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1. PURPOSE

The purpose of this engineering calculation is to document the benchmark range, over a variety
of parameters, for the validation of the criticality calculations supporting the Monitored Geologic
Repository (MGR). This engineering calculation accomplishes this by characterizing the
Laboratory Critical Experiments (LCE) and the Pressurized Water Reactor (PWR) Commercial
Reactor Criticals (CRC), and summarizing the significant parameters. This engineering
calculation supports the Disposal Criticality Analysis Methodology program. :
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2. METHOD

The calculation method used to characterize and document the benchmark range consisted of
extracting information from the reactivity calculations performed for the LCEs and CRCs
documented in References 7.8 through 7.11, 7.18, 7.19, and 7.22. This information included
neutron energies and weights. Other information was taken from the source documentation, as
noted in Section 5.
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3. ASSUMPTIONS

None Used.
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4. USE OF COMPUTER SOFTWARE AND MODELS
4.1 SOFTWARE APPROVED FOR QA WORK
None used.
42 SOFTWARE ROUTINE
4.2.1 Excel

Title: Excel
Version/Revision Number: Microsofi® Excel 97

The Excel spreadsheet program was used for simple numeric calculations as documented in
Section 5.3 of this calculation. The inputs, user-defined formulas, and results were documented
in sufficient detail, in Section 5.1, Section 5.3, and Section 6, respectively, to allow an
‘independent repetition of the various computations.

43 MODELS

None used.
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5. CALCULATION

This calculation uses information reported in the output files from the reactivity calculations, and
information retrieved from source documentation. The specific references are listed in the
“Location” column of Table 5.1-1 to characterize the critical configurations. Section 6 contains
these charactenzatlons

This calculation is based on source information teken from published reports and a handbook on
benchmark experiments. Most of the LCEs are taken from Reference 7.21, which is a standard
handbook, generally accepted by the scientific and engineering community. Reference 7.21 is
used in a number of license applications and validation reports through out the nuclear industry.
The data in this reference is therefore considered “Accepted Data™.

All of the CRCs and the remainder of the LCEs are taken from various industry and national
laboratory reports. Throughout the rest of this section, information regarding the CRCs and
LCEs specified in Table 5-1 should be considered to be verified (TBV) in that they are not
considered accepted data sources per the retroactive procedural requirement of AP-SIIL.2Q
initiated by the July 27, 1999 issuance of the DOE Letter, “Accepted Data Call”, from R.E.
Spence to J.L. Younker (Reference 7.12).

It should be noted that some of the experiments were not true critical configurations, but were
subcritical approaches extrapolated to critical. The number of digits in the velues cited herein
may be the results of a calculation or may reflect the input from another source; consequently,
the number of digits should not be interpreted as an indication of accuracy.
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“Table 5-1. TBV Experiments and Associated Tracking Numbers

Experiments TBYV Tracking Number

CORE2, CORE3, COREA4, CORES, CORES,
CORE7, CORES, CORE9, CORE10, COREL1I, TBV-1357
CORE12, COREI13, CORE14, CORE1S, CORE1S,
CORE17, CORE1S8, CORE19, CORE20, CORE21
UGD1, UGD2, UGD3, UGD4, UGDS, UGDS,
UGD7, UGDS, UGD9, UGD10, UGD12, UGD13, TBV-1358
UGD14, UGD1S, UGD16, UGD17, UGD18,
UGD19, UGD20
SSR83, SSR48, SSR70, SSR57, SSR27, SSR66,
SSR53, SSR74, SMR1, SMR9, SMRS, SMR11, TBV-1359
SMR12, SMR8
SUBC2P8H, SUBC3P1H, SUBC3P4H TBV-1360
EXP12, EXP13 TBV-1361
EXP1, EXP2, EXP3, EXP4 TBV-1362
EXPS, EXP6 TBV-1363
EXP7 TBV-1364
EXP8, EXP9, EXP10, EXP11 TBV-1365
EXP34, SPHU9A, SPHU9B, SPHUSC, SPHU9D, A
SPHU9E, SPHU9F, SPHU9G, SPHUSH, SPHU9I, TBV-1366
SPHU9J, SPHUSK, SPHUSL '
SUBC2P8H, SUBC3P1H, SUBC3P4H TBV-1367
EXP14, EXP15, SSR83, SSR48, SSR70, SSR57,
SSR27, SSR66, SSR53, SSR74, SMR1, SMRY, TBV-1 3 68
SMRS, SMR11, SMR12, SMRS, EXP22, EXP23,
EXP24, EXP25, EXP26, EXP27
TRI7, TRI18 o TBV-1369
LEUJAO1, LEUJA29, LEUJA33, LEUJA34,
LEUJA46, LEUJAS], LEUJAS4, LEUJA14, TBV-1370
LEUJA30, LEUJA32, LEUJA36, LEUJA49

001, 0 ) )
FETor) TR, P T movasm
All of the CRCs TBV-1349
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5.1 CALCULATION INPUTS

Table 5.1-1 contains a list of input information and the associated retrieval locations. Reference
7.21, the “International Handbook of Evaluated Criticality Safety Benchmark Experiments”,
contains numerable individual reports. For ease of referencing, Table 5.1-1 references the report
by name only. This will imply that the reference is Reference 7.21. The following table lists the
abbreviations used for these reports. The acronym is listed to the left of the “=" and the
document identifier used in Reference 7.21 is listed to the right. Also listed under each acronym
are the actual document identifiers that appear later in this engineering calculation, along with a
list of the associated experiments taken from the references.

Table 5.1-1. Reference 7.21 Acronyms

Reference

A i gt i R )
At e b 4o DR

S

.

HMF-8 HMFS$
HMF-11 HMF11
HMF-12 HMF12
HMF-13 HMF13
HMF-14 HMF14
HMF-15 HMFI15
HMF-18 HMFI18
HMF-19 HMF19
HMF-20 HMF20
HMF-21 HMF21
HMF-22 HMF22
IMF-1 IMF1-1, IMF1-2, , IMF1-3, IMF1-4
IMF-2 IMF2-1
IMF-3 IMF3-1
IMF-4 IMF4-1
IMF-5 IMF5-1
IMF-6 IMF6-1-
IMF-8 IMF8-1
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Table 5.1-1, Reference 7.21 Acronyms

Reference

Experiments

PST-1 PUSTIT1, PUSTlTZ PUSTlT3 PUST1T4 PUSTITS PUST1T6

PST-3 PU003-1, PU003-2, PU003-3, PU003-4, PU003-5, PU003-6, PU003-7,
PUO003-8 _

PST-4 PU004-1, PU004-2, PU004-3, PU004-4, PU004-5, PU004-6, PU004-7,
PU004-8, PU004-9, PU004-10, PU004-11, PU004-12, PU004-13

PST-5 PU005-1, PU00S-2, PU005-3, PU00S-4, PU005-5, PU005-6, PU0OS-7,
PUO00S-8, PUGOS-9

PST-7 PU007-2, PU0D7-3, PU007-5 PU007-6, PU007 -7 PU007-8, PU007-9,
PU007-10

PST-9 PUST9-1, PUSTS-2, PUST9-3

PST-10 PU10091, PU10092, PU10093, PU10111, PU10112, PU10113, PU10114,
PU10115, PU10116, PU10117, PU10121, PU10122, PU10123, PU10124

PST-11 PU11161, PU11162, PU11163, PU11164, PU11165, PU11181, PU11182,

PUl 1183, PUl 1 184 PU11185, PU11186 PUl 1 187
PMFZO
PMF22
PMF23
PMF24
PMF25
PMF26
PMF27
PMF28
PMF29
PMF-30 PMF30
PMF-31 PMF31
PMF-32 PMF32
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Table 5.1-1. Reference 7.21 Acronyms

Reference

Experimen

PNL3897, PNL3898, PNL3808, PNL3999, PNL5300

MST-2 PNL1158, PNL1159, PNL1161

MST-3 AWRE], AWRE2, AWRE3, AWRE4, AWRES, AWRE6, AWRE?,
AWRES, AWRES, AWRE10

MST-4 PNL1577, PNL1678, PNL1783, PNL1868, PNL1969, PNL2070, PNL2565,

PNL2666, PNL2767
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Table 5.1-2. Calculational Input Locations

Value Source Location
‘ Ref. 7.1, pp. 13-51

Concentration (Solution . Critical Configuration | Ref. 7.18, Attachment §
LCEs only) Descriptions Ref. 7.19, pp. 9-11

Ref. 7.21: LST-1,p. 18;

LST-3,p.6

Ref. 7.22,pp. 4,5
Density (Fast Metal LCEs Critical Configuration | Ref. 7.19, pp. 14, 18
only) Descﬁpﬁons Ref. 7.21: HMF-8, p. 14;

HMF-11, p. 14; HMF-12, p. 14;
HMF-13, p. 14; HMF-14, p. 12;
HMF-15, p. 9; HMF-24, p. 14;
IMF-1, p. 12; IMF-2, p. 3;

PMF-20, p. 11
Ref. 7.22,pp. 4,5
Ref. 7.21: HMF-18, p. 12;
Mass Critical Configuration HMF-19, p. 11; HMF-20, p. 12;
Descriptions HMF-21, p. 11; HMF-22, p. 12;

