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1.0 Purpose

This calculation note documents both the refined methodology (technical approacn and
supporting basis) and the results for adjusting the currently available average exposure and
consequential radioisotopic source term for K-East and K-West Basin uranium-bearing sludge.
This refinement more accurately accounts for local peaking factors known to occur in the fuel
elements during irradiation in N Reactor, at the locationsthat have subsequently been observed
to be the primary sources of fuel related sludge in the K Basins. The heavy metal and fission
product material originated almost entirely from spent nuclear fuel from the Hanford N Reactor.

This calculation note documents the methods used to characterizeradionuclides in KE
and KW Basins. The objectives of this calculation are the following:

. Provide a comparison of the sludge measurement characterization (floor, canister, and
internal sludge) to predictive models and reactor data.

. Determine if the average fuel radionuclide values in Packer (1999) provide reasonable
estimates for developing the design basis radionuclide values for the fuel piece slurry
component of the wash sludge.

J Determine best estimates for the source term and decay heat generation safety basis
values for use in engineering calculations. Safety basis values are to be determined for
the fuel piece slurry component of the wash sludge.

2.0 Introduction

The Safeguardsand Accountability database was used as the primary source document
for exposure data for spent N Reactor fuel stored at the K-East and K-West basins. This database
is a listing of all keys (i.e., groups of fuel discharged from the reactor at the same time), and the
exposure for that key, mass of uranium in the key, fuel type (whether Mark 1V or Mark 1A), and
several other parameters. There are nearly five hundred records (keys) in this database. Figure 1
illustratesan N Reactor Mark 1V fuel assembly. The axial length of the endcap is approximately
0.19inch.

Mark 1A and Mark 1V fuel are low enriched zircalloy-2 clad metallic uranium tube-in-
tube assemblies held together with spacersand clips. Unexposed Mark IV fuel assemblies have
an enrichment of 0.947 wt% #3U in both inner and outer tubes. Unexposed Mark IA assemblies
have an enrichment of 1.25wt% ***U in the outer tube and 0.947 wt% **U in the inner tube.
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Figure 1. N Reactor Mark IV Fuel Assembly.
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Sludge currently in the K basins is due to corrosion of the spent uranium fuel pieces
stored underwater in the basins. As the fuel was exposed to the neutron field within the reactor
during operation, the buildup and depletion of fission products and higher transuranic isotopes
(i.e., burnup) was not spatially uniform over the volume of the fuel. Self-shielding by the fuel
resulted in a neutron flux distribution that was dependent upon the neutron energy spectrum. In
other words, neutrons were born from fission within the fuel and escaped to the graphite
moderator, where they slowed down to thermal energies, and then diffused back into the fuel to
cause additional fission and continue the chain reaction. This resulted in a high neutron energy
(fast flux) maximum in the fuel that decayed away into the graphite moderator, and a low
neutron energy (thermal flux) distribution that maximized in the graphite moderator and
decreased in the direction of the fuel. Hence, fast neutrons streamed from the fuel out into the
graphite moderator, and thermal neutrons streamed from the graphite back into the fuel.

The spatial shape of the neutron distribution was therefore a strong function of energy
spectrum, and various transmutation reactions are dependent on neutron energy. In general,
fission product distributions are proportional to the fission distribution (fission product migration
is not expected to be significant in metallic N Reactor fuel - as compared to high-burnup
commercial or liquid metal reactor oxide fuel - because of the relatively low burnup and metal
form of the fuel). Radial plutonium production edge effects have been reported previously
(Carlsen et al 1981; Palmer etal 1982).

However, 2**Pu buildup arises from resonance absorption in 2*U, and this tends to be
primarily an intermediate energy (epithermal flux) process. Therefore, the fission product
distribution within the fuel tends to possess an enhanced "skin-effect" because the plutonium
buildup tends to peak near the outer edges of the fuel, and thermal neutrons streaming in from the
graphite will cause fission in whatever fissile isotope they encounter first. An edge-enhanced
plutonium distribution will result in an edge-enhanced fission (and thus fission product)
distribution. Figures 2 through 5 illustrate some of these characteristic shapes.

Corrosion initiates at the outer edges of the fuel, where exposure is highest. Exposure
(and thus the radioisotopic source term) is therefore increased over the average exposure for each
key documented in the Safeguards database. This adjusted exposure is based on calculational
models of fission product and power distributionswithin the fuel elements, along with working
assumptions for fuel corrosion (i.e., from where on the fuel did the corrosion originate?)

3.0 Methodology
3.1.  Radial Exposure Profiles

The radial exposure peaking function is derived from WIMS-E lattice burnup calculations
performed in the early 1990's. WIMS-E (Gubhins et al. 1982) s a British lattice transport code
used in the past to generate macroscopic nuclear cross sections for diffusion theory analysis of
N Reactor, and for performing burnup analysis(e.g., isotopic production estimates). WIMS-E
has been validated for a number of low-enriched uranium (LEU) systems (including critical
experiments and burnup in Mark 1V fuel assemblies).
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Both Mark 1V and Mark IA fuel assemblies were exposed in the N Reactor graphite
moderated lattice, using hot operating conditions calculated by the DCODE computer code
(temperatures, densities, and thermally-expanded dimensions) (Thierer 1968). Twenty radial
intervals of equal volume were assigned to each of the inner and outer elements, and separate
burnable materials were assigned to each interval. This is a requirement in WIMS — in order to
burn each radial mesh interval within a single tube separately according to the neutron spectrum
solution in that interval, the material in each interval must be uniquely specified. This allows
WIMS to evaluate the bumup equations independently for each radial interval, and thus track the
radial bumup profile as driven by the local transport solution (i.e., for each mesh interval).
Twenty bumup steps were evaluated. The first step was for only two days to bum in equilibrium
xenon, and the next 19 steps were for 10 days each. WIMS-E tracks several dozen fission
products separately (those fission products most important for reactivity effects, not necessarily
dose effects), and (using the 1994 library) also tracks transuranicsup through **Cm.

The bumup validation discussed in section 3.4 used the 1994 library, but the radial profile
work discussed here was performed using the 1986 library; these calculations were performed
before the 1994 library had been released. The isotopic results were then extracted out of the
WIMS-E output files into a spreadsheet, and these archived results were used in this calculation
note to characterize radial exposure. The structure of the spreadsheetis as follows. Isotopes are
listed by row, the radial intervalsare listed by column, and the exposure steps are listed by "tab".

These stored WIMS-E results are in the form of grams of isotope per cm length of the
lattice specified by the user. Once in the spreadsheet, it is an easy matter to manipulate these
results and create new, derived rows and columns, such as ratios of raw numbers from WIMS-E
(e.g., *Pu/(P*Pu +¥¥Pu + Py + 2#1Pu + #Py) = wt% 2*Pu, or summation of fission products
divided by the summation of U and Pu isotopes). This enablesthe direct plotting of the radial
profiles in Figures 2 through 5. Figure 2 shows the radial profile of 2°U depletion as a function
of bumup for Mark 1A fuel assemblies. Results for both inners and outers are plotted on the
same scale. Figure 3 shows the radial buildup of *°Pu in Mark IA assemblies, and Figure 4
shows the radial fission product to heavy metal (i.e., U + Pu) ratio as a function of bumup.
Figure 5 shows the radial wt% 2*°Pu in Pu as a function of bumup. Note that the radial wt% 24Py
profile is not the same as the radial fission product to heavy metal ratio. This demonstrates that
even though wt% **°Pu is related to exposure (i.e., MWd/MTU) for the average assembly, the
detailed profile shapes are not that similar, and peaking fractions derived from the wt% *°Pu
shapes would not reflect the "true" exposure profile. For this analysis, peaking fractions were
derived from the actual accumulated fission radial profiles, which were assumed to evolve
according to the WIMS-E fission product to heavy metal ratio profiles.

The results shown in Figures 2 through 5 were extracted from the same archived results
as were previously documented (Schwinkendorf 1997 - see Appendix G, Radial Isotopic Profile
Evolution During Burnup). In this reference, exposure-dependent radial profile plots similar to
Figures 2 through 5 were presented for Mark IV fuel assemblies. These extensive bumup results
(grams per cm of every isotope WIMS-E tracks, for each of the 40 radial mesh, and for every one
of 20 bumup steps) are maintained by the author in the form of a 3D QuattroPro™ spreadsheet.
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The (derived) WIMS-E results for "fission product to heavy metal mass ratio™ were
extracted from the spreadsheetarchive and converted to an ASCII data file so that they could be
read by the Fortran computer code Profile3 (see listing, Attachment 1). This program reads in
the radial fission product profiles as a function of exposure for either Mark IV or Mark 1A fuel,
as selected by the user. The program then sorts the exposure profiles (for the inner and outer
separately, and then for the assembly) in order of descending exposure so that it can selectively
remove those outer mesh intervals where exposure is maximum. As can be observed in Figure 4,
the exposure is maximized at the surface, but as the outer volumes are removed from the outer
surface, at some point the inner surface may contain a higher exposure than the next radial
increment in from the outer surface. By ordering the exposure profiles, basing a radial peaking
factor on the first N intervals of the sorted array guarantees that the highest exposure intervals are
assumed to go to the sludge. With twenty equal-volume radial intervals defined for each tube,
selecting N intervals corresponds to removing 0.05N of the fuel, or 5% corrosion for each radial
interval removed. Profile3 loops over both exposure and percent corrosion to create an ASCII
output file of peak-to-average ratios for inners, outers, and assemblies, as well as the ratio of
average inner and average outer to the average assembly. These later two parameters are useful
as they represent the ratios of inner and outer exposure to assembly average exposure. Inner and
outer peaking factors are later multiplied by these inner-to-assemblyand outer-to-assembly
factors to arrive at localized exposures, given the assembly-average exposure contained in the
Safeguards and Accountability database.

Given the amount of corrosion (5%, 10%, 15%, up to 95% in the loop), the Profile3 code
calculates peaking factors as the average of the corroded off volumes divided by the average for
each tube (i.e., all twenty intervals). Profile3 does this for all 20 bumup steps and 19 corrosion
increments. The output file from Profile3 consists of five columns (inner P/A, outer P/A,
assembly P/A, average inner/assembly, and average outer/assembly), and 19 blocks of 20 rows
(the exposure loop (20 rows) is written first, followed by the percent corrosion loop). Profile3
was executed once for Mark 1A fuel, with the output file renamed "PAmkia.dat", and executed
again for Mark IV fuel, with the output file renamed "PAmkiv.dat". The results are written to an
ASCII output file that is later read by another computer program, Pradnuc?2 (see listing,
Attachment 2). Pradnuc2 is a program that reads the Safeguardsand Accountability database,
and the peaking factor output from Profile3 and outputs an exposure adjusted input file directly
readable by Radnuc 2A.
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Tables 1and 2 contain core average hot operating conditions for Mark IV and Mark 1A
fuel, as exposed in the N Reactor lattice. These values are input to the WIMS-E bumup model.

Table 1. Hot Operating Conditions Used for N Reactor Mark IV Fuel Bum (from DCODE).

‘Region Temperature (K) | Density (g/em®) | Matk IV radius (cm).

| Coolantchannel | 499, 0.838 0.614
| Zr clad | 534, I 6.520 | 0.664
Inner fuel element 608. 18.329 1.559
Zr clad 536. 6.520 1.635
Coolant channel 503, 0.833 2.174
Zr clad | 538. 6.519 2.225

Outer fuel element 608. 18.329 3.036
Zrclad 538. 6.519 3.101

Water 501. 0.835 3.444
Process tube 514. 6.523 4.144
void 4.242
Graphite stack 733. 1.710 8.598
void 10.206
Graphite stack 793. 1.710 12.160

Table 2. Hot Operating Conditions Used for N Reactor Mark IA Fuel Bum (from DCODE).

~ Region Temperature (K) | Density (g/cm’)  [Mark TA radius (cm)
Coolant channel 484, 0.857 T 0562
Zr clad 495, 6.526 0.625
. Inner fuel element 518. 18.411 1.488
Zr clad 511. 6.523 1.589
Coolant channel 505. 0.829 2.255
Zr clad 560. 6.516 2.312
Outer fuel element 647. 18.267 3.012
Zr clad 571. 6.514 3.077
Water 521. 0.808 3.444
Process tube 533. 6.520 4.145
void 4.242
Graphite stack 733. 1.710 8.598
void 10.206
Graphite stack 793. 1.710 12.160
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Figure 2. Radial #*U Mass Ratio Profile, N Reactor Mark 1A Fuel Assembly.
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Figure 4. Radial Fission Product/Heavy Metal Mass Ratio Profile,

1.6E-03

D
B
n
o
=]

1.2E-03

1.0E-03

8.0E-04

Fission Product/Heavy Metal Mass Raw
F-N [ar]
(=) o
m m
b b

2.0E-04

0.0E+00

HNF-8760, Revision 0

N Reactor Mark 1A Assembly.
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3.2.  Axial Exposure Profiles

The axial exposure peaking functions are derived from an analytical model for power
variation along the length of an N Reactor fuel assembly. Whereas the radial exposure effects
within an N Reactor fuel assembly are characterized over small length scales (less than an inch),
the axial variation occurs over a much larger length scale (several to many inches). It is therefore
assumed that even though a detailed neutron transport bumup solution was used for the radial
peaking effects (because it was archived from earlier analysis and was available), a neutron
diffusion theory based model for axial peaking effects should suffice. Except for the endcaps
(which explains why there is an axial peaking effect within the assembly), the fuel is essentially
homogeneous along the length of the assembly. The axial exposure profile was assumed to be
proportional to the axial power profile, which should be fairly accurately characterized by the
thermal flux profile down the assembly (N Reactor was a thermal spectrum reactor). Assuming
that there exists some "baseline™, or asymptotic thermal flux at large distances from the endcaps,
¢, (arising from radial neutron transport), and given that the thermal flux rises to some peaked
value at the fuel/endcap interface, Pocp:", the functional form of the axial profile should follow a
decaying exponential. To see this, we note that the two-group neutron diffusion equations may
be written as (taking the liberty that ¢, = ¢,):

-V:-D\Vo, + ERl(pl -7
~V-D Vo, + Zaz(pz =

|
o
=
M
=
+
-
™
-
b2
R

1)

|
b4
T
ey
S

Taken by itself, the thermal diffusion equation inside the fuel region may be regarded as:

2
V(pz‘ﬁ(pzzo (2)

Within a fuel element, the fuel is homogeneous in the axial direction, and so the thermal
diffusion coefficient may be taken outside the divergence operator. The equation is then divided
by the diffusion coefficient, and the diffusion length L is defined in the usual way, L = DZ/EGI.

There is no thermalization source (right-hand-side) in equation (2) because the
incremental thermal neutrons (above ¢7") can be considered as arising from a plane-source
streaming in from the fuel/endcap interface, and are thus treated as a boundary condition. The
classic neutron diffusiontheory solution to the problem of a plane source of neutrons diffusing
into a non-multiplying medium’ is:

/L

0(0) = Ae  + B 3)

' Of course, the fuel i a multiplying medium, but it does not produce thermal neutrons (fission
produces fast neutrons), and our model here concerns the thermal equation in atwo-group model, and it
assumes the thermal neutron source term to be from the endcap region.
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Applying the boundary condition that the flux remain finite at large distances from the
plane source (and, in fact, must decay away to the asymptotic limit q):"), B must equal zero.
Applying the boundary condition that the flux is equal toPO(p:" atz =0, yields the solution:

¢ (2)
9

=1+(P, - e @

Actually, the asymptotic limiting value, ¢, may be regarded as a particular solution to
the inhomogeneousdifferential equation:

2 1 _ o=y 2
Ve, - 72 0, = ~9,/L 5)

Equation (5) shows that for large distances from the plane source (i.e., the Laplace term
vanishes), the flux approachesthe limiting value. Equation (5) describesthe total thermal flux,
while Equation (2) describesthe incremental flux (above ¢).

Given the analytic form of the power profile (assumed proportional to the thermal flu),
the peak to average formulae may be derived. If the entire volume V (overthe range 0 <z <z,
see Figure 6)is corroded off the end of the fuel, the average of equation (4) over this range is:

(Pt(zv) - if‘zv[l + (P - e —z/L]dz
0; 0 ’
‘ (6)

z /L

e L mpa - e
Z\J

Equation (6)may be evaluated at z, =a/2, the half-length of the fuel assembly, to obtain
the average over the entire length (this assumes that corrosion occurs at both ends of an element).

Thus, the "peak to average ratio”, defined here as the average in the corroded off volume,
divided by the average in the entire fuel assembly, is equal to:

L -z fL
— b+ —(P-1)1 -e ™
(f] 8 e ) ™
A0, 0@ 4L Lp g - ey
a Q
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In a similar fashion, the peak to average ratio over the range z, <z <z, + Az
(see Figure 6)is:

¥

Equation (8) is used, along with the radial peaking factors derived from section 3.1
above, to find the total peaking factor of the radial corrosion volume element, V.

(z, +Az)WL
e

- = ®)

s o) I+ %(Pa-l)(l - ooty

Both equations (7) and (8) have special limiting forms, and it is possible to show that, in
equation(7), in the limit as z, approaches zero, ez) - 90) = P_¢; . and in equation (8), in the
limit as Az approaches zero, it is possible to show using series expansions that

0z,+82) - @1 + (P, - De V'] = 0(z) ®)

These axial peak to average functions are therefore well behaved and have proper
behavior in their limiting forms (i.e., no singularities exist). Equations (7) and (8) were
incorporated into the Fortran program Pradnuc? to serve as a phenomenologically-based model
to estimate the axial peaking factors for corrosion volumes V and V, as shown in Figure 6.

In Figure 6, V, is depicted as radial pitting on both the inner and/or outer surfaces of a
tubular N Reactor fuel element. The radial peaking factor tables produced by Profile3 (and input
to Pradnuc2) assume that the maximum exposure uranium metal corrodes off first, which may be
from either the inner or outer surfaces of the element. This is a conservative assumption, and not
unrealistic. After the endcap comes off, the end of the tube is exposed, and radial penetration
may take place from either inner or outer surface. Profile3 sorts the exposures so that every 5%
increment of fuel that corrodes off originates from the surface with the higher exposure.

Uranium that corrodes off either inner or outer elements will have adjusted exposures that
depend on these radial and axial peaking functions. VVolume V will have an exposure adjusted
only by axial peaking, whereas volume V_ will have an exposure that is adjusted for both axial
and radial peaking. Figure 7 illustrates an example axial thermal flux profile, with just the
numerators of equations (7) and (8) plotted as constants over their respective intervals.
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Figure 6. Tubular Fuel Element, Showing Regions of Enhanced Exposure, Corroded Off.
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Figure 7. Typical Analytic Exposure Profile Used for Calculating Axial Peaking Functions.

1.20

115\

1.10 \
1.05 \\
1.00
N
\_‘
0.95 T

Zy ZytAZ
—

(arbitrary units)

Therm= Flux Sh «»

o
8

5 10 15 20 25 30
Distancefrom Endcap (cm)

o

18 of 91




HNF-8760, Revision 0

For a particular inner element, the combined radial and axial exposure adjustment is:

PIA).
( )n'a E |, (10)

+ a
o

E, - [(P/A)ZVV + (P/A)r(P/A)AzVD]

where: (P/4)_ is evaluated using equation (7},
(P/4) . is evaluated using equation (8},
(Pl4), and (Pl4), are radial peaking factors from WIMS-E, and
E isthe average exposure from the Safeguardsand Accountability database.

More specifically,(P/4) isthe peak to average of the inner element, interpolated from the
first column of file PAmkia.dat (or PAmkiv.dat), and(P/4),  is the ratio of inner element to
assembly exposure, interpolated from the fourth column of file PAmkia.dat (or PAmkiv.dat),
discussed in section 3.1. The exposure of the uranium metal corroding off an outer element is
defined similarly, but the second and fifth columns of files PAmkia.dat or PAmkiv.dat are used.
The exposure of the sludge coming from any given set of inners or outers is found from blending
the values from equation (10) by the amount of inners and outers damaged, by key.

