 72 83 » Diffusion theory (vs. transport theory)
2/E0C 31 2217 | 198 119 79 ) ] ] )
2/80C_ | 32/34 329 | 328 | 24 86 * Assembly-wise nodal depletion ( vs. pin-wise)
2/ Moc 32/3.4 6.81 54 1] -54 _ _ )

e L » Macroscopic depletion models (vs. nuclide)

o Detector reaction rate reconstruction

5.D. of Bias
Mean Bias L) 11

- SIMULATE-3 is not the source of any “fortuitous cancellation of error” in the
inference of sub-batch reactivities

- Little uncertainty comes from nodal method approximations.
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Nodal and Lattice Code/Library Independence of Results

Cycle | Enrichment | BEAVRS | PANTHER | Cycle Batch Min AR Ak Ak
Calendar | Calendar Burnup | Burnup [ RMS Batch PANTHER | Lattice

Day Day Burnup Data

%% GWd/itl | GW At | GWdtU | GWd/tl pcm pcm

1 24 187.0 186.7 217 2.40 228 -0.113 -23.8 -37.3
1 24 368.0 380.1 .ol 841 8.52 0.113 -37.3 -22.6
1 24 468.0 469.5 11.08 12.44 12.55 0.112 -54.0 -54.9
2 24 65.0 61.4 21 17.02 17.43 0.410 -272.5 -270.5
2 24 156.0 156.6 5.23 19.58 19.50 -0.083 56.4 56.0
2 24 266.0 718 0.36 23.04 22.05 -0.084 56.8 60.9
1 31 187.0 186.7 217 1.93 1.84 -0.085 42.7 38.6
1 31 368.0 380.1 T.51 6.49 6.32 -0.172 152.3 113.2
1 31 468.0 469.5 11.08 9.59 923 -0.263 183.7 175.9
2 31 65.0 61.4 211 14.22 13.78 -0.441 3474 319.1
2 4.1 156.0 156.6 5.23 17.61 17.29 -0.324 252.8 2423
2 4.1 266.0 2718 9.36 22.04 21.83 -0.213 161.4 159.4
2 3.2/3.4 65.0 61.4 211 2.25 257 0.325 -216.2 -2149
2 3.2/3.4 156.0 156.6 5.23 5.65 5.98 0.328 -257.T -264.6
2 3.2/3.4 266.0 2718 9.36 10.16 10.38 0.219 -174.3 -1734
1 34.182.4min 187.0 186.7 217 1.93 1.54 -0.085 42.7 38.6
1 3.1@2.4min 368.0 380.1 T.51 6.49 6.32 -0.172 152.3 113.2
1 3.1G62.4min 468.0 469.5 11.08 0.50 042 -0.175 122.6 1151

Table 3: PANTHER fuel batch reactivity uncertainty

PANTHER ‘ Lattice Data

2014 EPRI, ‘ 2014 EPRI,

CASMO-5 | SIMULATE-3
Ak mean (pem) 20.1 214 6.0 -27.0
Ak standard deviation (pem) 170.4 164.4 158.0 171.0

Table 2: Fuel batch reactivity uncertainty comparison

- WIMS(JEF-2.2)/PANTHER results similar to CASMO/SIMULATE results
- Cross section library and nodal code do not influence results.
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Testing Reactivity Perturbation Techniques

Ak::atCh _( Bbatch Bbatch) akmﬂl:nty
minimum RMS base GB
B
Burnup
TABLE |l Perturbation of Burnup vs. Fuel Temperature: Reactivity Bias
Cycle / Burnup | Enrichment | Fuel Batch | Burnup |Fuel Temp | Burnup - Fuel
%) [GWd/T) | Bias [pem) Bias  [Temp Bias {pem)
1/ BOC 2.4 2.44 -251 -182 59
1/ MocC 2.4 7.39 66 a0 24
1/EDC 2.4 12.62 =50 63 13
2 /BOC 24 18.10 119 -30 149
2/ MoC 2.4 20823 -230 -369 139
2 JEOC 24 23.29 -167 -302 135
1/BOC 31 1.7 222 198 24
1/ MoC 31 5.53 0 0 0
1/EOC 31 9.52 14 ] 14
2/ BOC 31 15.43 255 300 45
2/ moc 3.1 19.09 72 132 -0
2 fEOC 31 2217 119 65 54
2/ BOC 32/34 3.29 -242 -243 1
2/ MoC 32734 B.81 0 -5l Bl
9.85 0 <2 62