IMF-3, p. 12; IMF4, p. 11;
IMF-5, p. 11; IMF-6, p. 12;
IMF-8, p. 12, PMF-22, p. 11;
PMF-23, p. 11; PMF-24, p. 11;
PMF-25, p. 11; PMF-26, p. 11;
PMF-27,p. 12; PMF-28, p. 11;
PMF-29, p. 11; PMF-30, p. 11;
PMF-31, p. 11; PMF-32, p. 11

Ref. 7.21: HMF-8, p. 14;

- Radius Critical Configuration HMF-18, p. 12; HMF-19, p. 11;
Descriptions HMF-20, p. 12; HMF-21, p. 11;
HMF-22, p. 12; IMF-3, p. 12;
IMF-4, p. 11; IMF-5, p. 11;
IMF-6, p. 12; IMF-8, p. 12;
PMF-22, p. 11; PMF-23, p. 11;
PMF-24, p. 11; PMF-25, p. 11;
PMF-26, p. 11; PMF-27, p. 12;
PMF-28, p. 11; PMF-29, p. 11;
PMF-30, p. 11; PMF-31, p. 11;
PMF-32,p. 11 '
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Table 5.1-2. Calculational Input Locations

Value Source Location
Ref. 7.1, pp. 13-45
Enrichment (LCE:s only) Critical Configuration | Ref. 7.2, pp. 13-99
Descriptions Ref. 7.18, pp. 9, 11, 12, 16-19, 28,

31, 36, 41, 42, 46, 48, 53, 55
Ref. 7.19, pp. 8-16, 18
Ref. 7.21: PST-1, p. 13;
PST-3,pp. 1, 11;
PST-4,pp. 1,11;
PST-5,pp. 1, 11;
PST-7, p. 14; PST-9, p. 6;
PST-10,pp. 5, 8;
PST-11, pp. 8, 10;
MST-1, p. 13; MST-2,p.7;
MST-3, p. 4; MST+4, p. 10;
IMF-1, p. 12; ICT-1, p. 25;
PMF-20, p. 6; PMF-22, p. 6;
PMF-23, p. 6; PMF-24, p. 6;
PMF-25, p. 6; PMF-26, p. 6;
PMF-27, p. 6; PMF-28, pp. 5;
PMF-29, p. 5; PMF-30, p. 5;
PMF-31, p. 5; PMF-32,p. 5;
Ref.7.22,pp. 4, §

Ref. 7.2, pp. 13-102
Ref. 7.3, p. 26
Critical Configuration | Ref- 74, p. 22

Descriptions Ref. 7.5, p. 37
Ref. 7.6, p. 22

Ref. 7.18, pp. 10, 16, 24, 25, 27, 28,
42, end Attachment V

Ref. 7.19, p. 12

Ref. 7.21, HCT-7, p. 16

Fuel Pellet Diamctcf
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Table 5.1-2. Calculational Input Locations
Value Source Location
Ref. 72, pp. 13-102
: Ref. 7.3,p. 5
- Critical Configuration Ref. 74,p.6
Lattice Pitch Descriptions Ref. 7.5,p. 7
Ref. 7.6,p. 5
Ref. 7.18, pp. §, 16-19, 28, 29, 37,
41, and Attachment V
Ref. 7.19,p. 12
Ref. 7.21, HCT-4, p. 1; HCT-8, p. 1
Ref. 7.22, Attachments I, I, and V
Hydrogen to Fissile Isotope Critical Configuration | Ref. 7.18, pp. 12, 46, 49
Ratio (H/X) Descriptions Ref. 7.21,p.5
it Critical Configuration | Ref. 7.18, pp. 42, 43
Atom Densities " Descriptions Ref, 7.19, Attachment I
Ref. 7.21, Attachment V
- Ref. 7.18, pp. 69, 70, 72, 74, 75, 78,
Average Energy of Neutron Critical Configuration 79, 82, 85, 87, 89, 91, 93, 94, 97-
Causing F ission (where Descriptions 101, 103, 105 .
available) Ref. 7.19, pp. 28-32
Ref. 722, pp. 11-24
Average Energy of Neutron Summary Page Balance Sheet’ of:
Causing Fission (weighted MCNP Output g:g '71.8. Att. I‘g“’,
by the statistical weight of 139, ALV,
thc nemnS) ' Re£ 7.10, Att. IV
Ref. 7.11, Att. I
Summary Page Balance Sheet' of:
Average Weight of Neutron Ref. 7.8, Att. III-V
Causing Fission MCNP Output Ref. 7.9, Att. IV, V
Ref. 7.10, Att. IV
Ref. 7.11, Att. ITI
. . Ref. 7.3, pp. 30-40
CRC Batch Initial CRC Con.ﬁg_manon Ref. 7.4, pp. 25-27
Enrichments Descriptions Ref. 7.5, pp. 40-46
Ref. 7.6, pp. 25-29

1. The problem summary balance sheet is discussed in Reference 7.7, p. 5-40.
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Table 5.1-2. Calculational Input Locations

Value Source Location
_ Ref. 7.3, pp. 30-40
Number of Assemblies per CRC Configuration | Ref. 7.4, pp. 25-27
CRC Batch Descriptions Ref. 7.5, pp. 40-46
Ref. 7.6, pp. 25-29
. Ref. 7.3, pp. 62-258
CRC Axial Node Burnup CRC State Point | Ref. 7.4, pp. 37-59
Descriptions Ref. 7.5, pp. 60-99
Ref. 7.6, pp. 40-60
CRC State Po Ref. 7.3, p. 61
CRC Node Height wie Point | Ref. 7.4, p. 36
gh . Descriptions Ref. 7.5, p. 59
Ref. 7.6, p. 39
Ref. 7.3, p. 27
CRC State Point Effective CRC State Point Ref. 74,p.23 -
Full Power Days (EFPD) Descriptions Ref. 7.5, p. 38
Ref. 7.6, p. 23

52 DESCRIPTION

MCNP and the referenced documents do not report ll of the values for the parameters discussed
in Section 6. To determine these values, additional calculations are necessary. Table 5.2-1
contains a description of the parameters calculated. Section 5.3 lists the formulas used for the
additional calculations.
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Table 5.2-1. Description of Calculated Parameters

Parameter | Name Description

Lattice Rod Ratio P/D This is the ratio of the lattice pitch for the fuel
rods to the outer diameter of fuel in the rods.

Pitch (For P, This is the separation between two “rings” of

Cylindrical Pitch fuel elements in a cylindrical pitch. Itis

Lattices Only) calculated by subtracting the radius of the
inner ring from the radius of the outer ring.

Average Lattice | This is the average separation of the rings of &

Pitch (For cylindrical lattice. This is calculated by

Cylindrical Pitch dividing the sum of the pitches (P)) by the

Lattices Only) number of pitches (P).

Density p(x) This is the average density of element “x” in

the fuel regions given as grams per cubic
centimeter (g/cm®). This is calculated by
dividing the sum of the masses of element “x”
in the fuel regions by the sum of the volumes

of the fuel regions.
Density (for p(x) This is the average density of element “X" in
HMFB8) the fuel regions given as grams per cubic

centimeter (g/cm®). This is calculated by
dividing the sum of the product density of
clement “x” in the fuel regions and the volume
of the fuel region by the sum of the volumes of
the fuel regions.

Enrichment e(x) This is the average amount of isotope “x” in
the fuel regions given as a weight percentage
of the parent element. This is calculated by

dividing the average gram density of isotope
“x” by the total grem density of element “x”.
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Table 5.2-1. Description of Calculated Parameters

Parameter Name Description
Enrichment (For This is the average amount of isotope “x” in
ugd & fRfLCEs the fuel regions given as a weight percentage
Only) e(x) of the parent element. This is calculated by
dividing the sum of the product of each fuel
type enrichment for isotope “x” and the
number of rods each the fuel type by the total
number of fuel rods.
Enrichment (For This is the average amount of isotope “x” in
SUBC2P8H, the fuel regions given as a weight percentage
SUBC3PI1H, and e(x) of the parent element. This is calculated by
SUBC3P4H Only) dividing the sum of the product of the
earichment and the cross-sectional area for
cach fue] type by the sum of the cross-
sectional area for each fuel type.
Enrichment (For This is the average emount of isotope “x” in
Mixed Oxide the fuel regions given as a weight percentage
Lattice LCEs (x) of the parent element. This is calculated by
Only, except Fast dividing the product of the atom density and
Flux Test Facility the atomic mass of isotope “x” by the sum of
(FFTF)) the product of the atom deusity and the atomic
mass of all of the isotopes of element “y”.
Initial Enrichment This is the initial enrichment of the average
assembly for a given CRC cycle. Itis the
€,(x) emount of isotope “x” in the fuel region of the
average assembly given as & weight percentage
. of the parent element. This is calculated by
summing the product of the enrichments times
the number of fuel assemblies containing that
enrichment and dividing by the total number
of fuel essemblies. :
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Table 5.2-1. Description of Calculated Parameters

Parameter

Name

Description

State Point
Enrichment

ex)

This is the average core enrichment for a given
state point. It is the amount of isotope “x” in
the fuel regions given as & weight percentage
of the parent element. This is calculated by
summing the average enrichment for all of the
fuel rods in & core and diving by the total
number of fuel rods.