There are three categories of fuel element damage considered in this calculation note.
"Breached" fuel is considered damaged, but contributes the least uranium to sludge (these fuel
pieces contribute little to the sludge, but what they do contribute would be expected to have the
highest exposure adjustment because only the outer edges are involved). The next category is
"defected"”, and contributes more uranium to sludge, per assembly. The worst is "bad", which
contributes even more uranium to the sludge, per assembly. Given assumptions on the fraction
of each of the elements (inners or outers) in each of these three categories, the computer program
Pradnuc2 combines exposure adjustments for both inners and outers [from equation (10) above]
along with quantitative (i.e., parameterized) assumptions for how much of the corrosion volume
arises from V versus V,, and thus estimates the overall exposure adjustment for the key. This
process is repeated for all keys in the K-East and K-West Basin database.

For example, if it is assumed that the fraction of breached innersis £, and the fraction of
breached outers is f,, then the adjusted exposure for the uranium in the sludge from this breached
group of fuel piecesiis:

BV, f + E(V+V), f,
b = —wwy 7 0T, f,

(11)

Finally, the three groups for each key are then combined according to the mass fraction
each contributesto the total. If £;,, f and f;, are the mass fractions of each of the breached,
defected, and bad groups of fuel that goes to sludge:

E* _ Ebrj;r * Edfj:if * Ebdféod
¢ Jo Sy " Soa

(12)
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This adjusted exposure, E,, is used to calculate the corresponding wt% 0Py, according
to WIMS-E (see section 3.3), and this wt% #*°Pu is written out to a Radnuc 2A input file.
This entire process is repeated for all keys in the database.

After the adjusted exposure for the uranium that corrodes off into the sludge is found, the
uranium mass in that key is adjusted to reflectjust the uranium that went to the sludge. This is
just the uranium in the combined regions V +V,. If v and v, are the volume fractions of an
inner element and an outer element to the total assembly volume, then the adjusted key mass
(which corrodes off to the sludge) is found from the expression:

M, = Wy, Iy fo = Y 2 LY )y Ty + (9 T D fid M, (13)

Numerical VValue for Thermal Diffusion Length

The numerical values used for the thermal neutron diffusion length, L, were calculated
from two-group cross sections from the WIMS-E lattice model. WIMS-E solved the transport
equation for the graphite moderated lattice, assuming hot operating conditions from DCODE.
After the transport solution was complete, this 69-group solution was used to collapse the cross
sections down to a two-group set, spatially collapsed over the fuel region out to the outer radius
of the process tube, plus a second region extending from the process tube out to the cylindricized
cell radius of the lattice. The motivation for this approach is that the diffusion length of interest
(for characterizing the thermal flux relaxation along the fuel assembly - inside the fuel) is amore
localized parameter than if the diffusion length were derived from cross sections resulting from
collapsing the entire fuel-graphite lattice. By using the fuel cross sections, L should describe the
axial spatial shape of the flux inside the fuel more accurately. Table 3 contains the results for
Mark 1V fuel, and Table 4 contains the results for Mark 1A fuel. At this point, the calculation of
the thermal neutron diffusion length is simple.

From Table 3, for Mark 1V fuel, the diffusion length is:

L= DZIZ
a, (14)
= /0.54162/0.059164 = 3.02565
From Table 4, for Mark IA fuel, the result is:
L= Dz/}:
a, (15)
= ,/0.54203/0.060352 = 2.99686

These values for Z are programmed into the Pradnuc2 code for Mark IV and Mark IA fuel
assemblies, as are representative values for P ,taken from 2DB4 calculations (Attachment 12).
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Table 3. Two-group Cross Sectlons for Mark v Fuel for Calculatmg_he Diffusion Length

Mark IV fuel ' Fuei reglon o Graphlte mmderator B
cro_ss--sicct_l_on 1 groupl group 2 - _. groupl | group 2 |
D_ 1.1403E+00 | 5.4162E-01 1.4618E+00 1.1215E+00
ER 2.6423E-02 5.9164E-02 2.6345E-03 1.2459E-04
\C 7.5713E-03 | 7.7553E-02 | 0.0000E+00 | 0.0000E+00
Zg”g, 4.6212E-01 | 1.2196E-02 | 2.7061E-01 2.6296E-03
3.4596E-05 | 7.7118E-01 2.1018E-05 3.0922E-01
x, 2.87120E-03 | 3.19047E-02 [ 0.00000E+00 | 0.00000E+00

Table 4. Two- -group Cross Sections for Mark 1A Fuel, for Calculatlng the Diffusion Length

Mark 1A fuel; | Fuel reglon  Graphite moderator )
.cro_s_s'sgct,x_pn.: groupl 1 groupZ g group__l.. R _g;_-oupz
D 1.1939E+00 | 5.4203E-01 1.4771E+00 1.1211E+Q0
. 2.7322E-02 6.0352E-02 2.6368E-03 1.2467E-04
vZ 7.4955E-03 | 8.3871E-02 | 0.0000E+00 | 0.0000E+00
Egég, 4.6794E-01 [ 1.3750E-02 | 2.6988E-01 2.6319E-03
3.4454E-05 | 8.1691E-01 | 2.0659E-05 3.0928E-01
z 2.85613E-03 | 3.45039E-02 [ 0.00000E+00 [ 0.00000E+00

3.3. WIMS-E wt% **Pu Model

A comparison was made between the assembly average wt% **’Pu versus exposure
relationships, predicted by WIMS-E versus the Safeguards and Accountability database. The
Safeguards database contains both exposure (MWd/MTU) and wt% **°Pu columns, although it is
believed that the wt% *Pu column is a derived (i.e., calculated) result. Figure 8 contains both
the Safeguards database (symbols) and the WIMS-E prediction. The WIMS-E burnup
calculations were performed years ago, and are not now reproducible. The Safeguards database
contains higher exposure fuel than the WIMS-E calculations include. However, the curve is
smooth, and contains very little "concave down" curvature. If the WIMS-E relationship is
extended quadratically, the result is shown in Figure 9. The WIMS-E relationship, extended
quadratically, was incorporated into the Pradnuc2 program to predict wt% 2**Pu given exposure.
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Figure 8. wt% 2**Pu as a Function of N Reactor Exposure.
Safeguards and Accountability Database versus WIMS-E Computer Code.
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Figure 9. wt% **Pu as a Function of N Reactor Exposure.
Safeguards and Accountability Database versus Quadratic Extension to WIMS-E Results.
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3.4.  WIMS-E Validation

WIMS is a commercial lattice transport code available from AEA Technologies,
Winfrith, England (Gubbins et al. 1982; Schwinkendorf 1989). The Schwinkendorf (1989)
reference, while not formally released in 1989, was included as an attachment to a more recent
report (Packer 2000). This code is no longer used by Fluor Federal Services. WIMS-E is a
collection of modules for performing reactor physics functions such as one-dimensional transport
calculations (in either cylindrical or plate geometries), two-dimensional transport calculations
(using either (r,6} or (x,y} geometries), bumup, and various other functions. WIMS-E uses the
69-group UKAEA 1986 cross section library. A later version (WIMS6a) used the 1994 UKAEA
cross section library, which included transuranics up through curium. Validation calculations
were performed for transuranic buildup in Mark IV fuel (Schwinkendorfet al., 1996), using this
1994 library. Agreement was shown to be excellent, even for the highest transuranic isotope
considered, **Cm. This reference served as a technical justification for using WIMS-E to create
a new set of improved N Reactor cross section libraries for ORIGEN2, and this was completed
the following year (Schwarz 1997). The 1996 paper has been included in this calculation note as
Attachment 3. ORIGEN2 was subsequently used to create the exposure data tables contained
within version 2A of Radnuc.

LEU validation included critical experiment data from three sources (Schwinkendorf
1992, Appendix A). The first was the Mark 1A fuel assembly critical experiments (Brown et al.
1965). The second (Hellens and Honeck 1962)was for 1.0 wt% **3U-enriched rods and included
measured boron poison effects. The published results were in the form of bucklings, not critical
masses or k. In order to compare WIMS-E results to the published results, WIMS-E results
were output as two-group lattice-averaged cross sections for each experiment, and an analytical
formula was used to calculate buckling for each case. WIMS-E results compared very well with
experimental results, both as a function of water-to-uraniumvolume ratio and as a function of
amount of poison added. The third source (Kupinski and Toffer 1970) contained data over a
range of rod outside diameters (OD) and #°U enrichments (0.444-cm [0.175-in.] OD to 7.62-cm
[3.0-in.] OD and 3.0-w1% °U to 4.89-wt% #*5U). These results were in the form of critical
masses in spherical and cylindrical geometry. Validations also exist for the earlier WIMS-D
version in Schwinkendorf (1985a,1985b}, which documents comparisons with annular uranium
metal tubes over a range of enrichments from 0.947-wt% 23U to 2.1-wt% 2*U.

40 Assumptions

The primary assumptions in this analysis are that radial exposure peaking factors may be
characterized by WIMS-E bumup calculations, and axial exposure peaking factors may be
modeled as analytic functions derived from neutron diffusion theory. The WIMS-E calculations
include one-dimensional integral transport theory, using Bonalumi’s method for cylindrical
geometry, and accesses the 69-group "1986" UKAEA nuclear cross section library. WIMS-E
performed this detailed transport calculation for the N Reactor graphite moderated lattice using
hot operating conditions calculated by the DCODE fuel performance code. After a 10-day
burnup step, the burnup equations were integrated in time for every mesh interval in the lattice
model, followed by another transport theory calculation to obtain the flux solution for the next
bum step. This cyclic process was repeated for 20 bumup steps.

230f 91




HNF-8760, Revision 0

In addition, sludge in the K Basins is assumed to be exclusively from the fuel now in the
basins, and no contribution exists from fuel previously in the basins that was subsequently sent to
the processing plants. Fuel that was sent to the processing plants did not reside in the K Basins
for very long, thus this is likely a good assumption.

5.0 Input Data

The input data for this calculation note come from two sources. The first is the
Safeguards and Accountability database, which is a listing of all N Reactor keys (and some
single-pass reactor keys). For this analysis, the half-dozen or so single-passreactor fuel keys
have been neglected. Their contributionto the decay heat source term is negligible, because of
their low mass, and considering their lengthy decay time (the last single-passreactor was shut
down by 1971). A key is a grouping of fuel assemblies that were discharged from the reactor
during a particular charge/discharge operation. These keys therefore have a common discharge
date. The Safeguardsand Accountability database is reproduced in this calculationnote as
Attachment 4. The second source of input data is actually derived from transport theory bumup
calculations from the WIMS-E computer code. Radial profiles of fission product to heavy metal
mass ratio, consisting of twenty equal-volume mesh intervals for each fuel tube, and for each of
20 bumup steps, were reduced (by the computer code Profile3) to a set of numeric peaking
factors, as described in section 3.1. The results are two data files (one for Mark 1V and one for
Mark 1A fuel) read by the program Pradnuc2, along with the Safeguards database, to derive
adjusted exposure factors for each key. The correlation between wt% 2**Pu and assembly
average exposure was also derived from these WIMS-E bumup calculations, and used by
Pradnuc2 to provide Radnuc 2A with the wt% **“Pu corresponding to the adjusted exposure for
the uranium that corroded off to the sludge. Radnuc 2A uses wt% **Pu to interpolate exposure
results from ORIGEN?,

6.0 Calculations

The calculation of the design basis and safety basis sludge characterizationwas
performed with the Radnuc 2A code on a modified Safeguardsand Accountability database of
fuel stored in the K Reactor basins. The Safeguardsand Accountability database is a record of
fuel, discharge date, and its average discharge exposure. The modified Safeguardsand
Accountability database took into account the increased exposure of the corroded fuel that
contributed to the sludge due to the higher exposure fuel element profile that generally occurred
at the corrosion site.

6.1.  Description of Fuel Corrosion

An N Reactor fuel assembly is a tube-in-tube zircalloy-clad metallic uranium unit that
was irradiated in a horizontal process tube, discharged to a load out pit where the cladding was
often damaged due to normal handling practices, and stored in the K Reactor basins from the
1980s. A typical N Reactor fuel assembly is shown in Figure 1 as a reference. The corrosion
typically initiated at the outer tube endcap region where exposures are highest. The progression
of fuel corrosion is sketched in Figures 10through 12. An intact fuel tube with its endcap and
cladding is shown in Figure 10 prior to discharge.
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Figure 10. End Region of Fuel Element Prior to Onset of Corrosion.

Endcap

Cladding

Figure 11. Onset of Corrosion at the Endcap/Fuel Element Interface.

\\\\

25 of 91




HNF-8760, Revision 0

Figure 12. Corrosion Continues, Expands, and Peels Cladding Off.

Figure 13. Three-Dimensional View of Figure 6, Showing Both Axial and Radial Corrosion.
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Fuel separation from the endcap begins in Figure 11 due to fuel impact during discharge
from the reactor. Corrosion opens the break at the endcap and progresses into the fuel region in
Figure 12. The endcap will be forced off due to oxidation of the metal fuel (doubling its volume)
and the corrosion will continue down the length of the fuel region like a burning cigar.

6.2  Fuel Corrosion Description Parameters

A survey of damaged fuel was conducted (Pitner, 1998) to characterize the types and
extent of damaged fuel. The results of this survey placed the examined fuel in four categories
(intact, breached, defected, and bad). From the descriptionand statistics of this study, the
parameters listed in Table 5 were used in the fuel corrosion model to determine exposure peaking
above average fuel element exposure. The peaking factors were then used to modify the
Safeguardsand Accountability database that was used as input to the Radnuc 2A calculations.
The intact fuels have no damage. The breached, defected, and bad categories possess
progressively more severe corrosion damage. The first four columns in Table 5 (inner and outer
elements in each basin) are the fraction of that fuel component in each of these categories.

Table 5. Summary of Fuel Cotrosion Categories and Model Paiarxiﬁfers._ o

| K-EastBasin | K-WestBasin | . Fuel Corrosion Parameters
_ - | Inners | Outers | Inners: | Outers | Fuel Fraction Angular
: S F. P
- : 2 f S 4
Intact | 0.86 | 049 | 0.84 | 050 0.00 0.00
Breached | 0.00 | 0.00 | 014 | 039 0.01 025 | 025 | 005
| Defected | 004 | 038 | 000 | 000 | 005 | 025 | 025 | 025 |

Bad 0.01 0.04 0.02 0.11 0.15 0.25 0.25 1.00
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These factors may be expressed mathematically using the following definitions:
_ 2 z
F+V) = Ff wr’ - r'ﬁ)!-zi

(r, -1

P = °

, _(rA_Zr) (16)
e

pe = ﬂ

In equation (16), , and r; are the outer and inner radii of the fuel element, a is the length,  is the
inner radius of corrosion volume V,, Az is the axial extent of V, and 8 is the angle defining V...

From these definitions, the volume V, is found from:

V. o=n(? -r’ Az P, (17)

Equation (16) gives the total corrosion volume, and so the end region corrosion volume V
is simply the difference between the two. Given V, the axial extent of V is found from:

Tl

w7 Tr.(r2 - r,z) (18)

The parameters z_and Az are fed into equations (7) and (8), the axial peaking functions,
and the radial extent of corrosmn by volume,? is:
rj -rYy
C(%) = 100 ——— (19)

;- r)

Thus, the corrosion model parameters completely define the geometry of V and V,, and
provide the necessary input to the peaking functions.

% This parameter, along with exposure (MWd/MTU), are used to interpolate the radial peaking factor from
the WIMS-E result tables.
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6.3  Comparison of Model With Average K-East Basin Floor Sample

For validation, the model results were compared with the K-East Basin floor samples.
This comparison was considered to be the most representative because variations in fuel
exposures tended to be blended and averaged out by contributions of all canisters. For example,
normalized fuel exposure within an N Reactor process tube could typically vary from a peak of
1.6 for fuel in the central positions to a lower value of 0.06 for fuel in the ends of the tube due to
the axial power distribution. In addition, the ratio of process tube exposure to average exposure
in a discharge would typically vary from a high of 1.5to a low of 0.4. Extensive core analysis of
N Reactor has been performed in the past (NUSAR 1988}, and computed neutron flux profiles
have been compared with measured flux shapes acquired using the Traveling Wire Flux Mapper
(TWEM) system. Predicted peak to average values compare well with measured values for the
nine zones for which TWFM data traces were obtained. Figure 4.3-47 from NUSAR (1988) is
reproduced herein as Figure 14. The exposure uncertainty of individual fuel elements in a key
can thus be significant and lead to incorrect comparisons to predicted data. Floor sludge
measurement data in the K-East Basin were reported in WHC-SP-1182 (Makenas, 1996) and
Welsh (2001). The mean values of the data and model predictions are listed in Table 6.

The measured data were converted to isotopic activities per gram of uranium so that
comparisons could be made with the predictive model. The predictive model determined the
decay time of the K-East Basin keys to correspond to September 1, 1995 ,which corresponds to
the analysis date in WHC-SP-1182 (Makenas, 1996).

Considering the large standard deviations in the measured data, the comparison of model
predictions with the measured data show good agreement for ! Am, *?4%pu, 238py, 137Cs *4Cs,
3Eu, and *Sr. A general observation is that a retention factor of 0.7 can be safely applied to the
model prediction for Cs and Srto account for depletion by solubility from fine fuel particles and
fuel oxide. However, this factor will not be applied to the predicted results in order to be
conservative and to allow for retention of these elements in the sludge and fuel particles coming
from the washing machine that will not have time to dissolve from the removed corrosion.

The #*Np content depends on the U content of recycled fuel. The 2**U content assumed
in ORIGEN2 (which affects Radnuc 2A) was 500 ppm, which is reasonable. A correction factor
of 2.3, as per Table 6, will be applied to the predicted results to provide a conservative basis.

Cobalt is produced by contamination activation of cladding impurities, stainless steel fuel
spacer pads, and plate out of contamination on the fuel during reactor operation. No indication
was found of cobalt as a fuel contaminant. No mechanism can thus be identified to explain
cobalt production in sludge from fuel corrosion. Radnuc 2A contains a model to generate cobalt
from cladding impurity activation, which relates to exposure and decay time. From Table 6, the
model results for ®°Co will be multiplied by a factor of 7.2 to provide a conservative basis.

The model prediction for '**Eu is lower than the measured data by a factor of 3.68. The
measured results in WHC-SP-1 182 (Makenas, 1996) indicate that the '*?Eu data were
consistently less than the reported values apparently from measurement difficulties. Thus, the
model results for *?Eu will be multiplied by a factor of 3.7 to provide a conservative basis.
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Figure 14. Computed vs. Measured N Reactor Neutron Flux Distributions from NUSAR (1988).
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Isotape 3:: Measursd---- | Uramum Normahzed Model Ratlo of
1 Acthty (pgle) ~ Measured Predlctlon o Measured Mean
(p. leg) ActhIty ny | Aqtlwty tor
: (sz’g_ ui:amum) ;;_"Made_i:- _
2Am 2.15 e+01 9.64 e+04 2.23e-04 1.95e-04
+ 1.94 e+01 +2.01 e-04
3"Np 6.43 e-03 9.64 e+04 6.67e-08 2.93¢-08 2.28
+3.30 e-03 +3.42 e-08
BI2py | 2.25 e+01 9.64 e+04 2.33e-04 2.01e-04 1.16
+ 1.84 e+01 +1.91 e-04
238py 4.30 e+00 9.64 e+04 4.46e-05 6.38e-05 0.70
+ 525 e+(0 + 5.44 e-05
%Co 1.75 e+00 9.64 e+04 1.82e-05 2.54e-06 7.17
+ 1.29 e+00 + 1.34 e-05
37Cs 4.42 e+02 9.64 e+04 4.58e-03 6.76e-03 0.68
+5.67 e+02 + 5.88 e-03
134Cs 1.06 e-01 9.64 e+04 1.10e-06 1.79e-05 0.06
+ 1.43 e-01 + 1.49 e-06
1S2Ey 192e01W 9.64 e+04 1.99¢-06 5.41e-07 3.68
34En 1.92 e-01 9.64 e+04 3.49¢-05 6.81e-05 0.51
+3.29 e-01 + 3.41 e-05
155Eu 1.66 e+00 9.64 e+04 1.72¢-05 1.54e-05 1.12
+1.70 e+00 +1.77 e-05
NSy 3.30 e+02 9.64 e+04 3.43e-03 5.07e-03 (.68
+ 3.78 e+02 + 3.92 e-03

"*'Single data point. Standard deviation does not apply
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6.4  Comparison of Model with Maximum K-East Basin Floor and Canister Samples

The model was used to predict maximum activity levels of isotopes that are available in
K-East Basin floor and canister samples. The key data in the basins were first calculated and
sorted by isotopic activity per MTU of fuel to select 20 percent of the basin inventory with the
highest activity decayed to May 31, 1998. This reduced database will be referred to herein as the
Safety Basis database, and is listed in Attachment 5.