&.0. of Bias

Mean Bias

11

=26

batch )

base

batch batch
Akbatc - (Tm:;:ltfmum RMS

Fuel Temperature

Cycle 1: perturb 3.1% sub-batch with 2.4% at isolated min

——CASMO-5 216 GWd/T exposure perturbation

CASMO-5 6.49 GWd/T exposure  perturbation
~——CASMO-5 11.08 GWd/T exposure  perturbation
6 ——CASMO-5 2.16 GWd/T temperature perturbation
—CASMO-5 649 GWd/T temperature perturbation
——CASMO-5 11.08 GWA/T temperature perturbation

RMS Difference (%)

| | | | | | | |
—300 —600 —-400 —-200 0 200 400 600 800

Reactivity biases using burnup- and fuel-temperature-perturbed data are ~ the same.

Little uncertainty comes from the burnup perturbation technique.
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Remember: we are computing only 18 points out of 8000 in this study
(full core multi-group transport computer resource limitations)

Depletion Reactivity Bias vs. Burnup
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We have successfully demonstrated that:
- Multi-group transport and nodal method data reduction produce similar biases.
- Burnup and temperature perturbations of k-infinity produce similar biases.
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Current EPRI Project Status: Final 95/95 Uncertainty Refinements

WLS Fit of Cycle-Collapsed Reactivity Decrement Bias Normality Tests
1500 — T T T T T T T T T
Variable #1 (Reactivity Decrement Bias Residuals,

x Sample Size 270 Mean 8.82425|

Standard Deviation 225.28857 Median 0.
' Skewness 0.01589 Kurtosis 2.74747
Skewness (Fisher's) 0.01598 Kurtosis (Fisher's) -0.23471
Test Stati: p-level C i (5%)
Kolmogorov-Smirnov/Lilliefor Test 0.02319 0.97833 No evidence against normality
Shapiro-Wilk W 0.99461 0.45792 Accept Normality
D'Agostino Skewness 0.10939 0.91289 Accept Normality
D’Agostino Kurtosis -0.78382 0.43315 Accept Normality
D'Agostino Omnibus 0.62633 0.73113 Accept Normality
gram Reactivity D Bias
: 50.00

Reactivity Decrement Bias in pcm

0 z 40.00
o 30.00
5 2000
500 5 1000
Quadratic Fit to Data * 0.00
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o e e O i 600 500  -400  -300 200  -100 200 300 400 500
05% Prediction  Interval of Fit Reactivity Decrement Bias Residual (pcm)

1000 L L 1 1 i L L L L 1
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CASMO-5 Bias (pcm) 101 106 8o 22
Cold Tolerance Limit ~ (pcm) 348 537 654 752 831 888
CASMO-5 Bias (% of depletion) 058 o050 038 o023 o005 .

Cold Tolerance Limit (% of depletion) @ 266 233 212 195 @

1) Kopp Memo’s 5.0% uncertainty in burnup reactivity change is conservative.
2) Depletion reactivity 95/95 uncertainty is 3.1% at 10 GWd/T and 1.8% at 60 GWd/T.
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EPRI Benchmarks Are Published and Available for Applicants to
Establish Biases and Uncertainties for Their Specific SFP Analysis Tools
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NRC to soon issue an SER regarding applications of EPRI Benchmarks.
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This work was sponsored by EPRI and performed
by Studsvik Scandpower Inc. and MIT

Depletion Reactivity Bias vs. Burnup
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