Average Energy of
a Neutron Causing

Fission

AENCF

This is a measure of the neutron fiux spectrum
of the system. It is calculated by dividing the
“weighted” average energy of & neutron
causing fission (from MCNP' output) by the
“weight” of the average neutron causing
fission (from MCNP' output).

This is a measure of the moderation of 2
system. It is calculated by dividing the atom
density of hydrogen in a fue] region by the
sum of the atom density of the fissile isotopes
(i.e., 2°U, ®Py, or ®*U) in the same fuel
region.

State Point Burnup
(Minimum and
Maximum)

These are assembly burnup values calculated
by dividing the sum of the product of the node
height, the fuel pellet outside diameter squared
and the node burnup by the sum of the product
of the node height and the fuel pellet outside
diameter squared

Core Average
Burnup

This is the average burnup over the entire core.
It is calculated by dividing the sum of the
product of the number of assemblies of a give
type and the burnup of that assembly type by
the total number of assemblies.

1. MCNP is a computer code used for calculating the reactivity of a system containing fissionable material.
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Table 5.2-1. Description of Calculated Parameters

Parameter Name Description
Average Pellet D, This is the average diameter of the fuel rods in
Diameter (For ugd g lattice. This is calculated by dividing the .
LCEs Only) sum of the product of the number of rods and
the fuel pellet diameter of a given fuel rod type
by the total number of fuel rods.

53 EQUATIONS FOR ADDITIONAL CALCULATIONS

The following sections discuss in more detail the calculation of the parameters listed in
Table 5.2-1.

Equation §3-1, Lattice Rod Ratio (Ratio)
PD=P/D

Variables:  P/D = Ratio of lattice rod pitch to diameter of fuel in the rod
P = Rod pitch in the lattice in cm
D = Diameter of fuel in the rod in cm

Equation §.3-2, Pitch (For Cylindrical Pitch Lattices Only)
F=R,-&

Variables: P, = Pitch between two rings of elements in cm

R, =Redius of the inner ring in cm
R, = Radius of the outer ring in cm
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Equation 5.3-3. Average Lattice Pitch (For Cylindrical Pitch Lattices Only)

2R
P = —’—-—
N
Variables: P = Average lattice pitch in cm
P, = Pitch between two rings of elements in cm
N = Number of pitches

Equation 5§3-4. Density

Zml (x)
T3 OR-IR)

px)=

Variables:  p(x) = Average gram density of element “x” in g/cm®
m,(x) = Mass of element “x” in the fuel region “i” givenin g
OR; = Outer radius of the fuel region “i” in cm
IR, = Inner radius of the fuel region “i” in cm

Equation 5§.3-S. Density (HMF8)
. 4 3 3
Zpl(x) <% (OR; -IR))

plx)=-—r7p 3
ngt (OR} - IR})
J

Variables:  p(x) = Average gram density of element “x” in g/cm’ :
pi(x) = Average gram density of element “x” in the fuel region “i” given in g/cm®
OR, = Outer radius of the fuel region “i” in cm
IR, = Inner radius of the fuel region “i” in cm
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Equation 5.3-6. Enrichment

p(x;)
Z P(x)

1 .
where “x;” are the isotopes of a single element “Y” (i.c., U or Pu)

e(xl) =

Variables:  e(x)) = Enrichment, isotopic abundance of isotope “x” in wt%
x; = Isotope (e.g., “*U, U, ®*U, **Pu, *Pu, etc.)
p(x) = Average gram density of isotope “x” in g/cm®

Equation §.3-7. Enrichment (For ugd and fftf L.CEs Only)

where “x,” are the isotopes of a single element “Y™ (i.e., U or Pu)

Variables:  e(x;) = Enrichment, isotopic ebundance of isotope “x” in wi%
x; = Isotope (e.g., U, 2°U, 22U, 2Py, *°Py, etc.)
ex(x) = Enrichment, isotopic abundance of isotope “x” in wt%, for fuel type “T”
Ny = Number of rods of fuel type “T”

Equation 53-8. Enrichment (For SUBC2P8H, SUBCSPIH, an;l SUBC3P4H Only)
Ze. (x,) (OD} -ID})

Z (ODk - ID: )
where “x,” are the isotopes of a single element “Y™ (i.e., U or Pu)

e(x;)=

Variables:  e(x)) = Enrichment, isotopic abundance of isotope “x” in wt%
e,(x) = Enrichment of isotope “x” in fuel type “k” in wi%
x; & Isotope (e.g., °U, U, 28U, Py, Py, etc.)
OD, = Outer diameter of fuel type “k” in cm®
ID, = Inner diameter of fuel type “k” in cm®
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Equation 5.3-9. Enrichment (For Mixed Oxide Lattice LCEs Only, Except for fftf)

_A(x) M(x,)
Z Alx;) M(x;)
i
where “x;” are the isotopes of a single element “Y” (i.e., U or Pu)

e(x;) =

Veriables:  e{x,) = Enrichment, isotopic abundance of isotope “x” in wt%
x, = Isotope (e.g., *U, #*U, U, Py, ¥Py, etc.)
A(x,) = Atom density of isotope “x” in atoms/barn.cm
M(x;) = Atomic mass of isotope “x” in g/mole (These values are taken from
Reference 7.20, pp. 975 and 976.)

Equation 5.3-10, Initial Enrichment (CRCs Only)

Zel(x) N,
(=T

Variables: e (x) = Initial enrichment of the fuel in the average fuel assembly in wt%
x & Isotope (e.g., 2°U, ®*U, U, 2*Py, **Puy, etc.)
¢,(x) = Enrichment of fuel in assembly “i” in wt% (assumes all assemblies in a
batch have the same initial enrichment)
. N; = Number of fuel assemblies containing fue] with enrichment e,(x)
N = Total number of fuel assemblies in the reactor

Equation 5§.3-11. Avérage Energy of a Neutron Causing Fission

AENCF = £

w

Variebles:  AENCF = Average energy of neutron causing fission in MeV
w = Weight of the average neutron causing fission
E = Weighted average energy of a neutron causing fission g/em®



Waste Package Operations Calculation

Title: Range of Neutronic Parameters Calculation File
Document Identifier: B00000000-01717-0210-00028 REV 01 Page 23 of 69

Equation §.3-12. H/X

AF,V
HiX=—e"Hf
S AFV

Variables:  H/X = Ratio of atoms of hydrogen to atoms of fissile isotopes in a given material
A = Atom density of the material in the fuel region
F,; = Atom fraction of hydrogen
F, = Atom fraction of fissile isotope “x”
x = Fissile isotope (e.g., ®*U, 2°U, *Puy, etc.)
V = Volume of the fuel region

Equation 5.3-13. State Point Burnup (Minimum and Maximum)
2H,D} B,

B _—li—-——
J H'D'z
I

Variables:  B;=Burnup value for assembly “j”
B; = Burnup value for node “i”
H, = Height of node “i”
D, = Outside diameter of the fuel pellet of node “i”

Equation 5.3-14. Core Average Burnup

2N, B,
B =-

LN,

J

Variables: B, = Core average burnup
B, = Burnup value for assembly “§”
N; = Number of assemblies of type “j” in the core

Equation 5.3-15. Average Pellet Diameter (For ngd LCEs Only)

ZN: D,
D, =-4

og Z N,
i
Variables: D, = Core average burnup
D, = Pellet diameter of a the fuel in fuel rod type 5"
N, = Number of fuel rods of type “i” in the lattice
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6. RESULTS

This section is divided into three subsections. These are: 6.1 Homogeneous Laboratory Critical
Experiments; 6.2 Lattice Laboratory Critical Experiments; and 6.3 Commercial Reactor
Critical Calculations.

The first two subsections show the characterizations of the individual Laboratory Critical
Experiment (LCE) calculations used as benchmarks for the repository critical analysis
methodology. The third subsection contains a summary table for the Commercial Reactor
Criticals (CRC).

Several of the references include experiments that are not included in this calculation file.
References 7.1 and 7.18 include redundant, but different, representations of several of the same
experiments. In these cases, only the most detailed representations are included in this
calculation file. Reference 7.19 includes several lattice experiments that ere simplified to
homogeneous cylinders. These were not included in this calculation file because they do not fit
into the current criticality methodology.

The AENCF values reported in the following tables are taken from the calculations using the
Waste Package Operations Selected Library set documented in Reference 7.23. Results using the
ENDF/B-V and ENDF/B-VI cross section libraries are also available for these experiments
(Reference 7.18, pp. 69-105; Reference 7.19, pp. 34-35; and Reference 7.22, pp. 11-24).