Some of the fuel in these keys have higher than average exposure due to the reactor axial
power distribution and discharge exposure factors discussed in Section 6.3. The combined effect
of these parameters is 1.6 (axial fuel power), multiplied by 1.5 (process tube exposure), which
results in a factor of 2.4 times the average key exposure, expressed in MWd/MTU. The highest
fuel exposure in the basins could therefore be estimated by multiplying each key exposure in
Attachment 4 by a factor of 2.4. Unfortunately, this results in exposures that exceed the region
of applicability of the quadratic correlation of wt% *°Pu to exposure in MWd/MTU as discussed
in Section 3.3 (exposures this high produce incorrect wt% 2*Pu values). Radnuc 2A uses key
exposure expressed in wt% **Pu, and so this calculation cannot be made directly. Instead,
Radnuc 2A was executed using exposures unadjusted by the factor 2.4, and the resulting activity
and decay heatings were then adjusted by multiplying by 2.4. This simpler approach will yield
conservative results for fission products. Activities of actinides such as **' Am, that build up from
multiple parents, should be determined by more accurate models.

The correction factors of *°Co, *"Np, and "**Eu, were incorporated into the predicted
results. The results of the model predictions and comparisons with measured data are listed in
Table 7. The agreement with the predictive model is reasonable.

g -Table 7. K-East Basin Floor _Safety Basis Sludge Mammum Acthty Compared Wlth
S . Model Predlctions ‘ -
et : ' '-"j Jﬁ’ﬁ'ﬁ-"ﬁ.
I:SOtope Maxmum | Maximm | Ratioof
: Measured Activity | Activity Model Measured -
(Cl/g-uramum) : Prediction- : Maximum-
— T — " (Cllg-uramum) Act1v1ty to Model
Basin Floor 1 Canlster ; Predlctien
*Am 7.39¢-04 3.62¢-04 7.42¢-04 1.00
3"Np 1.27e-07 3.32e-08 2.17e-07 0.59
2397240py 6.29¢-04 3.00e-04 6.36¢-04 0.99
B8py 2.27e-04 8.35e-035 2.32¢-04 0.98
Co 5.60e-05 7.48e-05 3.90e-05 1.92
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- Isotope |  Maximum | | Maximum - Ratioof.
: ' Measured ‘Activity | Activity Model: | Measured
(Cl/g—uramum) _ Prediction- | Maximum
_ (Cl/_g_-ur_amum Activity to Model
-Basm Floor 1 Can1§ter . Predictiqn _
¥37Cs 1.74e-02 5.12¢-03 2.05e-02 0.85
13¥Cs 4.08e-06 3.78e-06 2.08e-05 0.20
2En 1.99¢-06 - 6.42e-06 0.31
134Eu 1.22e-04 5.66e-05 2.19e-04 0.56
35Ey 5.97e-05 2.42¢-05 2.85e-05 2.10
%Sr 1.26e-02 5.71e-03 1.51e-02 0.84
®T¢ —- 2.55e-06 4.48e-06 0.57

6.5  Comparison with Average Radionuclide Inventory in HNF-SD-SNF-TI-009

A comparison was made with the average radionuclide inventory reported in Table 2.4 in
the Packer (1999) reference. The average radionuclide inventory of the predicted model was
determined from the total K Basin inventories decayed to May 31, 1998. The results of this
calculation and activities listed in the referenced report are listed in Table 8.

Table 8 Companson with: Average Radionuclide Inventory g of HNF-SD-SNF TI 009
- ~Table 2.4 and Predlcted Resul'” e .

Nucliﬁié 2 Actmty (C1/MTU) : -1 Ratio
HNF- SD-SNF-TI-009 - Pl'edlcnve Model '(TI'OOQZMOdeI_)' |
*H 1.74e+01 1.93e+01 0.90
“C 3.30e-01 3.75¢-01 0.88
*Fe 8.76e-01 9.67e-01 0.91
*Co 1.89e+00 1.50e+01 0.13
SNi 2.14e+00 2.43e+00 0.88
SKr 2.81e+02 3.12e+02 0.90
NGy 4.81e+03 5.38¢+03 0.89
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Nuclide | | Activity (CUMTU) | Ratio
. HNF-SDSNF-TL009 | Predictive Model | (TE_'UO.Q/'ME?de_I? i
0y 4.81¢+03 5.38¢+03 0.89
PTe 1.37e+00 1.55e+00 0.88
05Ry 8.67¢-01 1.02e+00 0.85
106RYy 8.67¢-01 1.02¢+00 0.85
13mCg 1.69e+00 1.95¢+00 0.87
23gh 1.60e+01 1.72¢+01 0.93
125mTe 3.90e+00 4.20e+00 0.93
129] 3.03¢-03 3.48¢-03 0.87
14y 7.57¢+00 9.31¢+00 0.81
wes | 6.29¢+03 7.09e+03 0.89

| mBa | 5.95¢-+03 6.73¢+03 0.88

| wce | 4.35¢-01 5.02¢-01 0.87

| pe | 4.30e-01 4.96¢-01 0.87

| “Pm | 2.20e+02 | 2.36¢+02 0.93

| vism | 8.38e+01 ’ 8.83¢+01 0.95

| =En | 4.50e-01 | 1.99e+00 0.23

| "B | 5.09¢+01 | 6.52e+01 0.78

| R | 1.05e+01 ! 1.15e+01 0.91

T 4.16¢-01 | 4.08¢-01 1.02

R 1.60e-02 1.53e-02 1.05

B 6.05¢-02 | 6.34¢-02 0.95
) 3.31e-01 3.30¢-01 100
18Py 5.28e+01 6.79¢+01 0.78
29py 1.04e+02 1.31e+02 0.79
210py 5.67¢+01 8.20e+01 0.69
241py 3.18¢+03 3.96e+03 0.80
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Nuclide Activity (C1/MTU) Ratio
' ' i St (TI-009/Model) .
HNF- SD-SNF»TI 009 _P-redlctlvc Model e

M Am 1.79e+02 2.25e+02 0.80

*#Cm 6.86¢-01 1.18e+00 0.58

Total 2.61e+04 2.98e+04 0.88

6.6  Comparison with Safety/Regulatory Assessment Basis Summary (Packer 1999)

A comparison was made with the Safety/Regulatory basis inventory reported in Table 2.6
in Packer (1999). The Safety/Regulatory basis inventory of the predicted model was determined
by selecting the top 20 percent of the fuel mass that possessed the highest specific activity. This
reduced database provided basin inventories, discussed in Section 6.4, and was then decayed to

May 31, 1998.
Table 9. Comparxson with Maxu_r_mm Radzonuchglg _Invent_ory of- HNF SD- SNF-TI—OOQ
N Table 2.6 and Predicted Results.

B Nuci-id;e-' | : Activity (CUMTU) = Ratio
- I—II?FSD&NF;?I&W Predlctlve Model - (TI-009/Mé§el)

23%py 1.33e+02 2.44e+02 0.55

2Py 1.73e+02 3.78e+02 0.46

#9py 1.37e+02 2.71e+02 0.51

Hpy 6.82e+03 1.43e+04 0.48

#2py 8.7le-02 1.44e-01 0.61

MAm 4.34¢+02 7.73e+02 0.56

*Cm 3.08e-01 4.59¢-01 0.67

*Cm 4.47¢+00 5.68e+00 0.79

YOSy 6.93e+03 1.66e+04 0.42

7Cs | 9.66e+03 | 224e+04 0.43

Total 2.43e+04 5.50e+04 0.44
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7.0 Results
7.1 Design Basis Sludge Model

The Design Basis, or average, radionuclide inventory using the predictive model was
determined from the total K Basin inventories decayed to May 31,2001. The results of this

calculationare listed in Table 10.

Table 10. Average éwnuchde In_yent_ery Results for Design Basis.

wlide | Activity (CUMTU) | Hesting Rate (Bru/hwMTU)
*H | 1.63e+01 1.87e-03
e 3.75¢-01 3.75¢-04
*Fe 4.35e-01 4.96e-05
Co 101etO1 5.32e-01
ONi 2.38e+00 8.20e-04
YKr 2.56e+02 1.3le+00
St 4.99¢+03 1.98¢+01
Yy 4.99e+03 9.43e+01
“Te 1.55¢+00 2.66¢-03
1%Ru 1.30e-01 2.65e-05
1%Rh 1.30e-01 4.23e-03
1Sb 8.14e+00 8.71e-02
PCs 3.39¢+00 1.18e-01
PCs 6.64¢+03 2.28e+01
BmBy 6.28e+03 8.38e+01
Ce 3.45e-02 7.81e-05
B1Sm 8.62e+01 3.45¢-02
2Ey 1.71e+00 2.63e-02
By S.14e+(1 1.57e+00
*Eu 7.57e+00 1.87e-02
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| Nuclide | Activity (C/MTU) | Heating Rate (Btwht/MTU)
B'Np 7.18¢-02 7.05¢-03
2y 4.08¢-01 3.96e-02
23U 1.53¢-02 1.41e-03
2oy g 6.34¢-02 5.80e-03
28 3.30e-01 2.82¢-02
py 6.64¢+01 7.39¢+00
Ppy 1.31e+02 1.36e+01
40py 8.20e+01 8.56e+00
Hipy 3.42¢+03 3.63e-01
22py 3.66e-02 3.63e-03
#lAm 2.41e+02 2.70e+01
#Cm 1.11e-01 1.37e-02
24f*cm . 1.05e+00 |. 1.24e-01
Total | 2.73e+04 ] 2.82e+02

7.2 Safety Basis Sludge Model

The Safety/Regulatory Basis inventory of the predicted model was determined from the
top 20 percent activity basin inventories discussed in Section 6.4, decayed to May 31,2001.

_ Table Ii Radxonuchde Inventory ReSuits for Safety Basis. |
Nuclide A_q_:;l_vny (C;{_MTU) Heanngﬁkate (Bﬁi)hr/MTU)

#Co 3.10e+01 1.64e+00
Yy 1.55¢+04 2.92¢+02
PTe 4.84¢+00 8.26¢-03
1¥Cs 1.05e¢+01 3.64e-01
B"Ba 1.98e+04 2.65e+02
*1Sm 2.39¢+02 9,53e-02
52Eu 5.95e¢+00 9.19e-02
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Nuclide | Activity(CUMTU) | Heating Rate (Btwhr/MTU) |
e T 1.95¢+02 5.96e+00
Eu 2.11e+01 5.19e-02
“"Np 2.23e-01 2,19¢-02
3y 9.74e-01 9.42¢-02
23U 3.42¢-02 3.16e-03
56y 1.72e-01 1.56e-02
28 8.01e-01 6.81e-02
>%pu 2.38e+02 2.65e+01
39py 3.78e+02 3.95e+01
opy 2.71e+02 2.83e+01
#py 1.24e+04 1.31e+00
s 1.44e-01 1.43¢-02
“'Am 8.33e+02 9.32e¢+01
#2Cm 4.52e-01 5.58e-02
#Cm 5.08e+00 5.96e-01
Sy 1.55e+04 6.14e+01
B1Cs 2.09¢+04 7.20e+01
Total 8.62e+04 8.88e+02

8.0 Conclusions

This calculation note provides best-estimates for design basis and safety basis
radioisotopic source terms for both K-East and K-West Basin sludge. The neutronics (physics)
based modeling provides a first-principles, but conservative estimate for these source terms. The
source terms should be appliedto fuel wash, canister, and floor sludge, including the fuel piece
slurry component of the wash sludge. The source terms are based on basic reactor physics
principles, known N Reactor operating characteristics, observed fuel damage (which is the
primary source of fuel related sludge), and comparison with sludge characterization
measurements, and are provided on a per unit mass of uranium basis. Source terms on a per unit
mass of the various sludge streams can be determined based on characterization data on the
uranium concentration, in each sludge stream.
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9.0 List of Symbols

a/2 = half-length of fuel assembly
D‘g = neutron diffusion coefficient for energy group g
L = thermal neutron diffusion length
P = peaking factor for axial thermal flux distribution
P/A = peak to average ratio
V = corrosion volume at end of assembly
V_ = volume of radial corrosion penetration
z, = penetration distance for corrosion into the end of a fuel assembly

axial distance associated with corrosion volume V
Az = length dimension (along assembly) of radial corrosion pit,
and is assumed to start atz =z,

Greek
¢, = neutron flux for energy group g
£, = removal cross section from energy group 1
=X, * L,
X = absorption cross section for group g
&
I, , = scattering cross section group 1 to group 2
vzf = fission cross section for group g multiplied by number of neutrons per fission
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Attachment 1: Profile3.for Source Listing

program peak

implicit re21*8 (a-h,o0-2)

real*4 pcC

character*7 answ

dimension radi (40), fp(40,20), £i(40), voli(40}, ri(d42;

dimension avi{20}, avo(20}, avt{z0)

dimension ve(20,20,2), fe(20,20,2), vae{40,20)

common /sl/ vs (20,2}, fs{20,2), va{d40), fa{40)

common /s2/ pki{20,19), pko(20,1%), pka(20,19),
1 pal(20,198), pa2(20,1%9), xbp(20), chp{l9)

dimension dxkp(20)

data dxbp 7 2., 12., 22., 32., 42., 52., 6Z., 2.,

, Fae(4c, z0)

1 gz2., $2., 102., 112., 122., 13z., 142., 152.,
2 162., 172., 182., 192. /

data cbp / &., 10., 15., 20., 25., 30., 35., 40., 45., 50.,
1 55., &0., 65., 70., 75., 80., 85., 90., 95. /

pi = 3.141592654
write (6,*) ' Do you want Mark 1A or Mark IV analysis?"
read (5,7) answ
7 format (a7)
if (answ .eg. “Mark IV') then
rate = 10.830
open{unit=7, file='FPmkiv.txt', status='old', err=9%00)
elseif (answ.eg. "Mark 1a") then
rate = 12.931
open{unit=7, file='FPmkia.txt', status='cld', err=9%900)
endif
open{unit=8, file='PAoutp.dat', status='unknown', err=3%00)
do 8 i=1,20
®xbp (i) = rate*dxbp(i)
8 continue
read (7,*)
read (7,*)} (radi{i),i=1,40}
read {(7,*) {(ri(i),i=1,42)
do 10 j=1,20
read (7,*) (fp(i,J),i=1,40)
10 continue
do 11 i=1,20
ip =1+ 1
voli{i) = pi*{ri{ip)**2 - ri{i)**2)
11 continue
do 12 i=22,41
ip =1+ 1
im =1 - 1
VOIi(im) =
12 continue
C******************-k*********************************-}r**‘****************
C first calculate average of the fission distribution for each of
C inner, outer, and total, as a function of exposure

C**********'}r**********‘k'ir******************'ir**+**************************

pi*(ri(ip) **2 - ri(i)**2)

vi = pi*(ri(21y**2 - ri({l)=**2)
VO = pi*{ri(d42)**2 - ri{22)Y**2)
vt = vi + vo
do 20 3=1,20
avi{j) = O.
avo(j) = O.
do 21 i=1,20
ip=1+t20
avi(j) = avi(3) +* fp{i,ji*voli(i)
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avo{j) = avo(d} t fp{ip,J)*voli{ip;
21 continue
avt{j) = avi(jy + avoli)

avi(j) = avi(j)/vi

avol{j) = avo(j)/vo

avt{j) = avt{j)/vt

20 continue

c**********-k-k-k'k*********-k*‘k**'*******************************‘*******-}r****
C now order (rank) radial distribution according to Ffissions ...
c this will determine exposure adustment as a function of fraction
C of fuel corroded off ... loop over 20 exposure increments ...

c***********************************************************************
do 30 j-=1,20
do 31 i=1,40
fi(i) = fp{i,3)
31 continue
call sort{voli, fi}
do 32 i=1,20

vel{i,j,1l) = vs{i, 1)
fe(i,3,1) = fs(i,1)
ve(i,3,2) = vs{i,2)
fe{i,3,2) = fs{i,2)
32 continue
do 33 i=1,40
vae (i,3) = va (i)
fae(i,j) = ta(i)
33 continue
30 continue
C***********************************************************************
C now integrate over corroded-off outer regions for P/A ...

c'!r**********************************************************************
do 701 = 1,19
pc = fioat (5*1)
vtst = pc*vt/100.
do 40 §=1,20
pki(jrl) =0

pko(j,1) = O.
Pka{j,l) = 0.
vl = 0.

v2 = 0.

do 41 i=1,1

vl = vl + vel(i,3, 1)

v2 =v2 + veli,]j,2)

pki(j,1) = pki{3,1) t feli, ], 1)*ve(i,], 1)
pko(j,1) = pko(j,1) + feli,J,2)*ve(i,],2)

41 continue

vint = O.

do 42 i=1,40

vint = vint + vae(i,j)

if(vint .gt. vtst) goto 45

42 continue
45 na =1i -1
v3 = O.
do 43 i=1,na
v3 = v3 + vaeli,])
pka(i,1) =rpkaij,l) * fae{i,j)*vae(i,J)
43 continue
pki(jrl) = (pki(j!l)/VI)/aVi(j)
pko(i, 1} = (pkold,l)/vZ)/avo(])
pka{l,1) = (pka(j,l)/v3)/avt(j)
40 continue

c*-k****‘k-k***************************************************************
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C now calculate suter-to-average and inner-to-average factors ...
c****-)r******************************************************************
write (8,*) ' Corrosion percent = ',cbp(l)
do 50 j=1, 20

pal{j,l)y = avi(j)/avt(j)
pa2{j,1l} = avo(j)/avt(j)
write (8,100) pki(j,l),pko{j,l},pka(i,1),pal{i 1}, pa2(j, 1}
50 continue
70 continue
100 format(Ix5(2x, F10.7))
write (6,*) ' Now for 2D, 3-pt interpolation ...'
write (6,*) ' Enter desired exposure:*
read (5,*) exl
write {6,*) ' Enter desired corrosion fraction:"
read (5,*) col
ic=1
write (6,*) ' Inner peaking factor = ',pai{ic,exl,cel)
ic =2
write (¢,*) ' Outer peaking factor
ic =3
write (6,*) ' Assem peaking Ffactor
ic=14
write (6,*) ' Inner/Assem factor = ',paific,exl,col)
ic=>5
write (6,*) ' cuter/Rzsem Factor = ',pai{ic,exl,col)
900 stop
end

' pai{ic,exl,col)

', paific,exl,col}

subroutine sort{vi, fi}

implicit reai*8 (a-h,o-z)

dimension vi(40), f£i{40)

common /sl/ vs(20,2), £s(20,2), va{40), fa(40)

C******************************************-A-****************************

C sort inner, outer elements and assembly by exposure
C********-k***********************'k‘k'k************************************

do 10 i=1,20

ip=1i1+20

vsi{l,1) = vi(i)

fs{i,1) = £i(i)

vs(1,2) = vi{ip)

fs(i, 2} = fi{ip)

va (i) = vi(i)}

va{ip) = vi(ip)

fa{i) = fi{1)

fa{ip} = fi(ip)

10 continue

C********************-k*************'k‘k*******'){***************************

C commence bubble sort loops
c***********************************************************************
do 20 i=1,19%
C inner sort loop on inner
do 21 k=1,20-1i
kp = k + 1

ififs(kp,1) .gt. fs(k,1}) then
temv = vsi{k,2)

temf = fs(k, 1)

vsik,1l) = vs(kp,1}

fs(kx,1) = fs{kp, 1)
vs(kp,1) = temv
fs{kp,1) = temfF
endif
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continue

inner sort loop on outer

do 22 k=1,20-1

kp = k + 1

if (fs({kp, 2} .gt. f£s!k,2)) then
temv = vs(k,2)
temf = fs(k,2)
vs{k,2) = vs{kp,2)}

fs(k,2) = £s(kp, 2}
vs(kp,2) = temv
fs(kp,2) = temf
endif

continue

continue

sort loops on assembly
do 23 i=1,39
do 24 kx=1,40-1
kp =k + 1
if(fa{kp) .gt. fa(k}) then
temv = va(k)
temf = falk)

va({k) = val(kp}
fa(k) = falkp)
va (kp) = temv
fa(kp) = temf
endif

continue

continue

return

end

function pai(ic, ex, co)

implicit r=a1*8 (a-h, o-z)

implicit integer*d (i-n)

common /sz/ pki{20,1%), pko{(20,19), pka(20,18},
1 pal {20,198}, pa2(20,19), xbp(20), cbp(19)
dimension bp{20), pexr(20}, pco(l9)

C***********************************************************************

C
C
C
c
C
C
c

this function performs the lagrangian spline table interpolation
on the peaking factor data library, as a function of exposure and
¢z fuel element and/or assembly corrosion

T

first, determine initial and final indices for accessing data

khkdkkhxddhhkdkhrhkrdhbhdhhkrdbddhbkrdbhdbhkrorhdbhdbhhhkhbbdrdrdbhhdbrdhbhdbhhobrhrhhdddkxkh

10

if(ex .1lt. xbp(l)) then

mex =1
mex? = 3
goto 11
endif

do 10i = 1, 18
if{ex.ge.xbp(l) .and. ex.lt.xbp{i+l}) then
mex = i
mex2 = mex t 2

continue

mex = 18

mex2z =mex + 2

if (ex.ge.xbp{i+l) .and. ex.le.xbp(i+Z)) goto 11
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c write (é,*) ' WARNING: extrapolation used in 3-pt interpolation!*®
11 if{co .lt. cbp(l)) then
mco =1
mco2 = 3
goto 31
endif
do20 i =1, 18
ificoc.ge.cbp(i) .and. co.lt.cbp(i+1)) then
mco = i
mcocZ2 = mco + 2
goto 31
endif
20 continue
mco = 18
mco2 = MCco + 2
if{co.ge.cbp{i+l) .and. co.le.cbp(i+2)} goto 31
C write (6,*) ' WARNING: extrapolation used in 3-pt interpolation!*®

C***********************************************************************

C
C
C
c***********************************************************************
31 do 40 1 mex, mex2
pex (1) 1.
do 41 j = mex, mexZ
if(i .eqg. j) goto 41
pex{i) = pex(i)*(ex
continue
continue
do 50 1
pco (i}
do 51 j mco, mco?l
if(i .=g. j) goto 51
pco(i) = peo(i)*(coc - chp(j))/(cbp(i)
51 continue
50 continue
C***********************************************************************
C
[
C
C
c***********************************************************************
do 70 il
sm = O.
do 80 12 = mco,mco?2
if{ic .eq. 1) then
sm sm + pco(iZ2)*pki{il,iZ2)
elseif(iec .eqg. 2) then

next, calculate lagrangian coefficients for all directions ...

