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INTRODUCTION 

The 1990’s find criticality safety engineers being asked to provide cost effective solutions 
to fissile material storage and handling problems. This challenge will continue into the 
next century. Improvements in computer technology have increased computation 
accuracy. But in criticality safety, some parameters are difficult to quanti@. Reduced 
budgets and manpower make it difficult to accurately answer all questions without a well 
developed method for criticality calculations. This paper presents the Savannah River Site 
(SRS) method for evaluating fissile material configurations for criticality safety. 

BACKGROUND 

For many years SRS relied upon Hugh Clark to implement criticality methods, determine 
biases, and set margins for criticality evaluations. With the retirement of experienced 
criticality safety experts like Hugh Clark, and with changing requirements for safety at U. 
S. Department of Energy facilities, SRS has re-engineered its criticality safety evaluation 
process. A variety of new issues are appearing as decontamination, decommissioning and 
waste disposal activities are initiated. In addition, issues related to reactor spent fuel 
storage and stabilization of nuclear materials are being addressed. Criticality safety issues 
must be addressed for facility operating procedures as well as Safety Analysis Reports 
( S A W .  

PARAMETERS 

The variety of issues, as well as applications, has led to the use of three parameters for 
defining the criticality safety of a fissile material configuration at SRS. The three 
parameters are k,;t, kbe and ks,fe. kcfit is defined to be a best estimate of the calculated 
neutron multiplication which represents an exactly critical state. kfit is the value of the 
best fit of calculated hE values for a set of critical experimental benchmark data within an 
area of applicability. There are no uncertainties included, either experimental or statistical, 
nor is there any margin associated with this value. 

kbe is defined to be a best estimate of the uppermost calculated neutron multiplication for 
which a system is not expected to be critical. This value has been corrected for any bias 
and bias uncertainties, where bias uncertainty is the total statistical and experimental 
uncertainty. There is no margin associated with this value, so kbe is not “safely 
subcritical”. It is used to provide a slightly conservative best estimate of the value of ~GB 
which, if not exceeded, has some probability and confidence (typically 95%) of not being 
critical. 

Lfe is defined to be a conservative upper bound on reactivity for which a system can be 
said to be safely subcritical. This value has been corrected for any bias, bias uncertainty 
and has had margins applied to ensure subcriticality. Two margins are defined. The first 
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margin accounts for any extensions to the area of applicability (AOA) as determined 
during the code validation. The second margin, called the minimum subcritical margin 
(MSM), is an arbitrary margin to ensure subcriticality and is system dependent. 

The area of applicability consists of key physical parameters that define a particular fissile 
configuration. The AOA is described using a table similar to Table 1. The physical 
parameters may include material properties, geometry properties, and neutron energy. An 
area of applicability is defined for both the experiments used in bias determination and the 
system for which an analysis is being performed. 

If the area of applicability used in bias determination adequately encompasses the area of 
applicability for the system being analyzed, no margin for extension of area of applicability 
is required. If the area of applicability for the system being analyzed extends beyond the 
area of applicability for code bias and no additional experimental data can be found, then 
the analyst should include a margin. The analyst should evaluate the sensitivity of this 
extrapolation. Use of an independent codelcross section set to veri@ the extension is 
highly recommended. Determination of AOA margin incorporates engineering judgment 
and should utilize results from a sensitivity study. 

The minimum subcritical margin used to ensure subcriticality depends upon several items 
related to both code validation and the system being analyzed, including the following: 

Is the systedprocess simple (versus being complex)? 
Does the fissile material maintain its shape and composition during normal and credible 
abnormal events? 
Are the physics and chemistry of the systedprocess understood? 
Will credible physicaVchemica1 changes result in only small changes to system 
reactivity? 
Is there sufficient experimental data for the area of applicability? 
Has a thorough validation for the area of applicability, including determination of bias 
uncertainties, been performed? 

The minimum subcritical margin is not intended to be a margin for known credible events 
or uncertainties. For example, the minimum subcritical margin should not be used to 
justifL double batching is safe. Also, the minimum subcritical margin is not intended to 
account for known modeling inaccuracies. The validation effort should determine bias for 
the method being used, including modeling techniques. For example, bias should account 
for inaccuracies from homogenization of fuel regions, not minimum subcritical margin. 

The analyst must use engineering judgment when determining minimum subcritical margin. 
Questions, such as those listed above, are considered when making this determination. It 
is essential that the minimum subcritical margin be large enough so that reasonable 
changes to the system being analyzed would not lead to an unsafe condition. However if 
changes to the system result in only minor reactivity changes, a small minimum subcritical 
margin may be appropriate. 
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Table 1. Table of Area of Applicability for MTR Fuels 
Parameter 

Materials 
Fissionable 
Element 

Isotopic Composition 
Physical Form 
Concentration 
(maximum) 

I- 
Iregion) . 