The experiments are separated in the following table by material type and flux spectrum. The
material types considered are:

Mixed Plutonium and Natural Uranium
Plutonium

High Enriched Uranium

Intermediate Enriched Uranium

Low Enriched Uranium

By

The flux spectrum categories, as defined for the purposes of this calculation file are:

¢ Thermal (AENCF £ 0.1 Mev)
e Intermediate (0.1 Mev < AENCF < 1.0 Mev)
¢ Fast (1.0 Mev S AENCF)

The number of digits for cited values does not necessarily indicate accuracy; it may reflect the
results of a calculation, values as reported in a reference, or be an artifact of conversion.
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6.1 HOMOGENEOUS LABORATORY CRITICAL EXPERIMENTS

Table 6.1-1. Mixed Plutonium and Natural Uranium Nitrate Solution Laboratory

Critical Experiment Characterizations (Thermal)

Concentration

Concentration | U (g/L) 2285 228.5 228.5 228.5 © 713
Pu(g/L) 101.3 1013 1013 1013 316

Enrichment U-235 (wt%) 0.72% 0.72% 0.72% 0.72% 0.72%
Pu-239 (wt%) 93.95% 93.95% $3.95% 93.95% 83.95%

Flux Spectrum | AENCF (MeV) 0.0313 0.0321 0.0318 0.0323 0.0106

713

422

713
Pu(g/L) L6 316 18.6 18.6 17.5
Enrichment | U-235 (wt%) 0.72% 0.72% 0.72% 0.72% 0.12%
Pu-239 (wt%) 9395% | 9395% | 9395% | 9395% | 9395%
Flux Spectrum | AENCF (MeV) 0.0105
H/X 830
Concentration | U (g/L) 111
Pu(g/L) 118
Enrichment | U-235 (wt%) 0.N1%
Pu-239 (wt%) oL1o% | oniow | suiox | 9n12% | en12%
Flux Spectrum | AENCF (MeV) 0.0039 0.0038 | 0.0060 0.0596 0.0507
H/X 2374 2,405 2,263 135 134
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Table 6.1-1. Mixed Plutonfum and Natural Uranium Nitrate Solution Laboratory
Critical Experiment Characterizations (Thermal)

e
X,

BT EILN

.

,
ey it
ENTaEse Y

oLy "

Concentration

U (gL) 2629 | 1740 | 1747 | 1745 63.4
Pu (g/L) 1732 118.7 1190 1189 41.7
Enrichment | U-235 (wt%) 0.56% 0.56% 0.56% 0.56% 0.56%
Pu-239 (wt%) 91.12% 91..12% 91.12% 91.12% 91.12%
Flux Spcctrum AENCF (MCV) 0.0539 0.0342 0.0336 0.0374 0.0130
e R R
Concentration | U (2/L) 637 66 | 3652 | 37 | 3637
Pu (g/L) 419 41.8 1022 103.4 103.4
Enrichment | U-235 (wt%) 0.56% 0.56% 0.70% 0.70% 0.70%
Pu-239 (wt%) 81.12% 91.12% 91.12% 91.12% 91.12%
Flux Spectrum | AENCF (MeV) 0.0116 0.0120 0.0416 0.0408 0.0439
H/X 651 €52 227 223 218

3796 65 161.7 3.8
Pu (g/L) 107.9 108.3 195.6 471 110.1

Enrichment | U-235 (wt%) 0.70% 0.70% 229% 0.70% 229%
Pu-239 (wt%) or12% | or12% | orsm | snizn | snsme

Flux Spectrum | AENCF (MeV) 0.0461 00448 | 00397 | 0.0206 0.0236
H/X 213 212 125 551 241
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Table 6.1-1. Mixed Plutonium and Natural Uranium Nitrate Solution Laboratory
Critical Experiment Characterizations (Thermal)

o T | T

Concentration | U (g/L)

Enrichment | U-235 (wt%)
Pu-239 (Wt%)

Flux Spectrum | AENCF (McV)
H/X
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Table 6.1-2. Plutonium Nitrate Solution Laboratory Critical
Experiment Characterizations (Thermal)

Concentration

| Concentration | Pu (g/L) 44.1 360 36.8 263 263
Enrichment Pu-239 (wt%) 96.88% 96.88% 96.88% 99.46% 99.46%
Flux Spectrum | AENCF (MeV) 0.0085 0.0068 0.0070 0.0052 0.0054

Concentration

Enrichment | Pu-239 (wt%) 9688% | 9683% | 96.88% | 9688% | 96.88%
Flux Spectrum | AENCF (McV) 60062 | 00062 | 00072 | 0.0081 0.0059

HX 869 805 689 592 893
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Concentration

Table 6.1-2. Plutonium Nitrate Solution Laborstory Critical

ERhLGANRG

Experiment Characterizations (Therma

Pu (g/L) 293 30.5
Enrichment Pu-239 (wt%) 96.57% 95.95% 95.95% 95.95% 95.95%
Flux Spectrum } AENCF (MeV) 0.0058 0.0057 0.0059 0.0062 0.0066

Enrichment Pu-239 (wtt%) 95.95% 95.95% 95.95% 95.60% 95.60%
Flux Spectrum | AENCF (McV) 0.0072 0.0077 0.0084 0.0059 0.0063
H/X 694 633 581 869 825
Concentration | Pu (g/L) 2320 21.0 100.2 101.5° 1001 |
Enrichment Pu-239 (wt%) 95.01% 95.01% 95.01% 95.01% 95.01%
Flux Spectrum | AENCF (MeV) 0.0402 0.0393 0.0176 0.0180 0.0178

Pu-239 (W%)

95.01%

AENCF (MeV)

0.0182

G RN

it O [ oy N | S accogeiy LN
Fﬁ%"f"'. Mo pois ..afs:.' AR H s nendest ¥

Pu(gl
Enrichment | Pu-239 (wt%) o7.15% | 91.15% | e715% | 9nisn | sr.1s%
Flux Spectrum | AENCF (MeV) 00099 | o010 | 00087 | oocoss | 00079
H/X 434 438 558 558 606
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Table 6.1-2. Plutonium Nitrate Solution Laboratory Critical

Enrichment Pu-239 (wi%) 97.15% 97.10% 57.10% 97.10% $7.10%
Flux Spectrum | AENCF (MeV) 0.0076 0.0111 0.0088 0.0050 0.0078
Concentration | Pu(g/L) 36.5 31.1 350 362 38.1
Enrichment Pu-239 (wt%) 97.10% $7.10% 95.83% 95.83% 95.83%
Flux Spectrum | AENCF (MeV) 0.0069 0.0061 0.0074 0.0078 0.0083
HX 728 765 €91

Pu-239 (wi%)

95.01%

AENCF (MeV)

0.0125

n

Concentration | Pu (g/L) 96.0 119.0 1320 1400 268.7

Enrichment | Pu-239 (wt%) 9501% | 9501% | 9501% | 9501% | s5.01%

Flux Spectrum | AENCF (MeV) 0.0170 0.0216 0.0240 0.0248 0.0481
H/X 7] 216 190 180 sl
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Table 6.1-2. Plutonium Nitrate Solution Laboratory Critical
(Thermal)

Concentration
Enricliment Pu-239 (wt%) 97.39% 97.39%

Flux Spectrum | AENCF (MeV) 0.0026 0.0027
H/X 2,648 2,718

Table 6.1-3. Plutonium Metal Laboratory Critical
Experiment Characterizations (Fast

Density p (g/cm®) 153 155 155 189 19.0

Enrichment Pu-239 (Wt‘%) 98.2% 89.7% 89.7% 88.6% 88.9%
Flux Spectrum | AENCF (MeV) 17318 | 14768 | 1766 | 15188 | 18182
Density p (g/em®) 189 189 . e e
Enrichment | Pu-239 (wt%) s85% | ss9% | %

Flux Spectrum | AENCF (MeV) 1.6059 1.8192 e = ,_’
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Table 6.1-4. High Enriched Uranium Nitrate Solution Laboratory Critical
' Experiment Characterizations (Thermal)

Concentration

k2t

3527 54.9

U(g/L, 1457 1428
Enrichment U-235 (wt%) 93.17% 93.17% 93.17% 93.17% 93.17%
Flux Spectrum | AENCF (MeV) 0.0158 0.0386 0.0155 0.0405 0.0065

| Concentration
Enrichment U-235 (wt%) 93.2% 93.2% 93.2% 932% 89.04%
Flux Spectrum | AENCF (MeV) 0.0027 0.0031 0.0036 0.0038 0.0073
H/X 1375 1173
E5g : ‘
Concentration } U (g/L) 68.1 . 67.7 100.5 100.5 98.8
Enrichment U-235 (wt%) 89.04% 89.04% 89.04% £9.04% 89.04%
Flux Spectrum | AENCF (MeV) 0.0074 0.0079 0.0105 0.0101 0.0113
H/X 418 421 278 278 283
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Table 6.1-4. High Enriched Uranium Nitrate Solution Laboratory Critical

Ry
Concentration

Enrichment U-235 (wt%) 85.04%
Flux Spectrum | AENCF (MeV) 0.0160
HX 191
Concentration | U (g/L) 192
Enrichment | U-235 (wt%) 89.04%
Flux Spectrum | AENCF (MceV) 0.0199
H/X 133 133 133 137 141
Concentration | U (g/L) 192 192 186.2 300 300
Enrichment U-235 (wt%) 89.04% £9.04% 89.04% 89.04% 89.04%
Flux Spectrum | AENCF (MeV) 0.0221 0.0205 0.0222 0.0284 0.0315

Enrichment | U-235 (w1%) 89.04% 89.04% £9.04% 89.04% 89.04%
Flux Spectrum | AENCF (MeV) 0.0334 0.0309 0.0426 0.0352 0.0415
HX 92 91 5s 63 61
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Table 6.1-4. High Enriched Uranium Nitrate Solution Laboratory Critical