- xbp(3))/{8bp(i) - xbpl(i})
41
40
mco, mcoZ

1.

- cbp(3})

next, perform two-dimensional interpolation, with pre-calculated
product-term coefficients ...

mex, mexz

sm = sm +
elseiflic
sm sm +
elseif(ic
sm = sm +
elseiflic
Sm = sm +
endif
continue
bp(il)
continue
sm = O.
do 75 il

80

sSm
70

pco(i2) *pko(il,i2)

.eg. 3) then

pco(i2) *pka{il, i2)

.eq. 4) then

peco(i2)*pal(il,i2)

.eq. 5) then

pco{i2)*paz({il, i2)

mex, mex2

SMm = sm + pex{il)*bp{il)
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continue
pai = sm
return
end
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Attachment 2: Pradnuc2.for Source Listing

program expmod

C*********************************************-}r-k*-)r*'*********************

C
C
C
C
C
C

this program performs quadratic interpolation/extrapolation On
pu240 vs exposure results generated from the wims-e code for both
N Reactor Mark IV and Mark IA fuel assemblies

Fhkhhdkhhkhhhddhdhhdh ke hhkkhhdkhxkdhkdrkhrhdkdhh bk kkkkkkkkkkk ko d ok kkdh kd *hk

1
2

1

implicit real*8 (a-h,o-2)
character*4 mod
character*l typ, ans, ansr
commen /sl/ data(4,20), ii, @p, ml, m2
common /s2/ pki(20,19,2), pko(20,18,2}, pka(20,19,2),
pal (20,19,2), pa2{20,19,2}, xbp(20), cbhbp{l19)
common /s2/ exi, exo, expr, el, a2, vli, vlo, vi, vo, pi,
rl, r2, r3, r4, ityp
dimension dzbp(20), 4d{3,8)
cpenf{unit=9, file='pu240.txt', status='cld', err=300)
open{unit=8, file='Safe_Gds.", status='old', err=%00)
openf{unit=7, file='outp.', status='unknown', err=%00)
open{unit=10, file='PAmkia.dat', status='old', err=900}
open({unit=11, file='PaAmkiv.dat', status='old', err=900)
cpen{unit=12, file=‘damged.txt', status='old', err=900}
data dxbp / 2., 12., 22., 32., 42., 52., 6&2., 72.,
gz., 82., 102., 11z2., 122., 132., 142., 152.,
162., 172., 18z., 192. /
data cbp / 5., 10., 15., 20., 25., 30., 35., 40., 45., 50.,
55., 60., 65., 70., 75., EO., 85., 90.. 95. /

C*************************************'k*********************************

C
c***********************************************************************

10

12
11

input Mark IA exposure data

pi = 3.141592654
do 10 i = 1,20
read (%,*) data{l,i), data(2,i)
continue
do 11 j=1,1%
do 12 i=1,20
read {10,*) pl, p2, p3, p¢, ps

pki(i,j,1) = pl
pko(irjrl) :p2
pka{i,j,1) = p3
pal(i,j,1) = pd
paz(i,j,1) = p5
continue
continue

C**')r**************‘k*****************************************************

C

input Mark 1V exposure data

CRFhdd ko hkhhdhhk vk hkhh bk bk hxhhkhh ok kb k bk dkr ok hh bk ok hhhkh ok ko dh ok dkkhdhok bk kK ok ke

15

do 151 = 1,20
read {9,*) data(2,1), datald,i)
continue
do 16 4=1,18
do 17 i=1, 20
read (11,*) pl, p2, p3, pd, p5
pki(i,j,2) = pl
pko(i,J,2} = pZ

pka(i,j,2) p3
pal{i,i,2) = pd
paZ2(i,j,2) = p5
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17 continue

16 continue
C***********************************************************************
c input pararnetreized fuel damage data
c-k-k-k********************************************-)r*-k-k********************

do 19 i=1,3
read (12,*) (dd(i,]),3=1,8)

19 continue
c***********************************************************************
c define loop over desired exposures for model evaluation

c*‘k****************************************-}r****-ﬂr***********************
write (7,*) i
write (7,) "™105-K Basins charge data""
write (7,*)
write (7,200)

igrd = 1

ipic =0

idel = 12

idtz = 99

write (6,*) ' Adjust exposure for fuel damage? (yv/n)'

read (5,300) ans

write (6,*) ' Adjust exposure for reactor P/A factors? (y/n)'

read (5,300) ansr
if {ansr .eqg. "y") then

write (6,*) ' What is the reactor exposure P/A factor?*
read (5,*) rpa

endif
20 read (8,*,end=900)id1, key,mod, 1d2, typ,p24, pmt, expr, gmt, umt, assm
ifityp .eg. "1') then
ml =1
mZ = 2
el = 2.99686
a2 = 20.88*2.54/2,
rl = 0.6223
r?2 = 1.4808
r3 = 2.2962
rd = 2.9896
ifl =1
rate = 12.931
itvo = 1
elseif (typ .eg. "V"} then
ml = 3
mZ = 4
el = 3.02565
a2 = 26.1*2.54/2,
ri = 0.6605
rZz = 1.5480
r3 = 2.2110
r4 = 3.0165
1fl = 4
rate = 10,830
ityp = 2
else
write (6,*) " non N Fuel detected”
goto 900
endif
VI = pi*(r2**2 - rl**2)
VO = pi*(rd*+2 - r3*+*2)
{

fi = vi/(vi + vO)

fo = vo/ivi + vo)

if{idl .eg. 107) then
bri = adad(1, 3)
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bro = dad(1, 4)
dfi = dd(2,3)
dfo = da(2, 4)
bdi = dd(3,3)
bdo = dd(3,4)

elseif{idl .eqg. 108) then
bri = dd(1,1)
bro = dag
dfi = aa
dfo
bdi = dd
bdo = dd
else
write (6,*) ' Basin ID problem .. .°
endif
do 8 i=1,20
®xbp{i) = rate*dxbp(i)

8 continue
C***********************************************************************
C now interpolate PROFILE3 data tables (WIMS-E radial P/A data),
C and evaluate diffusion theory model axial profiles to estimate
C exposure peaking vs. exp and extent of fuel corrosion

Rk ok kkkkkdk ko kbbb hrdbdrhkrhdhkhkkhhhhhkdhhhbhhdbhhhhkdhdrbhhordkh kb rdhrdrrrrrdrt

if{ans .eg. "y"} then

C***********************************************************************

C calculate exposure in the *breached™ component

C***********************************************************************

|f(br| eq.0. .and. bro.eq.0.) then

I
2
A
LwNNE
NN e

ffl = 0.
expl = O.
else
Ffl = dd{(1,5;
prl = dd{1,6)
pzl = dd{1,7)
ptl = dd(1,8)
call epe(s£l,prl,pzl,pt1)
expl = (exi*vli*bri + exo*vlc*bro)/(vlii*bri + vio*bro)
endif
C***********************************************************************
C calculate exposure in the "defected" component

c***********************************************************************

if(dfi.eq.0. _and. dfo.eq.0.) then

ffz = 0.
exp2 = O.
else
ff2 = dd(2,5)
prl = (2 6)
pzl = dd{2,7)
ptl = dd(2 8)
call epe(tf2,prl,pz1, pt1}
exp? = (exi*vli*dfi * exo*vice*dfo)/(vli*dfi * vlo*dfo)
endif
c***********************************************************************
c calculate exposure in the "bad" component

folba i b b R e R L R R R R R e

if(bdi.eq.0. .and. bdo.eq.0.) then
0.

3 =

exp3 = O.
else

3 = ddi3.5)
prl = dd(3,6)
pzl = ddi(3,7)
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ptl = ad(3,8)

call epe(ff3,prl,pzl,pt1;

exp3 = {exi*vli*hdi + exo*vlo*bde)/(vli*bdi t vlc*hdo)
endif
expr = {expl*ffl + expl*ff2 + exp3*£f3)/(ffl + FF2 + ££3)

ufs = (bri*fi + bro*fo}*ffl + (dfi*fi + dfo*fo)*ff2
ufs = ufs + (bdi*fi + bdo*fo)*f£f3

umt = ufs*umt

endif

if{ansr .eg. "y") expr = expr * rpa
call find(expr)
write (7,100) key, igrd, ifl, ipic, pu240{expr), umt, idtl, idtz

gote 20
100 format(lx,i5,5x,11,6%,11,6x%,13,5x,£6.2,4x,£11.7,2(3%,12})
200 format(lx, ' "'Key" "Grade"™ "Fuel"™ '"Pieces" "% pu-240" "Uranium"

1 "MO" "y n |)
300 format(al)
900  stop
end

subroutine epe(ff,prl,pzl,pt1)

implicit real*8 (a-h,o0-2)
C***********************************************************************
C this subroutine evaluates the exposure profile effects and
C calculates the combined axial and radial exposure factor
c***********************************************************************

common /s3/ exi, exo, expr, el, z2, vli, vlo, vi, vo, pi,

1 rl, r2, r3, r4, 1typ

C*********-k-A-******************************************************-}r*****

C do inners

C*********************‘A“k*‘ki‘*‘k****'***************‘************************

rad = r2 - pri*{r2 - rl)

dz = (r2 - rl)*pzl

VOr = ptl*pi* (r2**2 - rad**2)*dz

vax = ff*vi*aZz - vor

zv = vax/vi

zp = zv t dz

pz = 1.15

CO = 100.*(r2**2 - rad**2)/(r2**2 - rl*+*2)

avg = 1. + (el/a2)*(pez-l.)*(1. - exp(-az2/el))

pax = (1. + (el/zv)*(pz=-1.)*(1. - exp(-zv/el)))/avg

pxI = (1. + (el/dz)*{pz-1.)*(exp(-zv/el) - expl{~zp/el)))/avy
vli = vax + vor

exi = (({pax*vax + pxl*pail(l,ityp,expr,co)*vor)/vli)*expr

exi = exi*pai (4,ityp,expr,co)

C***************************************‘k*************************‘k*****

C do outers

C*****-}r*****************‘k*‘k**‘k******************************************

rad = r4 - pri*(rd - r3)

dz = (r4 - r3)*pzl

vor = ptl*pl*(rd**2 - rad*=*2)*dz

vax = ff*vo*az - vor

IV = vax/vo

zp = zv t dz

pz = 1.09

CO = 100.*(r4**2 = rad**2)/(rd**2 = p3**7)

avg = 1. + (el/a2)*{(pz-1.)*{(1. - exp(—aZ/el))

pax = (1. + (el/zv}*{pz-1.)*(1. - exp(-zv/el)))/avg
pxl = (1. + {el/dz)*{pz-1.)*(exp(-zv/el) - expl-zp/el)))/avg

vlo = vax + vor
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exo = ((pax*vax + pxl*pal(2,ityp,expr,co)*vor)/vio) *expr
exo = exo*pal (5,1ityp,expr,co)

return

end

subroutine find{exp)

C**************************************************'}r********************

C
c
C

find starting and final indices for exposure interpolation

C-k**********************************************************************

10
20

implicit r=2al*8 (a-h,o-z)
common /s1/ data(4,20), ii, @ip, ml, m2
i=1
if{exp .1t. data(ml,i)) goto 20
do 10 1 =1,18
ip =1+ 1
if(exp.ge.data(ml,i) .and. exp.lt.data(ml,ip)} goto 20
continue
i=1i-1
11 = 1
ip=11+2
return
end

function puz40 (exp)

c***********************************************************************

c
C
c

this function interpolates the exposure profile to get puz40 (E;

C***********************‘k***'*‘!r*****‘k************************************

40
30

1

implicit real*8 (a-h,o-z)
common /sl/ data{4,20), i, @ip, ml, m2
dimension 1 (20)
su = 0.
do 30 i = ii, ip
cl{i) 1.
do 40 7 = ii, ip
if (i .eq. j) goto 40
Cl[i) = cl{i)*(exp - data{ml,j)}/{data(ml,i) - data(ml, i)}
continue
su = su + cl{i)*data(m2,1i)
continue
puZild = su
return
end

function pai (ic,ityp, ex, co)

implicit real*s (a-h, o-2)

implicit integer*4 (i-n)

common /=sz/ pki(z0,19,2), pko(z0,28,2), pka(20,19,2},
pal(20,19,2), pa2(z0,19,2), xbp(20), cbp (19)

dimension ktp (20}, pex{20), pco(l9)

C**-k-k*****‘!r***************************-k**')r-k*****************************

o
C

this function performs the lagrangian spline table interpolation
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C on the peaking factor data library, as a function of exposure and
C ¢ fuel element and/or assembly corrosion
c
c first, determine initial and final indices for accessing data
c
c***********************************************************************
if{ex .1lt. xbp{l)) then
mex =1
mexZ = 3
goto 11
endif

do 101 =1, 18
iflex.ge.xbpi{i}) .and. ex.lt.xbp(i+1l)} then
mex = 1i
mexZ = mex + 2
goto 11
endif

10 continue

mex = 18

mex? = mex + 2

if(ex.ge.xbp({i+l) _.and. ex.le.xbp(i+2)) goto 11

c write (6,*) ' WARNING: extrapolation used in 3-pt interpolation!
11 if{co .1t. ckp{l)) then
mo =1
mcoZ = 3
qoto 31
endif

do 20 i = 1. 17
ifico.ge.chp(i) and co.lt.cbp(i+l)) then
mco = i
mco2 = mco + 2
goto 31
endif
20 continue
mco = 17
mce?2 = mco + 2
if{co.ge.chp(i+l) .and. co.le.cbp(i+2)) goto 31
C write (6,*) ' WARNING: extrapolation used in 3-pt interpolation!®

c***********************************************************************
C
C next, calculate lagrangian coefficients for all directions
C
C***********************************************************************
31 do 40 i mex, mex2
pex (i) 1.
do 41 j = mex, mex2
if{i .eq. j) goto 41

pex(l) = pex(i)*{ex - xbp(j))/(xbp(i) - xbp(i)}
41 continue
40 continue
do 50 i = mco, mcoZ
pcof(i) = 1.

do 51 § = mco, mco2

if(i .eg. j) goto 51

pcol{i) = pcol{i)*(ce - chbp{jl)/{cbp(i) - cbp{(]i))
51 continue
50 continue

CkFhkhhdkhrdrhddhdhrbhrdrhhhdrrh kb bk kbbb hhhhkhdhdhkddRhxkhhkdhkxdhdkkdhdkrdhkkx
C

c next, perform two-dimensional interpolation, with pre-calculated
c product-term coefficients
c
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C**********************************************************************i

do 70 il = mex,mex2
sm = 0.
do 80 i2 = mco,mco?2
if{ic .eq. 1) then
sm = sm + pco(i2) *pki{il,i2,ityp)
elseif{ic .eg. 2} then
sSm = sm + pco{i2)*pko(il,iZ,ityp)
elseif(ic .eq. 3) then
sm = SM t pco(i2) *pka(il,i2,ityp)
elseif(ic .eg. 4) then
sSm = sm + pco(iZ)*pal {il, 12, ityp)
alseif(ic .eg. 5) then
Sm = sSm + pcof{i2}*pa2(il,i2,ityp)
endif
80 continue
bp{il) = sSm
70 continue
sm = O.
do 75 i1 = mex,mex2
sm = sm + pex{il)*bp(il)
75 continue
pai = sm
return
end
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Attachment 3: WIMS-E TRU Validation
USE OF THE WIMS-E LATTICE CODE FOR PREDICTION OF THE
TRANSURANIC SOURCE TERM FOR SPENT FUEL DOSE ESTIMATION

Kevin N. Schwinkendorf Steven P. Roblyer

Santiago A. Parra

Westinghouse Hanford Company  Westinghouse Hanford Company  Westinghouse Hanford Company

P.O. Box 1970 HO-32
Richland, Washington 99352

(509) 376-0960 (509) 376-0436

ABSTRACT

A recent source term analysis has shown a
discrepancy between ORIGEN2 transuranic isotopic
production estimates and those produced with the
WIMS-E lattice physics code. Excellent agreement
between relevant experimental measurements and
WIMS-E was shown, thus exposing an error in the
cross section library used by ORIGEN2.

1. INTRODUCTION

The planned re-racking of N Reactor fuel
assemblies and packing of scrap into multiple canister
overpack (MCO) containers has generated some
concern as to the size of the spontaneous neutron
source term, important in characterizing the estimated
dose. Previous calculations using the RADNUC code
(an automated interpolator code using CRIGEN2
production tables) has possibly over-estimated the size
of the **Cm contribution by over an order of
magnitude. The overall over-estimation of the source
term may be at least a factor of five; this will result in
greater (and unnecessary) expense in shielding
requirements.

The ORIGEN2 computer code uses effective one-
group cross sections in its burnup equations. These
cross sections must come from somewhere, and
various libraries exist for different applications. At
least one existing ORIGENZ library uses cross
sections extracted out of older WIMS-D calculations;
another library (for ORIGEN-8) was created
specifically for N Reactor MKIV and MKIA inners
and outers, using the Oak Ridge SCALE system.

The latest version of WIMS-E, version 6a, has
recently been obtained from the British AEA
Technology. This latest version of the code comes
with the latest cross section library (1994) and comes
in both 69 and 172 energy groups. This cross section
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library was created from the latest cross section
evaluations from the Joint European File (JEF2.2),
from ENDF-BNI, and for the first time, includes
extension of the transuranic burnup equations into the
curium chains.

Preliminary results from WIMS-E 6a show a
much smaller quantity of #*Cm produced than the
earlier ORIGEN calculations. In addition, WIMS-E
6a isotopic predictions for irradiated MKIV fuel
(both inner and outer) are in excellent agreement
with measured isotopic production data.'

In an attempt to upgrade ORIGEN2 capabilities
for burnup analysis of N Reactor fuel types, new
effective one-group microscopic cross sections have
been extracted out of WIMS-E output for both MKIV
and MKIA inners and outers as a function of burnup.

It is beleived that the discrepancy in the **Cm
production is due to an error in the extraction of the
one-group cross sections out of the earlier WIMS-D
results.