Physical Form 
Ratio to Fissile Material 
(in fuel region) 

Temperature 
Scatterer (in fuel 
region) 

Isotopic Composition 
Element 

Reflector 
Element 

Physical Form r 

MTR Fuel SPERT-D Experiments 
Swcification 1-16 

'Uranium Uranium 

I 

u-235 93.5% lU-235 93.17% 
U - AI alloy plates 
34.2 g U-235 I plate 

I U - AI alloy plates 
11 3.93 g U-235 I plate 

51 4.25 g U-235 I 
assembly (15 plates) 
Number Density: 5.51 E- 
04 

306.469 u-235 i 
assembly (22 plates) 

Number Densitv I Number Dens'& 
Hydrogen: 4.45E-02 
Oxygen: 2.22E-02 

iydrogen: 3.68E-02 
3xygen: 1.84E-02 

I 

Solution I Solution 
HIU-235 = 80.7 I HIU-235 = 142 

homogenized) 

I 

293" K 1293" K 
AI AI 

AI I U-235 = 34.7 AI I U-235 = 38.4 
Metal IMetal 
293" K (room 1293" K (room 
temperature) temperature) 
AI AI 

Number Denstty = Number Density = 
6.03E-02 6.02E-02 

Metal Metal 

293" K (room 293" K (room 

~ Range of Applicability Validation Comment! 
1 of Experiments 
'Uranium Within Range 

93 ?: 10% U-235 
U - AI alloy plates 
306.46 g u- 
235/assembly of the SPERT D 

Within Range 
Within Range 
The fuel concentration 

experiments is lower 
than the MTR fuel. 
However, the differenw 
is not expected to affecl 
the validation results. 

Within Range 293 f 50" K 
H20 Within Range 

H Number Density 
Range: 
3.68E-02 f 5% 

The H number density 
for the MTR fuel is 21% 
outside the SPERT D 
range. However, the 
geometric similariiies 
and the close 
moderation ratios make 
this acceptable. 

The H/U-235 ratio for 
Solution Within Range 
HIU-235 Ratio: 142 f 
5% the MTR fuel is below 

the SPERT D range. 
This is acceptable 
because both 
moderation ratios are in 
the thermal cross 
section range. 

293 f 50" K Within Range 
AI Within Range 

I 
Number Density: 2.05E- Islightly below range for 
02 f 5% (extrapdation. 
AI I U-235 = 38.4 + 5% 
Solid Within Range 
293 f 50" K Within Range 

AI Within Range 

Scattering material Within Range 
same wlo as fuel 
specification 
Scattering material Within Range 
same physical form as 
fuel specification 
90 to 100 wlo Within Range 
2.0 to 3.4 glcm3 
293 f 50" K Within Range 
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Table 1. Table of Area of Applicability for MTR Fuels (cont.) 

Parameter MTR Fuel Specification SPERT-D Experiments 1- Range of Applicability of Validation Comments 
16 Experiments 

iterstitial Moderator H20 H20 H20 Within Range 
Element 
dopic Composition Number Density Number Density Interstitial Moderator same Within Range 

H = 6.67E-02 H = 6.67E-02 material as fuel 
0 3.34E-02 0 = 3.34E-02 specification 

.ef lector Concrete (reinforced) Plexiglas (bottom only) None Wlhin Range - concrete is 
Element not a material in the 

selected eqmriments. 
However, a significant 
thickness of water exists 
between the fuel and the 
concrete pool (10 cm) 
which will dominate the 
problem and minimize 
concrete reflection effects. 

,atopic Composition (w/o) Basin concrete El. W/o #Density N/A 
composition unknown H = 8.071 5.6902E-02 

C = 60.02 3.5512E-02 
0 = 32.3 1.4347E-02 

tensity about 2.3 glcm3 1.18 glcm3 N/A 

leometry 
Shape 

15 plate rhombic assembly 22 plate assembly is 
plate is 26.25 x 2.405 x 

Cord = 2.83 f 50% inches Slightly above range 
25.13 x 3 x 3 inches 

2.405 inches 
Cord = 4.41 

Fuel is contained in an 
aluminum square tube 
dissolver bundles, inch square) 

Cord = 2.83 inches 

eflection ! surrounded by water. 