G RIs P i

o)

Experiment Characterizations (Thermal)

; me :
Concentration } U (g/L B 1444 1;44 3348
Enrichment | U-235 (wt%) 93.17% | 93.17% | 93.17%
Flux Spectrum | AENCF (MeV) 0.0155 0.0151 0.0359
184 184 74 74 184

——

? X : HESTE: LN A3
Concentration | U (g/L) 1444 3348 3348 59.7 59.7
Enrichment | U-235 (wt%) 93.17% | 93.17% | 93.17% | 93.17% | 93.17%
Flux Spectrum | AENCF (MeV) 0.0147 0.0366 0.0342 0.0071 0.0066
Concentration | U (g/L) 1444 1444 3348 3348 3453
Enrichment | U-235 (wt%) 93.17% | 93.17% | 93.17% | 93.17% | 93.17%
Flux Spectrum | AENCF (MeV) 0.0155 0.0144 0.0370 0.0336 0.0382

HX 184 184 74 " Y}

Enrichment U-235 (wt%) 93.17% 93.17% 93.17% 93.17%
Flux Spectrum | AENCF (MeV) 0.0357 0.0065 | 0.0065 0.0070 0.0072
HX n - 454 454 454 412

Concentration | U (g/L) 147.7 147.7 345.3 3453 83.5

Enrichment U-235 (wit%) 93.17% 83.17% 93.17% 93.17% 93.17%

Flux Spectrum | AENCF (MeV) 0.0159 0.0150 0.0384 0.0341 0.0086
H/X 180 180 71 7 325
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ﬁf'
TR
i

Table 6.1-4. High Enriched Uranium Nitrate Solution Laboratory Critical

Experiment Characterizations (Thermal)

TS G e P B
| Concentration U (gL, 360.4 83.5 359.6 359.6 359.6
Enrichment | U-235 (wi%) 93.17% | 93.17% | e3171% | e3am | 93.17%
Flux Spectrum | AENCF (MeV) 0.0351 0.0086 0.0352 0.0362 0.0357

Enﬁchmcnt U-235 (wt%) 93.17% 93.17% 93.17% 93.17% 93.17%
Flux Spectrum | AENCF (MeV) 0.0351 0.0084 0.0377 0.0084 0.0383
HX 67 358 68 358 67
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Table 6.1-4. High Enriched Uranium Nitrate Solution Laboratory Critical

Concentration | U (g/L)

80.7 603
Enrichment | U-235 (wi%) 93.17% | 93.47% | 93.17% | e3am% | 93am%
Flux Spectrum | AENCF (MeV) 00090 | 00067 | o0ooss | 00375 | 00064

Concentration | U (g/L)

2853 279.6 20.5 15.1

Enrichment | U-235 (wt%) 89.04% | 89.04% | 89.04% | 932% 93.2%
Flux Spectrum | AENCF (MeV) 00344 | 00318 | 00328 | 00027 | o0.0022
X ot 91 94 1272 1,835

Table 6.1-5. High Enriched Uranium Metal Laboratory Critical

Enrichment | U-235 (wt%)

Flux Spectrum | AENCF

i

(MeV)

: 1 T

| - ! SN DT L A Pk T
Density p (g/em’) 185 184 184 180 186
Enrichment | U-235 (wi%) 90% %% 90% 90% 93.24%
Flux Spectrum | AENCF (MeV) 14333 1.4481 1.5039 12504 | 1.5979
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Table 6.1-6. Intermediste Enﬁched Uranium Laboratory Critical Experiment
Characterizations (Thermal)

29.83%

Flux Spectrum | AENCF (MeV) 00741 | 00455 0.0740
H/X é4 222 64
PHL i) e
Enrichment | U235 (Wi%) | 2983% | 2083% | 2983% | 2083% | 29.83%
Flux Spectrum AENCF (MCV) 0.0555 0.0603 0.0599 0.0570 0.0562
H/X 64 64 64 64 64

Table 6.1-7. Intermediate Enriched Uranium Laboratory Critical Experiment

Characterizations (Intermediate)

Bl

Enrichment | U-235 (Wt%) 2083% | 2083% | 2983% | 20.83% | 29.83%

Flux Spectrum | AENCF (MeV) o187 | o169 | o1s76 | 01573 0.1557

XDg dut 4 LI BT

Enrichment | U-235 (wt%) 2083% | 2043% | 2083% | 298% | 298%

Flux Spectrum | AENCF (MeV) 02084 | 01338 | oasss | 02133 0.1977
H/X g 16 g 4 8
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Table 6.1-7. Intermediate Enriched Uranium Laboratory Critical Experiment
Characterizations (Intermediate)

LB T e s

Enrichment

ST | BRI v aranrygy
3 AFLEC] 394

29.83%

29.83%
Flux Spectrum | AENCF (MeV) 0.1331 0.1583 0.1510
H/X 16 16 8 8

Table 6.1-8. Intermediate Enriched Uranium Metal Laboratory Critical

Experiment Characterizations (Fast)

ﬁﬂ f 5 4 23 ’ ; iga’
i S et oy
Density p (g/em®) 188 188 18.9 189 18.8
Enrichment | U-235 (wt%) 5538% | 53.53% | 3633% | 37.76% 16%

Enrichment | U-235 (wi%) 36% 36% 36% 36% 36%
Flux Spectrum | AENCF (MeV) 13526 1.3076 12872 12915 13639
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Concentration

Table 6.1-9. Low Enriched Uranium Laboratory Critical Experiment
Characterizations (Thermal)

Enrichment

Flux Spectrum

Concentration

Enrichment

Enrichment U-235 (wt%) % 10% 10% 10% 10%
Flux Spectrum | AENCF (MeV) 0.0523 0.0185 0.0165 0.0164 0.0160
H/X 454 770 878 897 913
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Table 6.1-9. Low Enriched Uranium Laboratory Critical Experiment
Characterizations (Thermal)

B e O e g R g B R e
Concentration | U (g/L) 2030 | 1970 1930 | 1710 168.0
Enrichment | U-235 (wi%) 10% 10% 10% 10% 10%
Flux Spectrum | AENCF (MeV) 0.0131 0.0130 0.0126 0.0115 0.0114 -

H/X 1,173 1213 1,240 1,412 1,438

Table 6.1-10. Low Enriched Uranium Laboratory Critical Experiment
Characterizations (Intermediate)

P SR AR
s BT
I 3 TR iy

| Solution (g/L)

1,998.0

22320

b R

U-235 (wt%)

1.01%

1.01%

Solution (g/L

R HHE i a el d o, S0
i HCRHTIO K
oo uiijr“",“’. ‘né‘

1,913.0

Enrichment | U-235 (wt%) 1.16%

Flux Spectrum | AENCF (MeV) 0.1661
HX 583

e TR TG ity E

Concentration | Solution (g/L) 1,778.0 1,790.0 1,842.0

Enrichment U-235 (wt%) 1.07% 1.07% 1.07%

Flux Spectrur | AENCF (MeV) 02511 0.1839 0.1651
344 533 653 318 476
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Table 6.1-

11, *°U Laboratory Critical Experiment Characterizations (Thermal)

TS

233

3 i : k

o

Concentration | U (g/L)

Enrichment | U-235 (wt%) 0.03%
U-233 (W\t%) 97.67%

Flux Spectrum | AENCF (MeV) 0.0030
HX 1,984

Concentration | U (g/L) 17.1 17.9 18.5 192 19.8

Enrichment U-235 (wt%) 0.04% 0.04% 0.04% 0.04% 0.04%
U-233 (wi%) 9970% | 97.70% | ¢770% | 97.70% | 97.70%

Flux Spectrum | AENCF (MeV) 00374 0.0039 0.0040 0.0043 0.0044
H/X 1471 1,419 1,369 1,325
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cterizations (Fast)

LA s g

Enrichment | U-235 (w1%) 003% | 000% | o000%
U-233 (wt%) 98.13% | 9820% | 9820%

Enrichment | U-235 (wt%) 0.00% 0.00% 0.00% 0.00% 0.03%
U-233 (wi%) 9820% '| 9820% | 9820% | 9820% | 98.13%
Flux Spectrum | AENCF (MeV) | 16119 15178 1.6195 1.5187 1.7740
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6.2 LATTICE LABORATORY CRITICAL EXPERIMENTS

Table 6.2-1. Mixed Oxide Fuel Pin Lattice Laboratory Critical Experiment

Rod Pitch (cm) 1.53 1.91 264
Fuel Diameter (cm) | 049 0.49 0.86
P/D Ratio 311 3.89 3.08
Enrichment | U-235 (wt%) on% | om% | om%
Pu-239 (wt%) 86.15% | 8615% | 90.61%
Flux Spectrum | AENCF (McV) 0.0819 0.0609 0.0790
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Table 6.2-2. Mixed Oxide Fuel Pin Lattice Laboratory Critical Experiment
Characterizations (Intermediate) '

Fuel Diameter (cm) | 128 128 128 | 128 128

P/D Ratio 139 139 1.72 172 1.96
Enrichment | U-235 (wi%) 0.71% 0.71% 0.71% 0% 0.71%