1I. ISOTOPIC PRODUCTION CALCULATIONS

The WIMS-E 6a computer code' was used in a
burnup mode for both MKIV and MKIA N Reactor
fuel types. Hot operating conditions (temperatures,
thermally expanded dimensions and reduced
densities) were taken from the DCODE fuels
performance code, used extensively in the past in
support of fuel design and operation of the N
Reactor. To estimate the transuranic isotopic
distribution of the spent fuel inventory, a database is
required that contains information on the quantity of
initial uranium metal and the total exposure present
in each of the groups of spent fuel. A small
FORTRAN post-processor program was written to
extract the isotopic data out of the WIMS-E output
files, and combine this data with the exposure
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database. For every exposure group, the database
contains the quantity of uranium metal and the
exposure it has acquired. The WIMS-E production
tables give the isotopic quantities (e.g., gram per
metric ton of initial uranium) as a function of
exposure. The post-processor takes an exposure group
and uses a three-point interpolation to calculate the
grams per metric ton of each isotope at that exposure,
and multiplies this by the initial uranium in the group;
the result is the total quantity of each isotope, for each
group of spent fuel.

As a conservative estimate for the source term
prediction, the highest-exposure 270 MKIV fuel
assemblies (five tiers of 54 assemblies each) were
assumed to be loaded into a single MCO. To treat
non-linearities of isotopic quantities with burnup, it
was decided to approximate these 270 fuel assemblies
by equal mass quantities of MKIV fuel, each at five
different exposures. The MKIA basis was 288 fuel
assemblies (six tiers of 48 assemblies each). A
FORTRAN program was used to interpolate the
transuranic isotopics for each of the exposure bins,
and sum over the five (or six) bins to find the total.

I1I. CALCULATION VALIDATION

Transuranic isotope quantities have been
measured and documented for known burnups.'
WIMS-E isotopic predictions agree very well for all of
the isotopes that were compared. WIMS-E performs a
cylindrical integral transport calculation in 69 neutron
energy groups and then uses the transport solution to
provide fluxes that drive the burnup equations in each
burnable material. This is repeated for each bumup
steps. WIMS-E therefore predicts the fraction of
power (and exposure) produced in the inner and outer
elements of the tube-in-tube geometry of N Reactor
fuel. Power sharing ratios represent the ratio of either
inner or outer element specific power (power per unit
mass) to the assembly average specific power. These
ratios are burnup dependent. Figure 1 shows how
these ratios change with bumup; these values are
consistent with the power sharing ratio assumed in the
older ORIGEN model. Figures 2 and 3 illustrate the
»*U depletion in MKIV inner and outer elements, as
predicted by WIMS-E and as measured. Figures 4 and
5 show the same comparison for #U buildup; the
WIMS-E calculation assumed an initial #¢U content of
400 ppm. The plutonium isotope comparisons are
shown in Figures 6 through 15.

Revision O

Further along the burnup chain are the curium
isotopes. Figures 16 and 17 show predicted **Cm
contents for both inner and outer elements. The
agreement is very good.

Frzwes 1o Foger Fot'o ys Doplsurs,
Moty azsemmoiias,
e mmmm s e
i i
] T'---"'"*----- R e --w~~|
|
T
; H !
— |
u.82 }* """ T Bt e 1
2 4 + -t —"———'—'—J
LDV 0 0C 4200 020 B
Eapraass ThWAg NT;
wm— gutsrfug === nn2rfa.g
Flaurs 20 L=23% vs Deposure,
MoR2cator WAl innzr,

1-235 {gram/Nity}

3% ws Eeposarz,

b Pegoior Mety Joter

11285 (uomy NI}

56 of 91




HNF-8760, Revision 0

I 1060 200G
Eapnanra M MT.

1 Megsurament & OR

s Fxpcsare

ter,

[~
Reagior My O

g
5
=
3
&
PO :
C 1530 5030 5350 z 1002 00C 4200 5000
Eeposire 0
;
e WIS E |~ WhieE 0O Weasuremen! & 1

Figure 3. PL=I33 vs Legosurs
M Fogctor Mely Cpter

B |

Meisurarsnt &

vy
E-pasure 14hH3. 07

570f91




HNF-8760, Revision 0

R

o | S -

Fozurs (A1) 63
£ Measuremsct & GRWCLNC ) C Mzizuverent &

Py~ 147 o /M)

i 2 {geun L)

BICC

C Measuremert & OF

= MensLramant & FETEHY 1

{aganfyel)

Jan

Py-

Ty 241 Gpan /I

300y
RGeS

£y

G
L—— WS -f O Maasuren |

58 0f 91




HNF-8760, Revision 0

= - =4 . =
f Sazotor e rner
e —
F Y
S
= |
= t
=
s
Eoug # ——————————————————————————————————————————————————————————————————————————————————————
&
Cas - et
| . -
—
-
500 dncmsts gy semnr o namapeee
3 03 23 FI0C B 2
2 Tad T
— 5o T Megsur

Figure |

Cmi—72342 ys Fepasurs.

7.
MoFeastior Mens Ctar

£m- 24 om0

a 1002 2007 0C Laels] 50T S5O0

ol kDots]
Erpasura (Ml VT

IV. EFFECTIVE ONE-GROUP CROSS SECTIONS

The effective self-shielded one-group microscopic
cross section is defined by the equation:

)3

o9

_ - xE'g

o = £~ (1)

In Equation, 8; is the effective one-group
microscopic'cross section of reaction type x. The
69-group neutron flux spectrum, ¢ __is used as the
weighting function to average the ni?’lcroscopic group-
dependent cross section, crx . The summation in the
numerator is performed autd?natically by using the
reaction rate output edit module W-WIRE, contained
within the WIMS-E code. The summation in the

denominator is simply the one-group neutron flux,
and is output by using the W-WED module. A small
FORTRAN program was written to read the ASCII
text file produced by WIMS-E, and collect the data
required to evaluate Ex. This post-processing was
performed for both inner and outer elements, and for
both MKIV and MKIA fuel types, as a function of
burnup; 50 bumup steps were performed. Effective
one-group cross sections were calculated for several
uranium and transuranium isotopes, listed in the table
below:

Nuclide Evaluated WIMS-E 1D code

e b 2235

w6y 2236

BYJ 2238

=y 2237

B'Np 3237
B Np 3239
BEpy 4238
py 4239
Py 4240
Hipy 4241
2py 4242
MAm 5241
HanAm 5242
MAm 5243
Cm 6243
*Cm 6244

The final set of effective one-group microscopic
cross sections was delivered for modification of the
ORIGEN?2 cross section library.
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Attachment 4: Safeguards and Accountability Database

Safeguards K Basin Data

Kw Basin Exposure )
Key Model type % Pu-240 M Pu (MWd/MTU)  gram/MTU MIU assemblies
107 09964 NQSE 50 I 6.18 1.37E-05 1446.488 1099.107 0.0124641 1.66546
107 12823 A2T 50 I 13.11 0.0013456 3865.446 2425.940 0.5546198 35.51946
107 09964 A2M 50 I 6.18 1.703E~05 1446.488 1099.101 0.0154944 0.93021
107 12639 AazZM 50 I 13.06 0.0494252 3801.271 2395.258 20.634586 1238.88110
107 09964 nNOSM 50 | 6.18 5.45E-06 1446.488 1099.101 0.0049536 0.89900
107 09964 NOSF 50 1 6.18 3.86E-06 1446.488 1099.107 0.0035119 0.90030
101 09964 AZzZT 50 | 6.18 0.0002181 1446.488 1099.101 0.2530231 16.22999
101 09993 aZMm 50 1 10.29 0.0076212 2691.800 1832.813 4.1614722 249.85086
101 09993 azT 50 1 10.29 0.005865 2691.800 1832.813 3.1999992 205.26120
107 09993 A2F 50 | 10.29 0.0004049 2651.300 1832.813 0.2209063 18.13866
107 15555 Al2F 50 | 4.0 4.55E-06 852.566 718.369 0.0063338 0.80297
107 15460 A2M 50 I 3.32 0.001042 747.609 611.377 1.704382 102.32948
107 15459 A2ZM 50 1 4.06 0.01519 9C5.898 128.044 20.864116 1252.66184
107 15459 BA2T 50 1 4.06 0.0052097 905.898 123.044 1.1551737 459.00096
101 15457 &2M 50 1 2.85 1.544E-05 651.835 538.811 0.0286557 1.72046
107 15451 A2M 50 1 5.31 0.000387 1208.502 940.623 0.411387 24.69929
101 15448 NOSF 50 1 4.54 2.52E-06 1016.354 801.168 0.003122 0.80034
101 15448 NOSM 50 1 4.54 3.56E-06 1016.354 807.168 0.0044105 0.19963
101 15448 B&Al2F 50 | 4.54 5.35E-06 1016.354 801.168 0.0066281 0.34028
101 15448 BA2T 50 1 4.54 1.0537E-05 1016.354 807.168 0.0130952 0.83998
107 10201 AZE 50 1 9.22 0.0003683 2361.750 1651.312 0.2230227 18.91818
107 10201 &2t 50 1 9.22 0.0018224 2361.150 1651.312 1.1036074 70.78995
107 10201 A2F 50 1 9.22 0.0007232 2361.750 1651.312 0.437979 37.15212
107 10201 azm 50 1 9.22 0.0178973 2361.750 1651.312 10.838201 650.11535
107 10259 azm 50 | 10.35 0.0036828 2710.113 1842.984 1.9982809 119.91490
107 10259 AZF 50 1 1¢.35 0.0012165 2710.713 1842.984 0.6600871 55.99271
101 10294 azT 50 I 9.8 9.704E-05 2539.479 1150.015 0.055451 3.55685
107 10294 AzZM 50 I 9.8 0.0299404 2539.479 1150.015 17.108654 1021.18143
107 10350 =az2T 50 I 10.65 0.0015242 2806.555 1894.171 0.8047002 51.61680
101 10350 A2F 50 I 10.65 0.0022254 2806.555 1394.171 1.1748885 99.66138
107 10350 NC9M 50 I 10.65 9.36E-06 2806.555 1894.171 0.0049415 0.89590
107 10350 Al1zM 50 I 10.65 1.872E-05 2806.555 1894.111 0.0098829 0.83715
107 10350 BAa2M 50 I 10.65 0.0231016 2806.555 1894.111 12.196151 732.24574
107 10385 A2M 50 I 10.42 0.0124668 2732.815 1854.813 6.7211293 403.53026
107 10385 &alzM 50 I 10.42 1.868E-05 2132.875 1854.873 0.0100708 0.90401
107 10335 A2T 50 I 10.42 0.0012346 2132.875 1354.873 0.6655766 42.69284
107 10456 A2T 50 I 11.37 0.0017366 3050.163 2021.740 0.8589731 55.09809
101 10456 A2M 50 I 11.37 0.0283043 3050.163 2021.740 13.999982 840.54573
107 10602 A2T 50 I 11.11 0.0011521 2959.340 1914.589 0.5334429 37.42444
107 10602 az2M 50 I 11.11 0.0245821 2959.340 1914.589 12.449526 741.45778
107 10602 a12M 50 I 11.11 1.992E-05 2959.340 1974.589 0.0100882 0.90551
107 10619 a2zM 50 I 11.76 0.01457 3194.384 2095.918 6.9516083 417.36800
101 10679 A2F 50 I 11.16 0.0003016 3194.884 2095.918 0.1467519 12.44842
107 10679 Aa2T 50 1 11.16 0.0066169 3194.884 2095.918 3.1856687 204.34199
107 10142 NQSM 50 1 12.77 1.074E-05 3643.692 2319.135 0.004631 0.83962
107 10142 AZF 50 I 12.77 0.0004282 3643.692 2319.135 0.1846465 15.66287
107 10742 m12F 50 1 12.71 1.618E-05 3643.692 2319.135 0.0069761 0.88448
107 10142 a2t 50 1 12.17 0.0056514 3643.692 2319.135 2.4394443 156.47606
107 10142 a2M 50 | 12.71 0.0014163 3643.692 2319.135 3.1980121 192.00923
107 10110 NO9T 50 1 13.16 1.069E-05 3859.505 2423.107 0.0044111 0.85467
107 10170 &al2T 50 1 13.16 2.168E-05 3859.505 2423.107 0.0089412 0.85199
107 10110 AzT 1 13.16 0.0042055 3859.505 2423.107 1.7355816 111.32139
101 10110 azM 50 1 13.16 0.0123946 3859.505 2423.107 5.3215191 319.49393
101 10832 a2M 50 1 12.92 0.0268805 3723.202 2351.682 11.401232 684.51922
107 10832 azT 50 1 12.92 0.0015978 3123.202 2357.682 3.2225162 206.10939
107 10982 &a2mMm 50 1 13.13 0.036006 4236.823 2600.038 13.848249 831.43582
107 10982 &a2F 50 1 13.73 5.106E-05 4236.828 2600.033 0.0196382 1.66583
107 10932 &al2T 50 1 13.13 4,58E-05 4236.828 2600.038 0.0116151 1.63921
101 10982 NOSM 50 1 13.13 2.302E-05 4236.828 2600.038 0.0088531 1.60520
107 10982 a2T 50 T 13.13 0.0015152 4236.828 2600.038 0.5827416 37.31946
107 11036 azMm 50 I 13.6 0.0164703 4143.305 2556.147 6.4418958 386.76534
107 11109 azMm 50 I 13.1 0.0313792 4214.817 2589.883 12.30913 739.02853
107 11109 mWNO9M I 13.7 1.149E-05 4214.817 2589.383 0.0044365 0.80435
107 11109 A2F 50 I 13.7 0.00102 4214.817 2539.883 0.3938403 33.40199
107 11183 &al2M 50 T 13.31 4.686E-05 3950.917 2466.558 0.0189981 1.10537
107 11133 A2T 50 13.31 0.0005235 3950.911 2466.558 0.2122472 13.61442
107 11183 A2F 50 13.31 0.001439 3950.977 2466.,558 0.5833961 49.48730
107 11183 NO9M 50 13.31 2.308E-05 3950.917 2466.553 0.0093572 1.69648
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107 11183 AZM 50 1 13.31 0.0198573 3950.977 2466.558 8.0506046 483.35070
107 11372 A2T 50 | 13.77 0.0015557 4266.586 2613.735 0.5952095 38.17920
107 11372 A2F 50 | 13.77 0.0015128 4266.586 2613.735 0.5787733 49.09517
107 11372 a2M 50 | 13.77 0.0407072 4266.586 2613.735 15.574356 935.06964
107 11449 A2M 50 | 13.45 0.039825 4041.147 2509.037 15.872621 952.97718
107 11449 A2F 50 I 13.45 0.0002255 4041.147 2509.037 0.089891 7.62512
107 11449 azr 1 13.45 0.0027829 4041.147 2509.037 1.1091584 71.14602
107 11540 azMm 50 1 13.26 0.0264071 3919.916 2451.843 10.770296 646.63840
107 11806 A2M 50 I 13.86 0.0425225 4335.304 2645.223 16.075205 965.14016
107 11806 AZzT 50 1 13.86 0.001196 4335.304 2645.223 0.4521169 29.00065
107 11806 A2E 50 1 13.86 0.0004648 4335.304 2645.223 0.1756979 14.90379
107 11897 AlL2F 50 1 14.4 5.391E-05 4804.686 2854.901 0.0188833 2.39395
107 11897 WNOSF 50 1 14.4 8.85E-06 4804.686 2854.901 0.0030999 0.79468
107 11897 AZF 50 1 14.4 0.0045594 4804.686 2854.901 1.597043 135.47116
107 11897 BAZM 50 1 14.4 0.0406074 4804.686 2854.901 14.223736 853.97966
107 11979 BAZM 50 1 14.27 0.0329865 4682.037 2801.038 11.776514 707.05081
107 11979 A2F 50 14.27 0.0044422 4682.037 2801.038 1.5859123 134.52699
107 11979 &al2M 50 14.27 2.557E-05 4682.037 2801.038 0.0091288 0.81945
107 11979 BAl2F 50 14.27 1.8173-05 4682.037 2801.038 0.0064869 0.82238
107 11979 A2T 50 14.27 0.0202228 4682.037 2801.038 7.2197352 463.10372
107 11979 NO9M 50 14.27 2.44Z2E-05 4682.037 2801.038 0.0087182 1.58063
107 11979 &Al2T 50 14.27 2.392E-05 4682.037 2801.038 0.0085397 0.81892
107 12127 A2F 50 14.22 0.0022302 4636.582 2780.906 0.8019687 68.02800
107 12127 A2T 50 14.22 0.0033658 4636.582 2780.906 1.2103104 77.63432
107 12127 azM 50 14.22 0.0302383 4636.582 2780.906 10.873537 652.83691
107 12201 azF 50 13.24 0.0015846 3907.653 2446.023 0.6478434 54.95412
107 12201 azM 50 13.24 0.0516157 3907.653 2446.023 21.101893 1266.93775
107 12285 azZM 50 13.17 0.04124 3865.446 2425.940 16.999588 1020.63921
107 12285 A2F 50 13.17 0.0005189 3865.446 2425.940 0.2139006 18.14438
107 12480 AlzM 50 13.78 4.8%E-05 4274.100 2617.188 0.0186842 1.67719
107 12480 azM 50 13.78 0.042851 4274,100 2617.188 16.372918 983.01456
107 12565 AzM 50 L 13.7 0.0553728 4214.817 2589.883 21.38041 1283.65962
107 12565 &al2M 50 I 13.7 2.433E-05 4214.817 2589.883 0.0093942 0.84328
107 12639 alz2M 50 I 13.06 2,323E-05 3801.277 2395.258 0.0096983 0.87057
107 15445 BA2°7T 50 I 5.23 0.0005078 1187.681 926.408 0.5481708 35.16195
107 12639 NO9M 50 I 13.06 1.1443-05 38C1.277 2395.258 0.0047761 0.86592
107 12823 &2M 50 I 13.17 0.0152468 3865.446 2425.940 6.2848834 377.33847
107 13525 A2E 50 I 13.52 0.002653 4088.081 2531.011 1.0482134 88.91601
107 13525 A2M 50 I 13.52 0.0356075 4088.081 2531.011 14.068495 844.65917
107 15555 Al2M 50 I 4.0 6.44E-06 892.566 718.369 0.0089647 0.80472
107 13648 AZM 50 I 11.67 6.126E-05 31€0.433 2078.363 0.0294751 1.76966
107 12852 AzT 50 I 13.01 0.0059996 3772.944 2381.654 2.5190692 161.58353
107 12852 AzZM 50 I 13.01 0.022663 3772.944 2381,654 9.5156578 571.31111
107 13650 A2M 50 I 13.41 0.0268407 4014.891 2496.704 10.750471 645.44813
107 13650 A2T 50 I 13.41 0.0058854 4014.891 2496.704 2.3572842 151.20597
107 15445 azM 50 I 5.23 0.0009844 1187.681 926.408 1.0625552 63.79481
107 15347 NWOSM 50 I 6.16 1.018E-05 1440.803 1095.403 0.0092934 1.68491
107 15347 Al2F 50 I 6.16 7.613-06 1440.803 1095.403 0.0069472 0.88074
107 15347 BA2ZT 50 I 6.16 2.98E-05 1440.803 1095.403 0.0272046 1.74502
107 12942 Aa2M I 13.03 0.0364939 3784.216 2387.070 15.288146 917.88588
107 12942 nm2T 50 I 13.03 0.0047096 3784.216 2387.070 1.9729624 126.55398
107 12942 A2E 50 I 13.03 0.0015498 3784.216 2387.070 0.6492477 55.07325
107 13686 A2T 50 I 12.41 0.0004957 3468.273 2233.057 0.2219737 14.23831
107 15347 &2M 50 I 6.16 7.955E-05 1440.803 1095.403 0.0726217 4.36014
107 15347 A2F 50 I 6.16 1.11%E-05 1440.803 1095.403 0.0102154 0.86654
107 15244 ©N09F 50 I 5.44 6.2E-06 1242.744 963.874 0.0064324 1.64896
107 13650 A2F 50 I 13.41 0.0031082 4014.891 2496.704 1.2449255 105.60236
107 15244 »a2ZM 50 I 5.44 0.0001097 1242.744 963.874 0.1137908 6.83189
107 13016 NO09T 50 1 13.18 3.2921E-05 3871.409 2428.782 0.01355 2.62503
107 13016 azM 50 1~ 13.18 0.042032 3871.409 2428.782 17.30579 1039.02329
107 13016 A2F 50 | 13.18 0.0016387 3871.409 2428.782 0.6746798 57.23055
107 13016 NO9M 50 | 13.18 1.124E-05 3871.409 2428.782 0.0046278 0.83904
107 13016 AT 50 1~ 13.18 0.0005322 3871.409 2428.782 0.2191057 14.05435
107 13724 a2t 50 1~ 5.99 1.501E-05 1392.849 1064.007 0.0141071 0.90488
107 15244 A2F 50 1 5.44 1.936E-05 1242.744 963.874 0.0200856 1.70379
107 15244 NOST 50 1 5.44 4.11E-06 1242.744 963.874 0.004264 0.82607
107 13371 &azr 50 L 12.95 0.0005114 3739.607 2365.600 0.2161608 18.33611
107 13371 A12F 50 1 12.95 3.312E-09% 3739.607 2365.600 0.0140007 1.77495
107 13371 wnNO09$T 50 1 12.95 2.132E-05 3739.607 2365.600 0.0090125 1.74598
107 13371 &A2M 50 I 12.95 0.0098354 3739.607 2365.600 4.1576555 249.62171
107 15244 Bml2T 50 I 5.44 3.492E-05 1242.744 963.874 0.0362288 3.47417
107 15244 BA12M 50 I 5.44 9.32E-06 1242.744 963.874 0.0096693 0.86797
107 15244 a12r 50 I 5.44 6.583-06 1242.744 963.874 0.0068266 0.86545
107 13859 al2F 50 I 12.28 1.57E-05 3409.611 2203.946 0.0071236 0.90310
107 13859 AazM 50 I 12.28 0.0512679 3409.611 2203.946 23.261879 1396.62127
107 13859 wNOSM 50 12.28 1.039E-05 3409.611 2203.946 0.0047143 0.85471
107 13859 azF 50 12.28 2.309E-05 3409.611 2203.946 0.0104767 0.88870
107 13686 A2F 50 12.41 4.68E-05 3468.273 2233.057 0.0209578 1.77777
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0.0192685
0.00z27588
Z2.454E-05
8.865E-05
0.0192326
0.0005059
0.0120986