Fuel is contained in an 
aluminum square tube (3 

ayering/Ordering aluminum to water 
lsurrounded by concrete 1 Plexiglas (on bottom only) 

aluminum to water to 

elative Material 
hickness 

Fuel is contained in an 
aluminum square tube (3 
inch square) 

Fuel assemblies are 
similar in design, except 
the MTR fuel is rhombic in 
shape. Considered within 
range. 
Layering does not model 
concrete reflection, 
however concrete 
validation not essential to 
basin facility. (See 
commenl above on 
concrete). 

aluminum to water to 
Plexiglas (on bottom only) 

AI Sideplate = 0.127 f 50% Aluminum side plate of 
inches MTR fuel within range. 
H20 = 0 to 9.56 inches Interstitial moderation of 

H20 within range 
(including upset 

AI Sideplate = 0.187 inches. 
inches 
H20 = 3.875 to 4.6 inches 

H20 = 0 to 6.37 inches 

I conditions).. 
umber of Units Array 1 unit wide; Various arrays and lThe various arrays of the I 

onclusion 

Rows are maximum 3.875 
inches wide; 
Groups of 3 assemblies 
separated by 3.875 inches 

the fuel and the relative 
spacing of the normal and 
upset conditions to be 
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Ifthe questions listed above can be answered affirmatively, and the analyst and technical 
reviewer are confident no open issues would adversely impact criticality safety, a margin 
as low as 0.02 can be used. An example of such a system is vault storage where the 
material is well known, abundant experimental data exist, the process is simple, and the 
material maintains its shape and composition. However if it is credible for moderating 
materia1 to be introduced into the vault and small increases in moderation significantly 
increase CE, then a larger margin is required. 

For processes which alter the physical or chemical form, a minimum subcritical margin of 
0.02 or slightly higher may be justified if the physics and chemistry are well understood, 
sufficient experimental data exist, and system changes result in only minor reactivity 
addition. 

Thoroughness of the validation effort is important. Did the validation utilize many 
experiments? Were the experiments used in validation from one laboratory or many? 
Were the experiments used in validation performed by one experimenter or many? The 
answers to questions such as these affect our confidence in the bias and bias uncertainty. 
A good example is provided by Figure 1. In this figure there are many data points below 
the H/Pu ratio of 1250. The experiments involved in this validation covered a broad 
spectrum of material contents, and were performed at multiple critical facilities. Therefore 
the use of a subcritical margin as low as 0.02 may be appropriate for WPU ratio less than 
1250. For Wpu values greater than 1250, the scarcity of data requires that a larger value 
of margin be used. Since the data vary by a substantial amount at the upper end of the 
curve, a margin of at least 0.035 may be appropriate. 

If no validation has been performed, or if the existing validation is felt to be inadequate 
and additional experimental data are not available, a minimum subcritical margin is 
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selected based on the fissile material configuration. For systems which involve low 
enriched he1 or reflectors/moderators which are shown to have little impact on b~, a 
minimum subcritical margin of 0.05 is used. If the system is shown to be highly dependent 
on the unknown (e.g., silicon as moderator), a larger minimum subcritical margin may be 
chosen. When there is a lack of validation information and sensitivity analysis can provide 
justification, a value of 0.05 is assigned for bias and uncertainty and 0.05 is assigned for 
minimum subcritical margin. 

APPLICATION 

The three parameters defined earlier, &,it, b e  and kafe, are used for distinctly different 
purposes. 

k,it is used when trying to determine if a static condition is critical. Examples would be 
the development of a criticality experiment, recovery fiom a limit violation, or the analysis 
of an as-is condition in the facility. The use of kcAt is not appropriate for ongoing 
operations or the development of limits. 

kbe is used to support Probabilistic Risk Assessment (PRA) analysis. The PR4 utilizes the 
results from comparisons of calculated k~ against b e  to determine the probability of 
criticality. The PRA results may become part of a S A R  Chapter 3 describing accident 
analysis findings. Typically be is equal to the single-sided lower confidence band, single- 
sided lower tolerance band, or lower tolerance limit as calculated using standard statistical 
methods. 

When comparing kbe to calculated values the calculated is adjusted to account for 
calculated uncertainties (o), such as Monte Carlo statistical uncertainty. This permits an 
appropriate confidence level to be assigned. For 20, this ensures that at least 95% of 
potentially critical configurations (kcale + 20 kbe) would be assigned a probability for 
criticality of 1 .O. 

kafe is appropriate for use when setting limits and determining safe configurations. The 
margin associated with ksafe is designed to ensure that if the adjusted k a l e  (e.g., LlC + 20) 
does not exceed ksafe the system will be subcritical. Implementation of ANSUANS 8.1 [ 11 
requires calculated k,S values for all normal and credible abnormal conditions to be less 
than kafe. 
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