Pu-239 (wWi%) 9184% | 91.84% | o184% | 91.84% | 91.84%

Rod Pitch (cm) 2.52 1.60 126 0.77 0.95
Fuel Diameter (am) | 128 | 127 0.49 0.49 0.49
P/D Ratio 196 126 255 155 193
Enrichment | U-235 (wt%) onv% | om% | om% | onw | omn%
Pu-239 (wt%) 91.84% | 9184% | se1s% | 86.14% | 86.15%

Rod Pitch (cm) 097 142 201 142 187
Fuel Diameter (em) | 0.49 0.86 0.86 0.86 0.86
P/D Ratio 196 1.66 235 166 2.18
Enrichment | U-235 (wt%) 0.71% 0.71% 0.71% 0.71% 0.71%
Pu-239 (wt%) 86.15% | s061% | 90.61% | s061% | 90.61%

Flux Spectrum | AENCF (MeV) 0.1647 0.2015 0.1065 0.1938 0.1183

1. The values listed for exp34 are for the MOX rods only. The LCE also involved UQO, (4.31 wt% 2°U) rods (See
Reference 7.2, p. 102)..
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Table 6.2-2. Mixed Oxide Fuel Pin Lattice Laboratory Critical Experiment
Characterizations (Intermediate)

Rod Pitch (cm) . 142
Fuel Diameter (cm) 0.85 0.86 0.86 0.86 0.86
P/D Ratio 1.54 1.63 161 161 1.63

Enrichment | U-235 (wi%)
Pu-239 (wt%)

0.71% 0.71% 0.71% 0.71%
$0.61% 90.61% 90.61% 90.61%

0.1715 0.1919 0.2051 0.16713

Fuel Diameter (cm)

P/D Reatio 161 1.61
Enrichment U-235 (wt%) 0.71% 0.71%
Pu-239 (Wt%) %0.61% | 90.61%

Flux Spectrum | AENCF (MeV) 0.2048 0.2049

1. The values listed for smrl, smr$5, smr8, smr9, smrll, and smrl2 are for the MOX rods only, The LCE also
involved U0, (5.74 wt% 2*U) rods (See Reference 7.18, p. 41 and 42).
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Table 6.2-3. High Enriched Uranium Oxide Fuel Pin Lattice Laboratory Critical
Experiment Characterizations (Thermal)

Rod Pitch (cm) 122 122 147 1K 7] 1.98
Average Pellet 0.83 0.83 0.83 0.83 0.83
Diameter {cm)

P/DRatio * 147 147 1.77 2,07 238

Enrichment | U-235 (Avg. wi%) | 6240% | 6240% | 6240% | 6240% | 6240%

Rod Pitch (cm) 1.98 226 226 223 2.49

Average Pellet 0.83 0.83 083 0.83 0.83
Diameter (cm)
P/D Ratio 238 272 272 2.69 299

Enrichment | U-235 (Avg. wi%) | 6240% 6240% 62.40% 62.40% 62.40%

Rod Pitch (cm) 249 2.76 297 2.50' 2.58

&m‘gﬁ‘; 0.83 0.83 0.83 0.83 0.83

P/D Ratio 2.99 332 . 3.58 3.01' 3.11
Enrichment | U-235(Avg. wt%%) | 6240% | 6240% | e240% | 6240% | 6240%
Flux Spectrum | AENCF (MeV) 00285 | 00262 | o.0252 0.0284 0.0288

1. LCE hct114 bas a different horizontal pitch (1.544 cm) and vertical pitch (1.585 cm). The values reported for
Rod Pitch and P/D Ratio are averages.
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Table 6.2-3. High Enriched Uranium Oxide Fuel Pin Lattice Laboratory Critical

Rod Pitch (cm) 248 248 248 248 248
Average Pellet 0.83 0.83 0.83 0.83 0.83
Diameter (cm)

P/D Ratio 2.99 299 299 2.99 299

Enrichment | U235 (Avg. wt%) | 6240% | 6240% | 6240% | 6240% | 6240%
Flux Spectrum | AENCF (MeV) 0.0282 00286 | 00288 0.0296 0.0229

Rod Pitch (cm)

Average Pellet 0.83
Diameter (cm) )

P/D Ratio 299
Enrichment U-235 (Avg. wt%) | 6240%
Flux Spectrum | AENCF (MeV) 0.0277
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Table 6.2-4. High Enriched Uranium Oxide Fuel Pin Lattice Laboratory Critical
Experiment Characterizations (Intermediate)

Sl ente AT T TR SN R | B e
PitchType - | Cylindrical | Cylindrical | Cylindrical | Cylindrica! | Cylindrical
Rod Pitch (cm)' 3.51 3.51 3.1 3.51 3.51
m P(il:)‘ 1.70 1.70 1.70 170 1.70
P/D Ratio 2.07 2.07 2.07 2,07 2.07
Enrichment | U-235 (Avg. wt%) | 96% 96% 96% 96% 96%
Flux Spectrum | AENCF (MeV) 0242 | 02413 02381 02376 | 0237
1. These LCEs have & different inner zone and outer zone pitches. The values reported for Rod Pitch are

averages.

Table 6.2-5, High Enriched Uranium Oxide Fuel Plate Lattice Laboratory Critical
Experiment Characterizations (Thermal)

Plate Pitch (cm) 032 032 0.32 0.32 032
Average Fuel

0.05 0.05 0.0 0 '
Thickness, W (cm) 5 0.8 0.05
P/W Ratio 623 623 623 | 62 623

Enrichment | U-235 (Avg. wt%) | 93.17% 93.17% 93.17% 93.17% 93.17%
Flux Spectrum | AENCF (MeV) - 0.0147 0.0126 0.0117 0.0110 0.0105
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Table 6.2-5. High Enriched Uranium Oxide Fuel Plate Lattice Laboratory Critical
Experiment Characterizations (Thermal)

roy

Geometry Pitch Type Rectanguler | Rectangular gular | Rectanguler | Rectanguler

Rod Pitch (cm) 0.32 0.32 032 032 0.32

Average Fuel 0.05 0.05 0.05 0.05 0.05

Thickness, W (cm) ) ) ) ) )

P/W Ratio 623 623 623 623 623
Enrichment | U-235 (Avg. wi%) | 93.17% 93.17% | 93.17% 93.17% 93.17%
Flux Spectrum | AENCF (MeV) 0.0102 0.0097 0.0058 0.0099 0.0147
Geometry Pitch Type

Rod Pitch (cm) 0.32 032 0.32 0.32 032

Average Fuel

0.05 0.05 0.05 0.05 0.05

Thickness, W (cm)

P/W Ratio 623 623 623 623 623
Enrichment | U-235 (Avg. wt%) | 93.17% 93.17% | 93.17% 93.17% 93.17%
Flux Spectrum | AENCF (MeV) 0.0115 0.0101 0.0143 0.0106 0.01

Rod Pitch (cm) 032 032 032 032 032

Average Fuel

0.05 0. ! ! X

Thickness, W (ca) 05 0.05 0.05 0.05

P/W Ratio 623 623 623 623 623
Enrichment | U-235 (Avg. wt%) | 93.17% | 93.17% 93.17% | 93.17% 93.17%
Flux Spectrum | AENCF (MeV) 0.0120 0.0131 0.0140 0.0097 0.0114




Calculation

Waste Package Operations

Title: Range of Neutronic Parameters Calculation File
Document Identifier: B00000000-01717-0210-00028 REV 01

Page 50 of 69

Table 6.2-5. High Enriched Uranium Oxide Fuel Plate Lattice Laboratory Critical

T T
Sy [ ity

5%
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03

Experiment Characterizations (Thermal)

~s

o

P

Geomen Pitch Type Rectanguler. | Rectangalar | Rectanguler
Rod Pitch (cm) 0.32 0.32 0.32
,‘:‘m"ﬁ;“;} () 0.0 005 0.05
P/W Ratio 623 623 623

Enrichment | U-235 (Avg. wt%e) | 9317% | s93.17% | 93.07%

Flux Spectrum | AENCF (MeV) 00126 | 00133 | 00132
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Table 6.2-6. High Enriched Uranium Oxide One-Zone Cruciform Rod Lattice Laboratory

Critical Experiment Characterizations (Thermal)

A

Geometry Hexagona!
Rod Pitch (cm) 0.53 0.53 0.53
Equivalent Fuel 030 0.30 0.30 0.30 033
Diameter (cm)
P/D Ratio 175 175 175 175 1.57
Enrichment [ U-235 (wt%) 90% 0% 90% 90% 80%

Rod Pitch (cm) 0.56 1 2.11 1.06 - 2.1
Equivalent Fuel 0.33 033 0.33 0.33 0.33
Diameter (cm) _
P/D Ratio 1.70 3.03 640 321 642
Enrichment | U-235 (wt%) 80% 80% 80% 80% 80%
'0.0715 0.0231 00106 | 00340 0.0448

Rod Pitch (cm)

Flux Spectmm

Equivalent Fuel 0.33 033 033

Diameter (cm)

 P/D Ratio 12.83 1.60 1.60
Enrichment | U-235 (wt%) 80% 80% 80%

AENCF (MeV) 0.0486 0.0882 0.0919
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Table 6.2-7. High Enriched Uranium Oxide Two-Zone Cruciform Rod Lattice Laboratory
Critical Experiment Characterizations (Thermal)