1.873652

7.156E-05
1.824E-05
1.222E-05
£.455E~05
5.512E-05
2.744E-05
0.0008492

1242.744
3468.273
340%.612
3209.028
1196.456
3149.855
3071.004
3050.659
3149.855
3149.855
2498.466
2696.533
2946.996
2696.533
2696.533
2687.184
3050.659
3050.659
3013.598
301.3.598
3071.004
417.626
1068.855
1068.855
1068.855
1068.855
1068.855
1137.627
1066.722
1122.496
3013.598
3013.598
3013.598
2696.533
2498.466
2458.466
3205.527
3071.004
3071.004
2724.701
3051.004
2946.996
2946.996
2715.291
2946.996
3050.659
3209.029
3209.029
1056.072
3209.029
3209.029
1056.072
1056.072
1056.072
3209.029
1196.456
3149.855
4346.582
4346.582
4346.582
4346.582
3258.338
4346.582
4448.012
4448.012
4403.697

2810.334
2810.334
2813.334
2810.334
2810.334
2810, 334
1864.783
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963.874
2233.057
2203.946
2309.956
1037.074
2277.799
2234.584
2223.364
2277.799
2277.799
1906.869
2023.210
2165.745
2023.210
2023.210
2017.793
2223.364
2223.364
2202.853
2202.853
2234.584

395.459

939.415

939.415

939.415

939.415

939.415

992.380

937.760

980.794
2202.853
2202.853
2202.853
2023.210
1906.869
1906.869
2308.059
2234.584
2234.584
2039.486
2234.584
2165.745
2165.745
2034.056
2165.745
2223.364
2309.956
2309.956

929.484
2309.956
2309.956

929.484

929.484

929.484
2309.956
1037.074
2277.799
2889.935
2889.935
2889.935
2889.935
2336.579
2889.935
2938.642
2938.642
2917.415

2088.576
2088.576
2088.576
1088.576
2083.576

2088.576
1509.206

0.10657
15.786204
3.3720521
0.0065023
0.0364101
0.0195847
0.0043856
4.0684156
58.156145
0.0416191
0.3290577
0.0043644
0.3243041
42.612944
2.7556215
0.331134
22.775485
2.5688908
0.0131057
2.7834591
32.453106
0.2796752
0.0038854
0.0625921
0.0138384
0.0061102
0.0211089
0.011941
0.0193973
0.0141314
0.0043444
3.7962822
10.33006
0.8910298
0.9953489
22.35366
0.0060917
2.3144087
4.0670663
0.3299654
0.0093172
0.4878691
43.915279
0.3236664
1.2888036
3.6004626
0.6298085
0.0122167
0.0188707
0.02752
0.0259572
0.0169019
0.0054116
0.0114902
0.0276282
0.02981686
0.3260736
0.4428646
3.1446935
6.6674508
0.9546235
0.0105025
0.0306754
6.5447382
0.1721612
4.1473699

829.75441

0.0371353
0.0087332
0.0058509
0.0309062
0.0263912
0.0131381
0.562647

6.83584
947.78878
216.29739

0.86880

1.75417

2.61679

0.88622
184.93542

2484 .74852

2.61410

14.95777
0.88192
15.62439
1820.65797
178.15652
14.14785
973.09325
166.08400

0.87609

179.95627
1386.57412
11.94925

0.78514

2.67428

0.86919

0.86796

2.82045

0.79823

0.82876

0.88759

0.87789
172.56522
441.35666

40.50298
64.35133
955.07056

0.86533
105.20463
262.94408

14.09793

0.88577

31.54172
1876.30086
14.08515
58.58434
173.46379
26.90886

1.73539

0.85779

2.61628

1.73518

0.85957

0.85832

0.86016

1.73533

4.39249

14.82212
62.90944
420.17567
418.78318
63.81430

2.12230

2.91626
279.62700

7.82582
177.19832

46262 .85593

3.53039
1.76476
0.88108
4.39026
3.52624
0.87825
84.72888



108
108
108
108
108
108
108
108
108
108
108

108
108
108
108
108
108
108
108
108
108

108
108
108
108
108
108
108
108
108
108
108
108
108
108
108
108
108
108
108
108

108
108
108
108
108
108
108
108

108
108
108
108
108
108
108
108
108
108

108
108
108
108
108
108
108
108
108
108
108
108

108
108
108
108
108
108
108

10201
10201
10201
10201
10201
10259
10259
10259
10259
10259
10259
10294
10294
10294
10294
10294
10294
10294
10294
10294
10294
10350
10350
10350
10350
10350
10350
10385
10385
10385
10385
10385
10385
10385
10385
10456
10456
10456
10456
10456
10456
10576
10576
10602
10602
10602
10602
10602
10602
10679
10679
10679
10679
10679
10679
10742
10742
10742
10742
10742
10742
10770
10770
10770
10832
10832
10832
10832
10832
10982
10982
10982
10982
10982
10982

10982
10982
10982

BOSE
X088
BOSS
X0SE
A09A
NO2A
BOSE
A0SA
BOSC
X09C
X09E
BEOSE
BOSC
BOO9S
A0SA
AD7TB
X03%E
X08C
NQOTB
x0%3
NO2A
X093
XO9E
BO9S
BOBC
x09c
BOSE
AO7B
X095
BOSS
BOSE
X09A
NO7B
EOSA
X09E
BXS
ASD
BXC
BXA
BOSE
BXE
BXE
BXS
BXS
ATB
BXE
BXA
EOSE
BXC
BXA
BXC
BXE
BO%A
A7B
BXS
X095
BDOC
BO9S
BOYE
®OSC
X0SE
BXS
BXE
BXC
BXC
BXA
A7B
BXS
BXE
XOSA
AOTB
X0SC
BOSE
KO2E
BOSA
NO7B
BOSC
BOS3

50
50
50
50
50
50
50
50
50
50
50

50
50
50
50
50
50
50
50
50
50
50
50
50

50
50
50
50
50
50
50

50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50

50
50
50
50
50
50
50
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3.0%
9.09
9.09
9.09
9.09
10.41
10.41
10.41
10.41
10.41
10.41
10.4
10.4
10.4
10.4
8.94
10.4
10.4
8.94
10.4
10.4
9.28
9.28
9.28
9.28
9.28
9.28
10.21
11.21
11.21
11.21
11.21
10.21
11.21
11.21
11.24
11.24
11.24
11.24
11.24
11.24
11.09
11.09
13.75
13.75
13.75
13.75
11.09
11.09
14.09
11.09
14.09
11.09
14.09
14.09
10.8
14.25
14.25
14.25
10.8
14.25
13.91
13.91
11.66
13.65
13.65
13.65
13.65
13.65
11.7
14.97
t1.7
14.97
14.97
14.97
14.97
11.7
14,97
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0.0005791
0.000256
0.0005442
0.0002723
0.0017017
5.7E-05
0.022279
9.13ZE-05
0.0026656
0.0012963
0.010395
0.0434755
0.0014622
0.0013724
2.277E-05
4.241E-03
0.0204323
0.0006868
4.115E-05
0.0006203
1.137E-05
6.834E-05
0.0001817
0.0001453
5.121E-05
2.406E-05
0.0003864
0.0002338
0.0003007
0.000581
0.0462872
0.0001161
0.0001362
0.0002741
0.0217224
0.00609
1.825E-08
0.0025769
0.0007926
6.028E-05
0.0409716
0.0073804
8.356E-05
0.0028392
0.0001883
0.057294
0.0012933
2.988E-05
2.896E-05
0.0002923
0.0023855
0.054006
Z,687E-0D5
0.0007279
0.0030491
0.0004467
0.0028183
0.0011151
0.0297741
0.0010911
0.013986
0.0102838
0.0327126
0.0013446
0.0047032
%.53E-05
0.0005997
0.0072201
0.1088438
0.0001215
0.0004334
0.0006747
0.0378972
0.0176799
0.0003164
0.0002166
0.0014365
0.0023455

1864.783
1864.783
1864.783
1864.783
1864.783
2216.525
2216.525
2216.525
2216.525
2216.525
2216.525
2213.745
2213.745
2213.745
2213.745
1826.632
2213.745
2213.745
1826.632
2213.745
2213.745
1913.612
1913.612
1913.612
1913.612
1913.612
1913.612
2161.271
2445 .227
2415.227
2415.227
2445227
2161.271
2445 .227
2445 .227
2454 .053
2454053
2454053
2454.053
2454 .053
2454 .053
2410.108
2410.108
3265.425
3265.425
3265.425
3265.425
2410.108
2410.108
3387.581
2410.108
3387.581
2410.108
3387.581
3387.581
2326.442
3446.176
3446.176
3446.176
2326.442
3446.176
3322.515
3322.515
2579.614
3230.097
3230.097
3230.097
3230.097
3230.097
2591.770
3718.941
2591.770
3718.941
3718.941
3718.941
3713.941
2591.770
3718.941
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1509.206
1509.206
1509.206
1509.206
1509.206
1735.083
1735.083
1735.083
1735.083
1735.083
1735.083
1733.350
1733.350
1733.350
1733.350
1483.854
1733.350
1733.350
1483.854
1733.350
1733.350
1541.399
1541.399
1541.399
1541.399
1541 .399
1541 .399
1700.494
1875.008
1875.008
1875.008
1875.008
1700.494
1875.008
1875.008
1880.308
1880.308
1880.308
1880.308
1880.308
1880.308
1853.848
1853.848
2340.393
2340.393
2340.393
2340.393
1853.848
1853.848
2405.636
1853.848
2405.636
1853.848
2405.636
2405.636
1802.969
2436.612
2436.612
2436.612
1802.969
2436.612
2370.999
2370.999
1954.943
2321.350
2321.350
2321.350
2321,350
2321.350
1962.095
2578.240
1962.095
2578.240
2578.240
2578.240
2578.240
1962.095
2578.240

0.3837383
0.169619
0.3605738
0.1804393
1.1275469
0.0328515
12.840284
0.0526315
1.5362952
0.7471112
5.9910673
25.081787
0.843586
0.7917673
0.0131364
0.0332984
11.787739
0.39625
0.0277318
0.357885
0.0065596
0.0443363
0.1178475
0.0942391
0.0332231
0.0156092
0.2506814
0.1374659
0.160394
0.3098653
24.68642
0.0619197
0.0801061
0.146186
11.585203
3.2388309
0.0097059
1.3704882
0.4215267
0.0324309
21.789812
3.9811021
0.0450738
1.2131296
0.0804352
24.480505
0.5525995
0.0161178
0.0156216
0.1215146
1.2867557
22.449784
0.0144942
0.3025769
1.2674899
0.2477691
1.1566431
0.4576314
12.219453
0.6051852
5.7399382
4.3373364
13.796986
0.6878153
2.0260449
0.0410537
0.2583324
3.1102889
46.88812
0.0619236
0.1681147
0.343862
14.698863
6.8573401
0.1227
0.0840263
0.7321153
0.9097252

24.10264
24.09458
24.10350
24.10925
91.35716
4.94709
806.49937
4.26436
146.05299
150.97221
800.49161
1575.38926
80.19830
52.92775
1.06435

1575.00922
80.07207
5.09913
50.83798
0.98780
6.29803
15.14610
6.29966
3.15846
3.15422
15.74532

22.78415
20.71376
1550.55626
9.32448
14.72934
10.35626
1547.94748
147.22551

88.60484
20.30839
2.03698
930.97990
170.09445
2.04889
55.14447

1045.94101
26.62325
1.01236
1.00997
5.85435
83.19136
959.17753
1.02681

57.61550
35.19590
109.96011
30.59157
767.50491
122.29257
766.93719
197.15959
589.48270
44 46866
130.98791

1.97789

141.38246
2003.31685
9.32506

69.48579
923.23691
916.23794

8.69243

15.45015

69.60097

60.81295



108

108
108
108

108
108

108
108
108
108
108
108
108
108
108
108
108

10982
11038
1103¢
11038
11038
11038
11036
11036
11038
11036
11109
11109
11109
11109
11109
111089
11109
11109
11183
11183
11183
11183
11183
11183
11183
11183
11183
11183
11183
11183
11183
11372
11372
11372
11372
11372
11372
11372
11372
11372
11372
11449
11449
11449
11449
11449
11449
11449
11449
11540
11540
11540
11540
11540
11540
11540
11540
11540
11540
11540
11733
11733
11733
11733
11806
11806
11806
11806
11806
11806
11806
11806
11806
11806
11806
11897
11897
11897

X09s
X09A
X095
NO9D
B09sS
X09C
AQ9D
BOSC
BOSE
X09E
BOSE
BOSC
XG9E
X094
X095
BOSA
BO9S
X09cC
X09E
X098
BOSE
AOTB
BXC
BO395
034
BXE
BXS
BOOC
NQ7B
BOOA
x0ac
BO9A
BOSC
pAEc).
NO7B
X093
BOOS
XOBE
BOOE
AJ7B
XOuC
BOSE
BOSC
X09s
®o8cC
Hosa
XO9E
BOSA
BOSS
XO8C
EOSC
BOSA
BOSS
NOTEB
X0%E
BXE
BOTE
BOSE
X09R
X098
K038
BOSS
HO9E
BO9E
L07B
BUSE
XO%n
BOSC
X093
xgac
BXE
EO3A
BO9S
XUSE
NOTEB
X09E
B09S
®09s
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11.7
14.37
14.37
13.31
14.37
13.31
14.37
13.31
14.37
14.37
14.62
14.62
14.62
10.32
14.62
14.62
14.62
10.32
14.49
14.49
14.49
14.49
14.49
14.49
14.49
14.49
14.49
14.49
14.49
14.49
11.02
15.17
15.17
12.05
15.17
15.17
15.17
12.05
15.17
15.17
12.05
14.37
14.37
11.03
11.03
14.37
14.37
14.37
14.37
11.3
11.3
11.3
11.3
11.66
11.3
11.3
11.66
11.3
11.3
11.3
10.36
12.82
10.36
12.82
15.03
15.03
11.94
11.94
15.03
11.94
11.94
11.94
15.03
11.94
15.03
15.47
15.47
15.47
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0.0010153
3.192B-05
0.0007952
7.09E-06
0.0016537
0.0002763
1.534E-05
0.0007291
0.0188239
0.00891
0.0368988
0.001648
0.0173193
0.0001505
0.0014071
0.0004133
0.0030254
0.0006278
0.0376037
0.0011984
0.0801891
0.0004497
7.558E-05
0.0024725
0.0001614
0.0005124
0.000107
0.0004622
0.000238
0.0003431
0.0001825
0.0001046
0.0010436
4.332E-0%
0.0001478
0.0007652
0.0016992
0.0205128
0.0492805
0.0003227
0.0003881
0.0388198
0.0002264
0.0032545
7.968E-05
0.0002057
0.0182044
0.0004707
0.0080213
4.B05E-05%
8.188E-05
0.0002738
0.0011608
0.0001501
0.006926
0.0019081
0.0003003
0.0147606
0.0001417
0.0005324
9.534E-05
0.0001952
0.0003041
0.0007616
0.000399
0.0447076
7.09E-05
4.,508E-05
0.0003096
2.118E-05
0.0007003
0.0001809
0.0006574
0.0183974
0.0001728
0.0249415
0.0041936
0.001956

2591.770
3490.596
3490.596
3111.972
3490.596
3111.972
3490.596
3111.972
3490.596
3490.596
3584.463
3584.463
3584.463
2191.570
3584.463
3584.463
3584.463
2191.570
3535.428
3535.428
3535.428
3535.428
3535.428
3535.428
3535.428
3535.428
3535.428
3535.428
3535.428
3535.428
2389.758
3797.422
3797.422
2699.653
3797.422
3797.422
3797.422
2699.653
3797.422
3797.422
2699.653
3490.596
3490.596
2392.659
2392.659
3490.596
3490.59%6
3490.596
3450.596
2471.762
2471.762
2471.762
2471.762
2579.614
2471.762
2471.762
2579.614
2471.762
2471.762
2471.762
2202.642
2946.996
2202.642
2946.996
3742 .359
3742.359
2665.451
2665.451
3742.359
2665.451
2665.451
2665.451
3742.359
2665.451
3742 .359
3917.424
3917.424
3917.424
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1962.095

2459
2459

2459
2459

2508

-960
-960
2257.
-960
2257.
-960
2257.
2459.
2459.
2508.
2508.
.928

089
089

089
960
960
928
928

1719.500

2508

2508.
2508.
1719.
2483.
2483.
2483.
-409

2483

2483.
2483.
2483.
2483.
2483.
2483.
2483.
2483.
1841.
.251
.251
.016
.251

2618
2618
2025
2618

2618.
2618.
2025.
2618.
.251
.016
-960
-960

2618
2025
2459
2459

1843.
1843.
2459.
2459.
-960
-960

2459
2459

1850,

1890.
1890.
1890.
1954.

-928

928
928
500
409
409
409

409
409
409
409
409
409
409
409
534

251
251
016
251

292
292
960
960

$20

920
920
920
943

1890.920

1890,

1954.
1890.
1890.
1890.
.422

1726

2165.
1726.
2165.

820

943
920
920
920

745
422
745

2590.212
2590.212

2005.
2005.
2590.
2005.
2005.
2005.
2590.
2005.
2590.
2678.
2678.
2678.

