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Criticality Safety Analysis Guidance
● TS-R-1, paragraph 673

Where the chemical or physical form, isotopic composition, mass or 

concentration, moderation ratio or density, or geometric configuration 

is not known, the assessments of paras 677–682 [refer to the 

assessment of an isolated, individual package and package arrays for 

normal and accident conditions] shall be performed 

assuming that each parameter that is not known has 

the value which gives the maximum neutron multiplication

consistent with the known conditions and parameters 

in these assessments.
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Overview
●Perturbation Methods

– Direct
– Analytical

●Applications
– Contents parameter selection

Burnable absorber rod distribution
– Validation evaluations
– Uncertainty analysis

Allowances
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Perturbation Theory Benefit
●Evaluate the relative worth of a parameter
●Determine the sensitivity of the keff with respect to 

changes in the system
●Results in simplified contents specification 

– Minimize potential, unnecessary restrictions that 
transport package requirements would impose on the 
fuel bundle design

– Simplify package approval document
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●Unknown parameter 
– varied and evaluated through complete calculation sets 

repeated

●Worth of variation determined by comparison

Direct Perturbation Method

nominal

nominal

k
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Analytical Perturbation Method
●Use of an analytical tool

– SCALE sensitivity and uncertainty (S/U) analysis tool 
TSUNAMI-3D

– Calculates adjoint-based first-order 
linear perturbation theory sensitivity 
coefficients

Sensitivity Coefficient

– Validated by central difference direct perturbation
ΣΔΣ

Δ
/
/ keffkeff
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Applications
●Criticality safety transport analyses

– Contents parameter selection
Burnable absorber rod distribution

– Validation evaluations

– Uncertainty analysis
Allowances
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Contents Parameter:
BWR Burnable Absorber (BA) Rods
●Background

– Burnable absorber rods within a BWR assembly 
are utilized to achieve desired core performance 
objectives

●Methodology
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Burnable Absorber Rod Evaluation
SCALE Models
– Each fuel rod 5.0 wt% enriched 

UO2 + 0.1 wt% Gd2O3

Minimizes flux alteration

– Each fuel rod material has a 
unique material identifier

Accounts for individual location effects

Sensitivity coefficients 
integrated over energy and 
region for 157Gd
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BA Rod Pattern Selection Example
Identify least 
worth locations

Symmetry rule
– Calculate average 

worth among 
pairs

Select pattern for 
criticality safety 
analyses

20 19 18 17 16 15 14 13 12 11
-------------
-

-------------
-

-------------
-

-------------
-

-------------
-

-------------
-

-------------
-

-------------
-

-------------
-

-------------
-

30 29 28 27 26 25 24 23 22 21
-------------
- -2.29E-03 -1.94E-03 -2.02E-03 -2.58E-03 -2.64E-03 -1.96E-03 -1.92E-03 -2.24E-03

-------------
-

40 39 38 37 36 35 34 33 32 31
-------------
- -1.89E-03 -1.66E-03 -1.85E-03 -2.80E-03 -2.77E-03 -1.89E-03 -1.61E-03 -1.94E-03

-------------
-

50 49 48 47 46 45 44 43 42 41
-------------
- -1.95E-03 -1.84E-03 -2.73E-03

-------------
-

-------------
- -2.78E-03 -1.82E-03 -1.97E-03

-------------
-

60 59 58 57 56 55 54 53 52 51
-------------
- -2.50E-03 -2.71E-03

-------------
-

-------------
- -2.73E-03 -2.64E-03

-------------
-

70 69 68 67 66 65 64 63 62 61
-------------
- -2.53E-03 -2.69E-03

-------------
-

-------------
- -2.78E-03 -2.62E-03

-------------
-

80 79 78 77 76 75 74 73 72 71
-------------
- -1.96E-03 -1.83E-03 -2.71E-03

-------------
-

-------------
- -2.72E-03 -1.77E-03 -1.94E-03

-------------
-

90 89 88 87 86 85 84 83 82 81
-------------
- -1.88E-03 -1.60E-03 -1.84E-03 -2.70E-03 -2.83E-03 -1.80E-03 -1.60E-03 -1.89E-03

-------------
-

100 99 98 97 96 95 94 93 92 91
-------------
- -2.30E-03 -1.86E-03 -1.93E-03 -2.51E-03 -2.57E-03 -1.98E-03 -1.92E-03 -2.23E-03

-------------
-

110 109 108 107 106 105 104 103 102 101
-------------
-

-------------
-

-------------
-

-------------
-

-------------
-

-------------
-

-------------
-

-------------
-

-------------
-

-------------
-

Least worth Highest  worth
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Validation of Analytic Perturbation

Case
Number 
Density 

Multiplier

Sensitivity 
Coefficient

Percent 
Difference

1 – nominal -0.190 ± 0.0003
Fuel Rod

±10% -0.192 ± 0.0004
1.4%

1 – nominal -0.115 ± 0.0013Infinite Bundle 
Array ±10% -0.128 ± 0.0012

10.7%

Central difference 
direct perturbation
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Uncertainty Allowance Assessment
● Two allowance categories

(1)Analytical perturbation uncertainty
Material and fabrication tolerances

(2) Direct perturbation uncertainty
Geometric or material representation
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●Reaction rate

●Sensitivity coefficient

● Tolerance correlation

 

Analytical Perturbation:
Material and Fabrication Tolerances

σφφ NR =Σ= σφρσφ Δ=Δ=Δ N
M
N

R A

 

ρρΔ
Δ

=
ΣΔΣ

Δ keffkeffkeffkeff

 

ρ
ρΔ

≡
Δ

−
V
V

Pellet 
diameter 
= 0.85 cm 
± 0.4% 
tolerance
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Analytical Perturbation: 
Total Material and Fabrication Uncertainty
●Uncertainty associated with region

●Simple summation

●Analytical perturbation uncertainty total
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Inner 
Container

Outer 
Container

Direct Perturbation:
Geometric or Material Representations

Direct difference between the nominal and 
perturbed case

Δku,direct = kperturbed – knominal

Example geometric representation: Δku,direct = 0.0029

knominal=1.1185 kperturbed=1.1214
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Total Uncertainty
● Total combined uncertainty
Δku = Δku,analytical + Δku,direct
(1) Analytical perturbation uncertainty

Δku,analytical

Material and fabrication tolerances
(2) Direct perturbation uncertainty

Δku,direct

Geometric or material representation
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Conclusions

●Use analytical perturbation method for evaluating 
BA rod position worth in a BWR lattice
– Valid method of optimizing the contents parameters

●Development of the uncertainty methodology 
shows relations between keff to nuclide density

Expanding the application of perturbation theory
• More efficiently define maximum keff
• Simplify contents specification 
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