WS ey T ; 3 , : T T
e e e e B
Geometry Pitch Type : Hexagonal | Hexagonal | Hexagonal | Hexagona! | Hexagonal
Inner Zone Rod 1.22 1.22 1.22 1.2 122
Pitch (cm)
Inner Zone 033 033 0.33 0.33 033
Equivalent Fuel
Diameter (cm)
Inner Zone P/D 3.70 3.70 3.70 3.70 3.70
Ratio
Outer Zone Rod 0.61 0.61 0.61 0.61 0.61
Pitch (cm)
Outer Zone 033 0.33 033 0.33 033
Equivalent Fuel
Diameter (cm)
Outer Zone P/D 1.85 1.85 1.85 5.56 5.56
Ratio
Enrichment U-235 (wi%) 80% 80% 80% . 80% 80%
Flux Spectrum AENCF (MeV) 0.0466 0.0417 0.0330 0.0262 0.0207

1. Reference 7.18 (p. 24) indicates that the “het3” LCEs use the same fuel rod design as the “het7” LCEs.

(Table Continued on Next Page)
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Table 6.2-7. High Enriched Ui'anium Oxide Two-Zone Cruciform Rod Lattice Laboratory
tical Experiment Characterizations (Thermal)

N, pe ' i TN oL R
i

Hexagonal | Hexagonal | Hexagonal | Hexagonal | Hexagonal
Inner Zone Rod 0.61 0.61 0.61 0.61 0.61
Pitch (cm)
Inner Zone 0.33 0.33 0.33 0.33 0.33
Equivalent Fuel
Diameter (cm)
Inner Zone P/D 1.85 1.85 1.85 1.85 1.85
Ratio
Outer Zone Rod 122 122 122 1.22 122
Pitch (cm)
Outer Zone 0.33 0.33 0.33 '0.33 0.33
Equivalent Fuel
Diameter (cm)
Outer Zone P/D 3.70 3.70 370 3.70 3.70
Ratio .
Enrichment | U-235 (W%) 80% 80% 80% 80% 80%
Flux Spectrum | AENCF (MeV) 0.0418 0.0345 0.0342 0.0265 0.0202

(Table Continued on Next Page)
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Table 6.2-7. High Enriched Uranium Oxide Two-Zone Cruciform Rod Lattice Laboratory
Critical Experiment Characterizations (Thermal)

T G g T B o e e
Geometry Pitch Type
Inner Zone Rod 0.61 1.83 1.83 0.61 0.61
Pitch (cm)
Inner Zone 033 0.33 0.33 0.33 033
Equivelent Fuel
Diameter (cm)
Inner Zone P/D 1.85 5.56 556 1.85 1.85
Ratio
Outer Zone Rod 1.2 0.61 0.61 1.83 1.83
Pitch (cm) :
Outer Zone 033 033 033 033 0.33
Equivalent Fuel
Diameter (cm)
Outer Zone P/D 370 1.85 1.85 5.56 . 556
, Ratio
Enrichment | U-235 (wt%) 80% 80% 80% 80% 80%
Flux Spectrum | AENCF (MeV) 0.0177 0.0263 0.0140 0.0305 0.0185

Table 6.2-8. Intermediate Enriched Uranium Oxide Fuel Pin Lattice Laboratory Critical
Experiment Characterizations (Thermal)

Geometry Pitch Type -

Rod Pitch (cm) n 4
Fuel Diameter (cm) 3.64! 3.64
P/D Ratio 1.10 1.10
Enrichment | U-235 (wt%) 20% 20%

Flux Spectrum | AENCF (MeV) 0.0236 0.0240
1. The TRIGA rods used in tri17 and tri18 include 2 0.635 cm diameter zirconium rod in the center of the fuel.
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Table 6.2-9, Low Enriched Uranium Oxide Fuel Pin Lattice Laboratory Critical
Experiment Characterizations (Thermal)

'é)eoméil'y l;{tch Type - Square
Rod Pitch (cm) 2.012
Fuel Diameter (cm) |  0.907
P/D Ratio 222
Enrichment U-235 (wt%) 5.74%
Flux Spectrum | AENCF (MeV) 0.0886

Table 6.2-10. Low Enriched Uranium Oxide Fuel Pin Lattice Laboratory Critical
Experiment Characterizations (Intermediate)

)

Geometry Pitch Type ' Square Square Square | Square Square
Rod Pitch (cm) 1.64 1.64 1.64 1.64 1.64
Fuel Diameter (ecm) 1.03 1.03 1.03 1.03 1.03
P/D Ratio 1.59 1.59 1.59 1.59 159

Enrichment U-235 (wt%) . 246% 246% 246% . 246% 2.45%

Rod Pitch (cm) 1.64 1.64 1.64 1.64 1.64

Fuel Diameter (cm) 1.03 1.03 1.03 1.03 1.03
P/D Ratio 159 . 1.59 1.59 1.59 1.59
Enrichment | U-235 (wt%) 2.46% 246% | 246% 2.46% 2.46%

Flux Spectrum | AENCF (MeV) 0.1596 01650 | 0.1553 0.1604 0.1789
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- Table 6.2-10. Low Enriched Uranium Qxide Fuel Pin Lattice Laboratory Critical
Experiment Characterizations (Intermediate)

R XpEL el
Geometry Pitch Type _s;m sq‘m' Square— Square Square
| Rod Pitch (cm) 1.64 1.64 1.64 1.64 1.64
Fuel Diameter (cm) |  1.03 1.03 1.03 1.03 1.03
P/D Ratio 1.59 1.59 159 1.59 1.59
Enrichment | U-235 (wt%) 246% 246% 2.46% 2.46% 2.46%

Flux Spectrum | AENCF (MeV) 0.1667 . 0.1808 0.1835 0.1695 0.1819

Rod Pitch (cm)

Fuel Diameter (em) | 1.03 1.03 1.03 1.03 112

P/D Ratio 1.59 1.59 1.59 1.59 182
Enrichment | U-235 (wt%) 2.46% 2.46% 246% 2.46% 235%

Geometry Pitch Type Square Square Square Square Square

Rod Pitch (cm) 2.03 2.03 2.03 1.89 1.89

Fuel Diameter (em) | 112 112 112 126 126

P/D Ratio 1.82 1.82 1.82 " 1.50 1.50
Enrichment | U-235 (wt%) 2.35% 2.35% 2.35% 4.31% 431%

Flux Spectrum | AENCF (MeV) 0.1247 0.1217 0.1200 0.2757 0.1766
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Table 6.2-10. Low Enriched Uranium Oxide Fuel Pin Lattice Laboratory Critical

Experiment Characterizations (Intermediate)

Geometry Pitch Type Square Square Squere Square Square
Rod Pitch (cm) 1.89 1.89 1.89 172 172
Fuel Diameter (cm) | 126 126 126 126 126
P/D Ratio 1.50 149 1.49 136 136

Enrichment | U-235 (wt%) 431% 431% 431% 431% 431%

Flux Spectrum | AENCF (MeV) 01784 | oam4 | 02217 02239 0.2664

Rod Pitch (cm) 1.89 1.89 1.53 221 142

Fuel Diameter (em) | 127 127 112 112 0.1

P/D Ratio 149 149 137 198 1.57
Enrichment | U-235 (Wi%)

Rod Pitch (cm)

Average Pellet

Dismeter (em) 1.03 1.03 1.03 1.03 1.03

P/D Ratio 1.59 1.59 1.59 1.59 1.59
Enrichment | U-235 (Avg. wt%) | 246% 246% 2.46% 246% 246%
Flux Spectrum | AENCF (McV) 02013 0.1983 0.1995 0.1995 0.1975
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Table 6.2-10. Low Enriched Uranium Oxide Fuel Pin Lattice Laboratory Critical
Experiment Characterizations (Intermediate)

| B

cometry Pitch Type “Square Square Square Square
Rod Pitch {(cm) 1.64 1.64 . 1.64 1.64
Average Pellet 1.03 1.03 1.03 103 1.03
Diameter (cm)
P/D Ratio 1.59 1.59 1.59 1.59 1.59
Enrichment U-235 (Avg. wi%) | 246% 246% 2.46% 246% 246%
Flux Spectrum { AENCF (McV) 0.1978 0.1968 0.1976 0.1987 0.2011
g Tl SAPELIIu
Geometry Pitch Type
Rod Pitch (cm) 1.64 1.64 1.64 1.64 1.64
Average Pellet 1.0 1.05 1.0 1.0 1.0
Diameter (cm)
P/D Ratio 1.56 1.56 1.56 1.56 1.56

Enrichment | U-235 (Avg. wi%) | 2.75% 2.75% 2.74% 2.74% 2.713%
: 0.2084 0.2042 0.2056 0.2065

Rod Pitch (cm) 1.64 1.64 1.64 1.64 2.03
Average Pellet
1.0 . . . )
jamerer (em) 5 1.05 1.05 1.05 L12
P/D Ratio 1.56 1.56 1.56 1.56 1.82