174
174
212
174
174
174
212
174
212
830
830
830

0.517457
0.0129758
0.3232736
0.0031412
0.67224¢68
0.1223%21
0.0062359
0.3230355
7.6521255
3.8220106
14.70€998
0.6568542
€.9030478
0.0875138
0.5608451
0.1647237
1.2058337
0.3651003
15.141948
0.4825625
32.289937
0.1810616
0.030434
0.9955992
0.0649913
0.2063172
0.0430698
0.1861312
0.0958199
0.1381569
0.099113
0.0399312
0.3985866
0.0213924
0.0564652
0.2922408
0.648998
10.129697
18.821909
0.1232426
0.1916429
15.780682
0.0920137
1.7655909
0.043227
0.083603
7.4002962
0.1913365
3.2607242
0.0254109
0.0433017
0.1447972
0.613881
0.0767695
3.6627882
1.0090643
0.1536106
7.806062
0.0749265
0.2815296
0.055224
0.0901214
0.1761331
0.3516757
0.1540414
17.260202
0.0353585
0.0224818
0.1195269
0.0105627
0,34923¢66
0.09021¢66
0.2537861
9.1749851
0.0667011
9.3106034
1.5654747
0.7301547

73.50538
1.95403
45.92139
0.47303
44 .93809
24.73235

30.71044
480.63069
483.95202
923.74788

62.44602
922.34515

13,17868

79.66870

11.663952

80.60710

73.77751

2023.17913

68.54856

2028.13383

1.96762
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Attachment 5. Safeguards and Accountability Database - Upper 20% by Specific Activity

Safeguards K Basin Data ... upper 20% of mass, sorted by specific activity
KW Basin EXp gram/MTU MIU assemblies
Key  Model type % Pu-240 M Pu (MW /MTU)
107 11897 A2F 50 I 14.4 0.0045594 4804.686 2854.901 1.597043 135.47116
107 11897 AZM 50 I 14.4 0.0406074 4804.686 2854.901 14.223736 853,97966
107 11897 NOSF 50 I 14.4 B8.85E~06 4804.686 2854.901 0.0030999 0.79468
107 11897 &al2F 50 I 14.4 5.391E-05 4804.686 2854,901 0.0188833 2.39395
107 12127 A2F 50 I 14.22 0.0022302 4636.582 2780.906 0.8019687 68.02800
107 12127 A2T 50 I 14.22 0.0033658 4636.582 2780.306 1,2103104 77.63432
107 12127 A2M 50 I 14.22 0.0302383 4636.582 2780.906 10,873537 652.83691
107 11979 al2T 50 I 14.27 2.3923-05 4682.037 2801.038 0.0085397 0.81892
107 11979 Al2M 50 I 14.27 2,557E-05 4682.037 2801.038 0.0091288 0.81945
107 11979 B&A2T 50 1 14.27 0.0202228 4682.037 2801.038 7.2197352 463.10372
107 11979 A2M 50 | 14.27 0.0329865 4682.037 2801.038 11.776514 707.05081
107 11979 BA2ZF 50 1 14.27 0.0044422 4682.037 2801.038 1.5859123 134,52699
107 11979 BAl2F 50 1~ 14.27 1.817E-05 4682.037 2801.038 0.0064869 0.82238
107 11979 NO9M 50 1 14.27 2.442E-05 4682.037 2801.038 0.0087182 1.58063
107 13525 A2F 50 1 13.52 0.002653 4088.081 2531.011 1.0482134 88.91601
107 13525 BAZM 50 1~ 13.52 0.0356075 4088.081 2531.011 14.068495 844.65917
107 13650 A2F 50 I 13.41 0.0031082 4014.891 2496.704 1.2449255 105.60236
107 13650 A2T 50 I 13.41 0.0058854 4014.891 2496.704 2.3572842 151.20597
107 13650 A2M 50 I 13.41 0.0268407 4014.891 2496.704 10.750471 645.44813
107 12852 BXE 50 v 16.62 0.0120996 4403.697 2917.415 4.1473699 177.19832
107 12480 az2Mm 50 I 13.78 0.042851 4274.100 2617.188 16.372918 983.01456
107 12480 AalZzM 50 I 13.78 4.83%E-05 4274,100 2617.188 0.0186842 1.67719
107 12565 &alZ2M 50 I 13.7 2.433E-05 4214.817 2589.883 0.0093942 0.84328
107 12565 AzZM 50 I 13.7 0.0553728 4214.817 2589.883 21.38041 1283.65962
107 12565 B¥S 50 v 16.72 0.0005059 4448.012 2938.642 0.1721612 7.82582
107 12565 BXE 50 v 16.72 0.0192326 4448.012 2938.642 6.5447382 279.62700
107 11806 A2F 50 I 13.86 0.0004648 4335.304 2645.223 0.1756979 14.90379
107 11806 AzZM 50 I 13.86 0.0425225 4335.304 2645.223 16.075205 965.1401e6
107 11806 n2T 50 I 13.86 0.001196 4335.304 2645.223 0.4521169 29.00065
107 13016 MNC9T 50 I 13.18 3.291E-(05 3871.409 2428.782 0.01355 2.62503
107 13016 Aa2T 50 I 13.18 0.0005322 3871.409 2428.782 0.2191057 14.05435
107 13016 A2M 50 1 13.18 0.042032 3871.409 2428.782 17.30579 103%.02329
107 13016 A2F 50 | 13.18 0.0016387 3871.409 2428.782 0.6746798 57.23055
107 13016 NO9M 50 | 13.18 1.124E-05 3871.409 2428.782 0.0046278 0.83304
107 15244 x0%3 50 \Y 13.58 1.406E-05 3205.527 2308.059 0.0060917 0.86533
107 13371 AZF 50 i 12.95 0.0005114 3739.607 2365.600 0.2161608 18.33611
107 13371 AZM 50 12.95 0.0098354 3739.607 2365.600 4.1576555 249.62171
KE Basin
108 14355 X0%C 50 \Y 15.74 0.000119 4027.805 2733.933 0.0435197 8.79423
108 14355 BOSC 50 \ 15.74 0.0002532 4027.805 2733.933 0.0926028 8.80360
108 14355 B0%2S 50 \% 15.74 0.0008362 4027.,805 2733.933 0.305867 20.44648
108 14355 XxX09s 50 v 15.74 0.0003338 4027.805 2733.933 0.1440233 20.45867
108 11897 B02S 50 \% 15.47 0.004193¢6 3%17.424 2678.830 1.5654747 104.64824
108 11897 X098 50 \% 15.47 0.001356 3917.424 2678.830 0.7301547 103.71933
108 11897 BOY9E 50 \ 15.47 0.0530136 3917.424 2678.830 19.789822 1243,00046
108 11897 X09E 50 \% 15.47 0.0249415 3917.424 2678.830 9.3106034 1244.02873
108 11897 X09A 50 \Y 15.47 1.725E-05 3917.424 2678.830 0.0064394 0.86970
108 11979 A7B 50 v 15.34 0.0600208 3865.085 2652.,496 0,0784167
108 11979 BO9%S 50 \ 15.34 0.0049162 3865.085 2652.496 1.8534204 123.89672
108 11979 BXC 50 \Y 15.34 0.0009487 3865.085 2652.49% 0.3576707 23.12413
108 11979 BOSC 50 \% 15.34 0.0047344 3865.085 2652.496 1.784885 1€9.68600
108 11979 XO09%E 50 \ 15.34 0.0170867 3865.085 2652,496 6.4417519 860.70946
108 11979 BXE 50 v 15.34 0.0245593 3865.085 2652 ,49¢6 9.2589476 395.59287
108 11979 BOSE 50 v 15.34 0.0363959 3865.085 2652.496 13.721394 B61.64198
108 11979 BXS 50 v 15.34 0.0011768 3865.085 2652 .4946 0.4436727 20.16775
108 11806 AO078 50 v 15.03 0.000399 3742.359 2590.212 0.1540414
108 11806 BO9E 50 v 15.03 0.0447076 3742.359 2590.212 17.260202 1084.11484
108 11806 B09S 50 v 15.03 0.0006574 3742.359 2590.212 0.2537861 16.26500
108 11806 x09s 50 v 15.03 0.0003096 3742.359 2590.212 0.1195269 16.97893
108 11806 NOVB 50 v 15.03 0.0001728 3742.359 2590.212 0.0667011 12.26451
108 12127 BXE 50 v 14.73 0.0652688 3626.339 2530.616 25.791651 1101.96035
108 12127 BXS 50 v 14.73 0.0083022 3626.333 2530.616 3.2807192 149.12960
108 12127 BXA 50 v 14.73 0.0012374 3626.339 2530.616 0.4889877 23.55854
108 12127 BXC 50 v 14.73 0.0008477 3626.339 2530.616 0.3349619 21.65597
108 12127 A7B 50 v 14.73 0.0003645 3625.339 2530.616 0.1440361
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108 12240 BOSE 50 v 14.51 0.000146 3542.940 2487.327 0.0587136 3.68781
108 12285 BO%A 50 v 14.45 3.422E-05 3520.438 2475.581 0.0138513 0.98127
108 12285 BO9E 50 v 14,45 7.738E-05 3520.438 2475.581 0.0312573 1.96327
108 12285 BXS 50 \Y 14.45 0.0148591 3520.43¢% 24775.581 6.0022672 272.84130
108 12285 BXE 50 v 14.45 0.140543 3520.438! 2475.581 56.771718 2425.59823
108 12480 BXA 50 v 14.25 0.0014025 3460.537" 2444.383 0.5737726 27.64333
108 12480 BXE 50 \Y 14.29 0.1199848 3460.937' 2444 ,383 49.085906 2097.21831
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Attachment 6 : Radnuc Output for Table 6

The following is a listing of the Radnuc output that produced the results in Table 6. The keys
processed included only those from K East Basin, and the decay date was September 1, 1995.
Note that the decay heating column is labeled "BTUs", but is in fact BTU/hr. This is a minor
cosmetic error in the output format, and Radnuc 2A should be fixed to output the correct units.

This is KE Basin only ...
Results decayed to 09/01/1995

Total MTU 20.7

Total Curies 5.96D+05

Total RTU 5.82D+03

Isotope Curies BTUs

H-3 4.1Z2D+02 4.72D-02
C-14 Z.37D-04 2.37D-07
Se-79 82.70D-01 9.15D-04
Kr-85 6.7 1D+03 3.43D+01
Sr-89 1.06D-13 1.25D-15
Sr-90 1.0%D+05 4.16D+02
Y-90 1.05D+05 1.99D+03
Y-91 4.72D-11 5.760-13
Zr-93 3.86D+00 1.52D-03
Nb-93m 2.25D+00 1.37D-03
Zr-95 1.29D-09 2.22D-11
Nb-95 2.86D=-00 4.68D=-11
Nb-95m 9.56D-12 4.31D-14
Tc-99 2.91D+01 4.97D-02
Ru-103 4.67D-18 5.21D-21
Rh-103m 4.21D=~19 3.31D-22
Ru-106 1.79D+02 3.64D-02
Rh-106 1.79D+02 5.85D+00
Pd-107 1.77D-01 3.33D-05
Ag-110  7.86D-05% 2.01D-09
Ag-110m 5.91D-03 3.35D~04
Cd=113m 4.15D+01 1.56D-01
Cd-115m 4.72D-1%¢ 5.98D-21
Sn-119m 7.56D-023 1.33D-05
Sn=12im 2,9z2D-01 1.05D-03
Sn-123 5.92p-05% 6.31D-07
Te-123m 1.65D-10 §.17D-13
Sb-124 4.91D-15 2.21D-16
Sb-125 6.37D+02 6.83D+00
Te-125m 1.55D+02 4.47D=-01
Sn-126 1.63D+00 1.71D0-03
Sb-126 2.29D-01 1.41D-02
Sb-12am 1.63D+00 7.132D-02
Te-127 B.&E6D-06 3.99D-08
Te-127m 8&.84C-06 1.49D-08
Te-129 0.00D+00 0.00D+00
Te-129m 0.00D+00 0.00Dt00
1-129 6.57D-02 1.05D-04
Cs-134 3.71D+02 1.29D+01
Cs-135 7.95D-01 5.07D-04
Cs-137 1.40D+05 4.81D+02
Ba-137m 1.32D+05 1.77D+03
Ce-141 0.00D+00 0.00D+00
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Pr-143
Ce-144
Pr-144
Pr-144m
Pm-147
Prn—148
Pru—-148m
Sm-151
Eu-152
Gd-153
Eu-154
Eu-155
Th-160
H-3
C-14
Fe-55
Ni-59
Co-60
Ni-63
Zr-93
Nb-93m
Zr-95
Nb-95
Nb-95m
In-113m
Sn-113
Sn-119m
Sn-1Z21m
Sb-125
Te-125m
U-234
U-235
U-236
U-238
Np-237
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Am-241
Am-242m
Am-242
Am-243
Cm-242
Cm-244

.00D+00
. 64D+02
.62D+02
L 97D400
.64D+03
.240-21
LT5D-20
LT5D403
.12D+01
.93D-05
.41D+03
.18D+02
.71D-13
.24D+00
.27D+00
.89D+01
L22D-01
.26D+01
.72D+01
.32D-01
.BBD-02Z
.26D-11
.80D-11
.36D-14
L37D-06
.37D=-08
.23D-02
L47D-01
.30D+01
LB2D+00
. 33D+00
.0eD-01
.24D400
.B6D+00
.07D-01
L32D+03
.558D+03
.58D+03
. 24D+04
.84D-01
.03D+03
.63D+00
.62D+00
. 670400
.17D400
.39D+01

l\)[\)l—'*-J}-‘;I:AO\CDI'—'I\)I—'U'IU'II—'NOOHI\JF—JI—’\Jl—l-b-bl\Jst-U'IP—'l\)U'l»buli—‘l—‘\Jdl-}—‘J—‘\J[\JOOF-’[\)JLU)O

.00D+00
.B9D~01
L0BD+00
.25D-03
.21D+01
LB50D-23
L45D-21
.00D-01
.72D-01
L21D=-07
. 33D+01
L85D-01
.83D-14
.06D-03
.25D-03
L42D0-03
.72D-05
.77D+C0
.63D-02
.19D-05
.70D-05%
.17D-13
.58BD-13
.22D-186
L08D-08
L78D-10
L27D-04
. 98D-03
L4T7D-01
LB62D-02
.04D=-01
.86D-02
.13D-01
.B3D-01
.97D=-02
.47D+02
L70D+02
.65D+02
. 72D+00
.79D-02
.510+02
.37D-02
.44D-02
.81D-01
.6B8D-01
.80D+00
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Attachment 7: Radnuc Output for Table 7

The following s a listing of the Radnuc output that produced the results in Table 7. The keys
processed included only the top 20% of specific decay heat keys from K East Basin, and the
decay date was May 31, 1998. For the Safety Basis sludge comparison in Table 7, Radnuc 2A
values below were adjusted by multiplying by the overall reactor power peaking factor of 2.4, as
discussed in Section 6.4.

This is for KE Basin only ...
Results decayed to 05/31/1998

Total MTU 4.3
Total Curies 1.56D+05
Total BTU 1.55D+03
Isotope Curies BTUS

H-3 1.01D+02 1.16D-02
C-14 6.570-05 6.550-08
Se-79 Z2.40D-01 2.52D-04
Kr-85 1.55D+03 7.91D+00
Sr-89 0.C0OD+00 0.00D+00
Sr-90 2.70D+04 1.07D+02
Y-90 2,70D+04 5.10D+02
Y-91 0.00D+00 0.00D+00
Lr-93 1.060+00 4,14D-04
Nb-93m £.59D-01 4.03D-04
Zr-95 0.00D+00 0.00D+00
Nb-95 0.00D+00 0.00D+00
Nb-95m 0.00D+00 0.00D+00
Tc-99 8.02D+00 1.37D-02
Ru-103 0.00D+00 0.00D+00
Rh-103m 0.00D+00 0.00D+00
Ru-106 3.72D-01 7.55D-05
Rh-106 3.72D-01 1.21D-02
Pd-107 5.28D=-02 9.91D-06
Ag-110 3.03D-08 7.75D-13
Ag-110m 2.28D-0¢6 1.28D-07
Cd-113m 1.07Dp+01 4,01D-02
Cd-115m 0.00D+00 0.00D+00
Sn-11%m 3,75D-07 6.59D-10
Sn-12im B,30D-02 2.97D=-04
Sn-123 6.73D-12 7.17D-14
Te-123m 1.59Dp-16 7.85D-19
Sb-124 0.00D+00 0_00D+00
Sb-125 £.50D+01 6£.97D-01
Te-125m 1.59%p+01 4,56D-02
Sn-126 4.62D-01 4.84D-04
Sb-126 6.471)-02 4.00D-03
Sb-126m 4.620-01 2.02D-02
Te-127 1.35D-13 f£.232D-16
Te-127m 1.38D-13 2.33D~186
Te-129 0.00D+00 0.00D+00
Te-12%m 0.00D+00 0.00D+00
I-12% 1.85D-02 2.96D-05%
Cs-134 3.72D+01 1.29D+00
Cs~135 2.20D-01 2.51D-04
Cs-137 3.68D+04 1.27D+02
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Ba-137m
Ce-141
Pr-143
Ce-144
Pr-144
Pr-144m
Pm-147
Pm-148
Pm-148m
Sm-151
Eu-152
Gd-153
Eu-154
Eu-155
Tbh-160
H-3
C-14
Fe-55
Ni-59
Co-60
Ni-63
Zr-93
Nb-33m
zr-95
Nb-95
Nb-95m
In~113m
Sn-113
3n-118%m
Sn-121m
Sb-125
Te-125m
U-234
U-235
U-236
U-238
Np-237
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Am-241
Am-242m
Amn-242
Am-243
Cm-242
Cm-244

3.48D+04
0.00D+00
0.00D+00
2.46D~02
2.43D-02
2.95D-04
6.91D+02
0.00D+00
0.00D+00
4.19D+02
3.11D+00
2.43D-08
3.83D+02
5.10D+01
7.86D=-23
2.63D+00
2.02D+00
3.25D+00
1.16D-01
9.71D+00
1.28D+01
3.66D-02
2.28D-02
0.00D+00
0.00D+00
0.00D+00
3.41D-14
2.41D-14
3,18D-06
1.47D-01
2.17D+00
5.28D-01
1.68D+00
5.77D=02
2.91D-01
1.43D+00
1.690-01
4,16D+02
6.72D4+02
4.68D+02
2.38D+04
2.36D-01
1.33D+03
9.37D-01
8.32D-01
6.26D-01
7.74D-01
8.91D+00

HW o E DN R E DO OO NN OO0 O EmPD W N WR R S e OO L OO d

.66D+02
L00D+400
.Q0D+00
.B3D-05
.07D-04
. 38D-07
L86D-01
.00D+00
.00D+00
L67D-01
.79D-02
.650-11
.20D+01
L26D~01
L17D-24
.02D-04
L01D~03
L 69D-04
.5BD-05
.11D=-01
L43D-03
.44D-058
LA0D-05
.00D+00
.00D+00
L00D+00
LE9D-16
L 83D-17
.61D-009
.28D-04
.32D-02
.22D-03
L 63D-01
. 34D-03
.BED=02
L22D-01
.66D=-02
.63D+01
.99D+01
.89D+01
.52D+00
.35D-02
.49D+02
.890D-03
LE5D-02
.TED-02
L 56D-02
.05D+00
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Attachment 8: Radnuc Output for Table 8

The following is a listing of the Radnuc output that produced the results in Table 8. The keys
processed included all keys from the Safeguards database, and the decay date was May 31, 1998.