Enrichment | U-235 (Avg. wt%) | 2.73% 2.78% 2.771% 2.76% 235%
Flux Spectrum | AENCF (MeV) 02034 | o02085 | o2i01 02070 0.1229
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Table 6.2-10. Low Enriched Uranium Oxide Fuel Pin Lattice Laboratory Critical
Experiment Characterizations (Intermediate)

Wi it ¥,

#ed
105 e

Geometry Pitch Type sqw;

131Y

Square Squa.re

Rod Pitch (cm) 2.03 2.03 203 . 2.03 2.03
Average Pellet

h 1.12 112 112 112 112
Diameter (cm)
P/D Ratio 182 | 182 1.82 1.82 1.82

Enrichment | U-235 (Avg. wt%) | 235% 235% 2.35% 235% 2.35%
Flux Spectrum | AENCF (MeV) 0123 | oa20 | 0122 | 01206 | o221

Geometry PltCh TYPC Square Square | Hexagonal | Hexagonal | Hexagonal
Rod Pitch (cm) 2.03 2.03 .11 7.87 8.64
Average Pellet L12 L12 598 598 598
Diameter (cm)
P/D Ratio 1.82 1.82 1.19 132 1.44

Enrichment | U-235 (Avg. wi%) | 235% 235% 1.15% 1.15% 1.15%

Flux Spectnm AENCF (MeV) 0.1211 0.1209 0.4085 03417 0.3153

Average Pellet
Diameter (cm)

P/D Ratio 1.46 1.57
Enrichment | U-235 (Ave. wi%) | 574% | s74%

Flux Spectrum | AENCF (MeV) 0.1820 0.1557
Note: The fuel rods used in SUBC2P8H, SUBC3PIH, and SUBC3P4H were annular rods.
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6.3 COMMERCIAL REACTOR CRITICALS

Table 6.3-1. Commercial Reactor Criticals State Points

State Point Reactor Cycle Time °%;’gf’°mm‘-
1 Crystal River, Unit #3 1a 0.0
2 Crystal River, Unit #3 1b 268.8
3 Crystal River, Unit #3 b 411.0
4 Crystal River, Unit #3 2 0.0
5 Crystal River, Unit #3 3 0.0
6 Crystal River, Unit #3 3 168.5
7 Crystal River, Unit #3 3 250.0
8 Crystal River, Unit #3 4 0.0
9 Crystal River, Unit #3 4 228.1
10 Crystal River, Unit #3 4 253.0
11 Crystal River, Unit #3 5 0.0
12 Crystal River, Unit #3 5 388.5
13 Crystal River, Unit #3 6 0.0
14 Crystal River, Unit #3 6 96.0
15 Crystal River, Unit #3 6 400.0
16 Crystal River, Unit #3 7 0.0
17 Crystal River, Unit #3 7 260.3
18 Crystal River, Unit #3 7 291.0
19 Crystal River, Unit #3 7 319.0
20 Crystal River, Unit #3 7 4623
21 Crystal River, Unit #3 7 479.0
22 Crysta! River, Unit #3 8 0.0
23 Crystal River, Unit #3 8 97.6
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Table 6.3-1. Commercial Reactor Criticals State Points
State Point Reactor Cycle Time °%¥;§fnment
24 Crystal River, Unit #3 8 139.8
25 Crystal River, Unit #3 8 404.0
26 Crystal River, Unit #3 8 409.6
27 Crystal River, Unit #3 8 515.5
28 Crystal River, Unit #3 9 0.0
29 Crystal River, Unit #3 - 9 158.8
30 Crystal River, Unit #3 9 219.0
31 Crystal River, Unit #3 9 363.1
32 Crystal River, Unit #3 10 0.0
33 Crystal River, Unit #3 10 573.7
36 Sequoyah, Unit #2 1 0.0
37 Sequoyeh, Unit #2 3 0.0
38 Sequoysh, Unit #2 3 210.9
46 McGuire, Unit #1 1 0.0
47 McGuire, Unit #1 6 0.0
43 McGuire, Unit #1 6 62.4
49 McGuire, Unit #1 7 - 00
50 McGuire, Unit #1 7 129.0
51 McGuire, Unit #1 7 2823
59 Three Mile Island, Unit #1 1 0.0
60 Three Mile Island, Unit #1 5 0.0
61 Three Mile Island, Unit #1 5 1144

* Note: EFPD = Effective Full Power Days
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Table 6.3-2. Commercial Reactor Critxcals Fuel Characterizations

State Point Initial Enrichment Burnup (GW&/MTU)
wt% ®U) Minimum Maximum Core Average

1 2,445 0 0 0
2 2.446 4 11 8
3 2.446 7 16 12
4 2.670 0 17

s 2.693 0 20

6 2.693 3 25 13
7 2.693 4 28 15
8 2.648 0 18 7
9 2.648 6 25 14
10 2.648 7 26 15
11 - 2915 0 17 7
12 2918 9 28 19
13 3.210 0 2 12
14 3.210 3 25 15
15 3210 13 35 24
16 3.554 0 25 10
17 3.554 6 33 18
18 3.554 7 34 19
19 3.554 8 35 20
20 3.554 11 39 24
21 3.554 12 40 25 -
2 3.755 0 31 12
23 3.755 3 32 15
24 3.755 4 33 17
25 3.755 11 36 25
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Table 6.3-2. Commercial Reactor Criticals Fuel Characterizations

State Point | Initial Enrichment Bt_!mup (GWA/MTU)

' wt% **U) Minimum Maximum | Core Average
26 3.75§ 1 36 25
27 3.755 14 39 28
28 3.892 - 0 35 14
29 3892 5 37 19
30 : 3.892 ' 7 37 21
31 3.892 11 40 25
32 ' 4.015 0 35 15
33 4.015 18 49 33
36 2.535 0 0 0
37 3.427 0 27 11
38 3.427 7 34 19
46 : 2.602 - 0 0 0
47 3472 0 28 12
48 3472 2 31 14

49 3.618 0 27 1
50 3.618 4 32 16
51 3.618 9 38
59 2,633 0 0 0
60 2.820 0 25 - 10
61 2.820 2 28 14
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The AENCF values reported in the following table are for the “best-estimate” isotope set, and are
calculated from References 7.8, 7.9, 7.10 and 7.11 as noted in Table 5.1-1.

Rod Pitch in

Assembly (cm) 1.44 144 1.44 144 1.44
Average Pellet ‘
Diameter (cm) 0.94 0.94 0.94 0.94 094
P/D Ratio 1.83 1.53 1.53 1.53 1.53

Rod Pitch in

Assembly (cm) 1.44 144 1.44 144 144
Average Pellet

Diameter (cm) 0.94 0.94 0.94 0.94 0.94
P/D Ratio 1.53 1.53 1.53 1.53 1.53

Rod Pitch in

Assembly (cm) 144 1.44 1.44 144 1.44
Average Pellet .
Diameter (cm) 0.94 0.94 094 0.94 094
P/D Ratio 153 1.53 1.53 1.53 1.53
Flux Spectrum | AENCF (MeV) 02475 02605 02513 0.2557 0.2612
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Table 6.3-3. Commercial Reactor Criticals Summary Table

e 3 q ”
kH iy ok s 5 73 ¢ u & . 4
2 525 % 7l y X " 3
L 34 4 5 v 8 i i
pd : L A ; L i i

Geometry Pitch Type Square Square Square Square Square
Rod Pitch in :
Assembly (cm) 1.44 1.44 144 144 144
Average Pellet
Diameter (cm) 0.94 0.94 094 094 0.94
P/D Ratio 1.53 1.53 1.53 1.53 1.53

Average Pellet
Diameter (cm) 0.94 0.94 0.94 0.94 0.94
P/D Ratio 1.53 1.53 1.53 1.53 1.53

| AENCF (Mev)

Geomctry Pitch' Square Square | Square Squaxe‘ are

Rod Pitch in

Assembly (crm) 144 1.44 1.44 1.44 1.44
Average Pellet -

Diameter (cm) 0.94 0.94 . 0.94 0.94 0.94
P/D Ratio 1.53 1.53 1.53 153 . 1.53

Flux Spectrum | AENCF (MeV) 02610 | 02643 02546 | 02584 02597
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Table 6.3-3. Commercial Reactor Criticals Summary Table

Rod Pitch in
Assembly (cm)

1.44 144 1.44 1.26 1.26

Average Pellet
Diameter (cm)

P/D Ratio 1.53 1.53 1.53 154 1.54
AENCF MeV)

Ra Pagiics

0.94 0.94 0.54 0.82 082

Pitch Squarc | Square | Square | Square | Square
Rod Pitch in

Assembly (cm) 126 1.26 126 126 126
Average Pellet

Di (cm) 0.82 0.82 0.78 0.78 0.78
P/D Ratio 1.54 1.54 1.62 1.62 1.62

Flux Spectrum | AENCF (McV) 0.2555 0.2390 0.2351 0.2375 0.2362

| Pitcil Type ‘ Square - Square - Square
Rod Pitch in
Assembly (cm) 126 126 -1.44 144 144
Average Pellet
Diameter (cm) 0.78 0.78 0.94 094 0954
P/D Ratio 1.62 1.62 1.53 1.53 1.53

Flux Spectrum | AENCF (MeV) 02388 0.242¢6 0.2353 0.2476 02498
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8. ATTACHMENTS

None Used.