This is for all keys ...
Results decaved to 05/31/1998

Total MTU 33.3
Total Curies 3.92D+05
Total BTU 3.90D+03
Isotope Curies BTUs

H-3 6.44D+02 T.39D-02
C-14 4.,23D-04 4,21D=07
Se-79 1.55D+00 1.63D-03
Kr-85 1.04D+04 5.30D+01
Sr-89 0.00D+C0 0.00D+00
Sr-90 1.790+05 7.08D+02
Y-90 1.79D+05% 3, 37D+03
Y-91 3.98D-16 4.87D-18
Zr-93 . 90D+00 2.71D=-03
Nb-93m 4.,29D+00 2.62D-03
Zr-95 2.98D-14 5.13D-16
Nb-95 6.630-14 1.08D-15
Nb-95m 2.21D-1¢ 3,98D-19
Tc-99 5.17D+01 8.85D~02
Ru-103 0.00D+00 0.00D+00
Rh-103m  0.00D+00 0.09D+00
Ru-106 3.41D+01 6.93D-03
Rh-106 3.41D+01 1.11D+00
Pd-107 3.10D-01 5.81D-05%
Ag-110  5.85D-06 1.50D-10
Ag-110m 4.40D-04 2.49D-05
Cd-113m #6.49D+01 2.44D-01
Cd-115m 0.00D+00 0.00D+00
Sn-119m 5.10D=-04 8.96D-07
Sn-121m 5.010-01 1.79D-03
Sn-123 3.17D-07 3.37D-09
Te-123m 5.65D-13 Z2.80D-15
Sb-124 5.61D-20 2.53D-21
Sb-125 5.73D+0z 6.15D4+00
Te-125m 1.40D+02 4.,020-01
Sn-126 2.85D+00 Z2.98D-03
Sb-126  3.%9Dp-01 2.47D-02
Sb-126m 2.85D+00 1.250-012
Te-127 1.73D-08 7.96D-11
Te-127m 1.76D-08 Z2.98D-11
Te-129 0.00D+00 0.00D+00
Te-12%m 0.00D+00 0.00D+00
1-129 1.1aD=-01 1.85D-04
Cs-134 3.10D+02 1.08D+01
Cs-135 1.40D+00 1.59D-03
Cs-137 2.36D+05 8.15D+02
Ba-137m 2.24D+05 2.99D+03
Ce-141 0.00D+00C 0.00D+00
Pr-143 ©.00D+00 0.00Dt00
Ce-144 1.67D+01 3.76D=-02
Pr-144 1.65D+01 4.13D-01
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Pr-144m
Pm-147
Pm-148
Pm-148m
Sm-151
Eu-152
Gd-153
Eu-154
Eu-155
Tb-160
H-3
C-14
Fe-55
Ni-59
C0-60
Ni-63
Zr-93
Nb-93m
Zr-95
Nb-95
Nb-95m
In-113m
Sn-113
Sn-119m
Sn=121m
Sb-125
Te-125m
U-234
U-235
U-236
U-238
Np-237
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
An-241
An-242m
Am-242
An-243
Cm-242
Cm-244

U)LA)[\)JL-E--JI—’I—'I\JL[\)}—'I—‘[\JWHW[\J@-L‘»U)UJI\)O\I\JI—’[\)CDOX\JU)P—‘I—‘UWUJl\)[\)l—'l\JOO'-J[\)

,00D-01
.87D+03
.00D+00
.00D+00
.94D+03
L.79D+01
.B82D-06
L17D+03
.83D+02
L24D-17
LA3D+01
.25D+01
L22D+01
.37D-01
.96D+01
.10D+01
L.38D-01
.48D-01
.83D-16
.50D-16
.17D-18
.BBD-09
LB7D-0%
L93D-03
.480-01
.08D+01
.06eD+00
.36D+01
.0BD=-01
.11D+00
.10D+01
.04D+00
.26D+03
L.36D+03
.T3D+03
.32D+05
.22D+00
.48D+03
.53D+00
.51D+00
.88D+00
.74D+00
.93D401

2.30D0-04
9.86D+00
0.00D+00
0.00D+00
1.18D+00C
2.76D-01
8.67D-06
6.66D+01
9.45D-01
1.43D-18
1.64D-03
1.25D-02
3.67D-03
9.99D-05
3.66D+00
2.78D-02
9,36D-05
9.05D-05
5.04D-18
1.06D-17
9.79D-21
3.06D-11
2.18p=-12
8.67D-06
3.40D-03
2.22D-01
1.46D-02
1.32D+00
4.70D-02
1.93D-01
9,38D-01
1.02D-01
2.52D+02
4.54D+02
2.85D+02
1.39D0+01
1.21D-01
8.38D+02
2.37D-02
1.28D-01
3.22D-01
4.62D-01
4.62D+00
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Attachment 9: Radnuc Output for Table 9

The following is a listing of the Radnuc output that produced the results in Table 9. The keys
processed included only the top 20% of specific decay heat keys from the Safeguards database,
and the decay date was May 31, 1998. For the Safety Basis sludge comparison in Table 9,
Radnuc 2A values below were adjusted by multiplying by the overall reactor power peaking
factor of 2.4, as discussed in Section 6.4.

This is the top 20% ...
Results decayed to 05/31/1998

Total MTU 6.8
Total Curies 2.69D+05
Total BTU 2.66D+03
Isotope Curies BTUs

H-3 1.76D+02 2.01D=-02
C-14 1.12D-04 1.12D-07
Se-79 4,09D-01 4.30D-04
Kr-85 2.74D+03 1.40D+01
Sr-89 0.00D+00 0.00D+00
Sr-90 4.,71D+04 1.86D+02
Y-90 4.71D+04 B.B9D+02
Y-91 1.220-21 1.49D-23
Zr-93 1.81D+00 7,12D-04
Nb-93m 1.12D+00 6.84D-04
Zr-95 1.29D-19 Z2.22D-21
Nb-95 2.860D-15 4,68D-21
Nb-95m 9,55D-22 4.31D-24
Tc-99 1.37D+01 2.34D-02
Ru-103 0.00D+0C0 0.00D+00
Rh-103m 0.00D+00 0.00D+00
Ru-1086 1.16D+00 2.36D-04
Rh-106 1.16D+00 3.79D-02
Pd-107 8.75D-02 1.64D-05
Rg-110  1.21D-07 3.08D-12
Ag-110m 9.07D-06 5.140-07
Cd-113m 1.80D+01 6.74D-02
Cd-115m 0.00D+00 0.00D+00
Sn-11%5m 1.58D-06 Z2.7%D-09
Sn-12Im 1.40D-01 5.02D-04
Sn-123 1.78D-11 1.91D-13
Te-123m 3.,60D-16 1.78D0-18
Sb-124 1.04D-24 4,68D-26
Sb-125 1.24D+02 1.33D+00
Te-125m 3.03D+01 §.70D-02
Sn-126 7.69D-01 8.06D-04
Sb-126 1.08D-01 &.65D-03
Sb-126m 7.&%D-01 3.36D-02
Te-127 4.77D-13 2.20D-15
Te-127m 4.87D-13 8.23D~16
Te-129 0.00D+00 0.00D+00
Te-129m 0.00D+00 0.00D+00
I-129 3.120-02 4.9%9D-05
Cs-134 B.13D+01 2.83D+00
Cs-135 3.70D-01 4.22D=-04
Cs-137 6.35D0+04 2.18D+02
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Ba-137m
Ce-141
Pr-143
Ce-144
Pr-144
Pr-144m
Pm-147
Pm-148
Pm-148m
Sm-151
Fu-152
Gd-153
Eu-154
Eu-155
Tb-160
H-3
C-14
Fe-55
Ni-59
C0-60
Ni-63
Zr-93
Nb-93m
Zr-95
Nb-95
Nb-95m
In-113m
Sn-113
Sn=119m
Sn-121m
Sb-125
Te-125m
U-234
U-235
U-236
U-238
Np-237
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Am-241
Am=24Zm
Am-242
Am-243
Cm-242
Cm-244

PRRERERNBEL IO E O P RN LR R R, WRLONPEAWRNIO ORI OOOR B OO0

.01D+04
L00D+00
.00D+00
.05D-01
.04D-01
.26D-03
.38D+03
.00D+00
.00D+00
.92D+02
.31D+00
L99D-08
. 04D+02
.08D+01
LA3D-21
LA42D+00
.31D+00
.28D+00
. 84D-01
.82D+01
.15D+01
.37D-02
.92p-02
.360-21
.02D=-21
L01D-23
.0BD-13
L.0BD-13
.47D-05
.54D0-01
.32D+00
.0eD+00
.76D+00
.68D-02
.BeD-01
L.27D+00
.75D-01
.90D+02
LO7D+03
.68D+02
.04D+04
.07D-01
.19D+03
L.57D+00
560400
.09D+00
.30D+00
.61D+01

o s 00N b e 0 I N s O LW O DN R BN IR I W O RNNWON O O P RONO O

.04D+02
L.00D+00
.00D+00
.37D-04
.61D-03
L45D-06
L73D+00
L00D+00
.00D+00
.76D-01
.20D-02
L07D-10
.16D+01
.24D-01
.62D-23
L07D=~04
L30D-03
.14D-04
.63D-05
.55D-01
.41D-03
LBEO0D-05
.40D=-05
. 34D=-23
.95D-23
.BED-26
.55D-16
.14D-17
.59D-08
L12D=04
L B4D-02
.03D=-03
LEB7D-01
.96D-03
L43D-02
L93D-01
L70D=02
.69D+01
.12D+02
.02D+01
L28D+00
.040-02
LA45D+02
.21D-03
L44D-02
.180-01
.60D-01
L88D+00
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Attachment 10: Radnuc Output for Table 10

The following is a listing of the Radnuc output that produced the results in Table 10. The keys
processed included all keys from the Safeguardsdatabase, and the decay date was May 31,2001.

This is for all keys ...
Results decayed to 05/31/2001

Total MTU 33.3
Total Curies 9.12D+05
Total BTU 9,.37D+03
Isotope Curies BTUs
H-3 5.44D+402 6.24D-02
C-14 4,2zD-04 4.,210-07

Se-79 1.55D+400 1.63D=-03
Kr-85 5.53D+03 4.36D4+01
Sr-89 0.00D+00 0.00D+00
Sr-90 1.66D+05 6.59D+02
Y-90 1.66D+05 3.14D+03
Y-91 0.00D+00 0.00D+00
Zr-93 6.90D+00 2.71D-03
Nb-93m 4.61D+00 2.82D-03
Zr-95 0.00D+00 0.00D+00
Nb-95 0.00D+00 0.00D+00
Nb-95m 0.00D+C0 0.00D+00
Tc-99 5.17D+01 8.85D-02
Ru-103 G.00D+00 0.00D+00
Rh-103m 0.00D+00 0.00D+00
Ru-106 4.34D+00 8.81D-04
Rh-106  4.34D+C0 1.4:D-01

Pa-107 3.10D-01 5.81D-05
Ag-110 2.80D=-07 7.16D-12
Ag-110m 2.10D-05 1.19D-0¢6
Cd-113m 5.e3D+01 2.11D-01
Cd-115m 0.00D+00 0.00D+0C
Sn-119%m 2.29D-05 4.03D-08
Sn-121m  4.80D-01 1.72D-03

Sn-123 8.84D-10 9.41D-12
Te-123m 9.8%D-15 4,.89D-18
Sb-124 0.00D+00 0.00D+00
Sb-125 2.71D+02 2.90D+00
Te-125m 6.60D0+01 1.%90D-01
Sn-126 Z2.85D+00 2.99D-03
Sbh-126 3.93%D-01 2.,47D-02
Sk-126m 2.85D+00 1.25D-01
Te-127 1.62D-11 7.48D-14
Te-127m 1.66D-11 2.80D-14
Te-129 0.00D+00 0.00D+00

Te-12%m 0.00D+00 G.00D+00
I-129 1.16D-01 1.85D-04
Cs-134 1.13D+02 3.94D+00
Cs-135 1.4CD+00 1.5%0-03
Cs-137 2.21D+05 7.60D+02
Ba-137m 2.0%D+0% 2.79D+03
Ce-141 0.00D+00 0.00D+00
Pr-143 0.00D+00 0.00D+00
Ce-144 1.15D+00 Z2.60D-03
Pr-144 1.14D+00 2.85D-02
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Pr-144m
Pm-147
Pm-148
Pm-14&m
Sm-151
Eu-152
Gd-153
Eu-154
Eu-155
Tb-160
H-3
C-14
Fe-55
Ni-59
Co-60
Ni-63
Zr-93
Nb-93m
Zr-95
Nb-95
Nb-95m
In-113m
Sn-113
Sn-118m
Sn-121m
Sb-125
Te-125m
U-234
U-235
U-236
U-238
Np-237
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Am-241
Am-242m
Am-242
Am-243
Cm-242
Cm-244

1.38D-02
3.56D+03
0.00D+00
0.00D+00
2.87D+03
1.54D+01
1.22D=-07
1.71D+03
2.52D+02
1.43D0-21
1.21D+01
1.25D+01
1.45D+01
7.37D-01
4.69D+01
7.92D+01
2.38D-01
1.5%D~01
0.00D+00
0.00D+00
0.00D+00
5.27D-12
5.27D-12
2.22D-04
g.08D=-01
8.79D+00
2.39D+00
1.36D+01
5.08D~01
2.11D+00
1.10D+01
1.04D+00
2.21D+03
4.36D+03
2.73D+03
1.14D+05
1.22D+00
8.03D+03
4.47D+00
4.45D+00
2.98D+00
3.69D+00
3,51D+01

1.5%Dp-05
4.46D+0Q0
0.00D+00
0.00D+00
1.15D4+00
2.37D-01
3.75D-10
5.23D+01
6.22D-01
3.89D-23
1.328p-03
1.25D-02
1.65D=03
9.990-05
2.46D+00
2.73D-02
5,36D-05
9,730-05
0.00D+C0
0.00D+00
0.00D+00
4.16D-14
2.98D-15
3.91D-07
3.26D-03
1.05D-01
&.87D-03
1.32D+00
4.70p-02
1.93Dp-01
9,38D-01
1.02D-01
2.46D+02
4.,.54D+02
Z2.85D+02
1.21D+01
1.21D-01
8.99D+02
2,34D-02
1.26D-01
3.22D-01
4.56D-01
4.12D+00

HNF-8760, Revision 0

78 of 91




HNF-8760, Revision 0

Attachment 1 1: Radnuc Output for Table 11

The following is a listing of the Radnuc output that produced the results in Table 11. The keys
processed included only the top 20% of specific decay heat keys from the Safeguards database,
and the decay date was May 31,2001. For the Safety Basis sludge predictions in Table 11,
Radnuc 2A values below were adjusted by multiplying by the overall reactor power peaking
factor of 2.4. as discussed in Section 6.4.

This is the top 20% ...

Results decaved to 05/31/2001
Total MTU
Total Curies

Total

Isotope
H-3
C-14
Se-79
Kr-85
Sr-89
Sr-90
Y-90
Y-91
zr-93
Nb-93m
Zr-95
Nb=-95
Nb-%5m
Tc-99
Ru-103
Rh-103m
Ru-106
Rh-106
Pd-107
Ag-110
Ag-110m
Cd-113m
Cd-115%m
Sn-119m
Sn-121m
Sn-123
Te-123m
Sb-124
Sb-125
Te-125m
Sn-126
Sb-126
Sh-126ém
Te-127
Te-127m
Te-129
Te~129m
I-12¢%
Cs-134
Cs-135
Cs-137

BTU

Curies

1.
1.
4,
2.
0.
.38D+04
.238D+04
.00D+00
.81D+00
L 20D400
.00D+00
.00D+00
.00D+00
L37D+01
.00D+00
.00D+00
.48D-01
L48D-01
. 75D-02
.77D-09
.34D-07
.56D+01
.00D+00
.15D-08
.34D-01
.01D-14
.25D-18
.00D+00
.86D+01
LA43D+01
. 68D0-01
.08D-01
.68D~01
L4BD-18
.58D-16
.00D+00
.00D+00
L12D-02
.97D+01
.70D-01
.82D+04

4
4
¢
1
1
0
0
0
1
0
0
1
1
8
5
4
1
0
7
1
5
6
0
5
1
1
1
7
4
4
0
0
3
2
3
5

48D+07
12D-04
05D-01
26D+03
OODt00

6.8

2.47D+05

2.52D+03

BTUS
L70D=-02
L12D=-07
.30D-04
.16D+01
.00C+00
.740402
.28D+02
.00D+00
.12D-04
.36D-04
L00D+00
LQ0D+00
.00D+00
.34D-02
.C0D+00
.00D+00
.00D-05
.B2D=~03
.64D~05
.48D-13
.46D-08
.B85D-02
.00D+00
.26D-10
.81D-04
.33D-16
L1ip-21
.00D+00
.28D-01
L.11D-02
.06D-04
L.B5D-03
.36D-02
L07D-18
.74D=19
.00D+00
.Q0D+00
.99D-05%
L03D+00
L22D-04
L.04D+02
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Ba-137m
Ce-141
Pr-143
Ce-144
Pr-144
Pr-144m
Pm-147
Pm-148
Pm-148m
Sm-151
Eu-152
Gd-153
Eu-154
Eu-155
Th-160
H-3
C-14
Fe-55
Ni-59
C0-60
Ni-63
Zr-93
Nb-93m
Zr-95
Nb-95
Nb-95m
In-113m
Sn-113
Sn-119m
Sn-121m
Sh-125
Te-125m
U-234
U-235
U-236
U-238
Np-237
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Am-241
Am-242m
Am-242
Am-243
Cm-242
Cm-244

5.60D+04
0.00D+00
0.00D+00
7.28D-03
7.20D-03
B.74D-05
6.24D+02
0.00D+00
0.00D+00
6.76D+02
4.56D+00
4.33D-09
5.53D+02
5.97D+01
6.39D-26
3.73D+00
3.31D+00
2.82D+00
1.8%4D-01
1.22p+01
2.10D+01
6.37D-02
4.23D-02
0.
0
0
1
1
G
z
2
4
2
G
4
2
2
6
1
-
3
4
2
1
1
1
1

00D+00

.00D+00
LO0D+00
.47D-16
LA7D=-16
LB3D-07
.44D-01
.04D+00C
L98D-01
.76D+00
LB8D-02
.BED-01
.27D+00
.7E5D-01
.74D+02
.07D+03
.B6BD+02Z
.50D+04
.07D-01
.36D+03
.55D+00
.54D+00
.09D+00
.28D+00
1.

44D+01
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.50D+02
.00D+00
.00D+00
.64D-05
.80D-04
.COD-07
.81D-01
.00D+00
.00D+00
.70D-01
.04D-02
.33D-11
L69D+01
L 47D-01
.74D-27
.28D-04
.30D-03
.21D=04
. B63D-05
L 44D-01
L24D=-03
.50D-05
.58D-05
.00D+00
L00D+00
.00D+00
.16D-18
L35D-20
.170-09
.750-04
.19D-02
L43D-03
.67D-01
L86D-03
L43D-02
.93D-01
.70D-02
.50D+01
.12D+02
L02D+01
L70D+00
.04p-02
.64D+02
.09D-03
.38D-02
.18D-01
.58D-01
.69D+00
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Attachment 12: Internal Memo from S.P.Roblyer toJ. J. Irwin

Westinghouse Interna
Hanford Company Memo
From: Nuclear Analysis and Characterization 96005
Phnne: 376-0436 HO-38
Date: February 16, 199

6
Subject: POWER PROFILES IN N REACTOR MKIA AND MKIV FUELS

To: J. J. lrwin HO-33
cc: T. D. Cooper 75-12
R. 6. Cowan R3-86
F. J. Heard HO-34
K. N. Schwinkendorf HO-38
W, L. Willis R3-86

SPR File/LB

The power profiles in N Reactor MKIA and MKIV fuels were determined as a
task to support the Multiple Cannister Overpack (MCO) project. The
aﬁpllcatlong of these profiles are for the radioisotope release modeling and
the flammability ignition tasks. The models of the power profiles are
represented by the product of two polynomials. One polynomial describes the
axtal power distribution, the other polynomial describes the radial power
distribution. These power distributions apply to both of the inner and
outer fuel tubes. The polynomials are normalized to the combined or average
power of the fuels assembly.. The distribution of power or exposure can
therefore be determined by multiplying the total fuel assembly power or
exposure by the product of these two polynomials.

The results of these models are shown In the attached Figures 1 through 6
and Tables 1 and 2. Figure 1 and 2 show the normalized inner and outer tube
axial power distribution of the MKIA and MKIV fuels, respectively. Figures
3 and 4 show the normalized radial power distributions in the MKIA fue
inner and outer tubes, respectively. Flgures 5 and 6 show the normalized
power distributions in_the MKIV inner and outer tubes, respectively. A
summary of the polynomials regresentlnﬂ radial and axial powers and their
coefficients are listed in Table 1. The summary of relative powers and
geakln factors in the fuel element inner and outer tubes are listed in
able 2. The peak power or exposure, for example, occurs in the outer
surface adjacent to the end cap of the outer tube in both the MKIA and MKIV
fuels. The peaking factors to element average power or exposure are 1.515
and 1.519 for MKIA and MKIV fuels, respectively.

The power calculations in the fuel regions were based on neutron balance
calculations in a unit reactor lattice of N Reactor by the WINS-E
one-dimensional transport code and the 2DB4 two-dimensional diffusion code.
The hot fuel dimensions used in thSgs calculations are listed in table 3.
The transport code ?ave the best representation of the radial power
distribution and relative power of the inner and outer fuel element tubes.
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J. J. Irwin 96005
February 16, 1996
Page 2

The axial power distribution near the end caps was obtained from the 2DB4
code because of geometry limitations in the more accurate WIMS-E code. Even
so, the radial profiles calculated by 2DB4 agreed reasonably well with the
corresponding radial shapes from WIMS-E. For example, the ratios of outer
and inner tube powers agreed within 1%between the 2D0B4 and WIMS-E codes.
Similar agreement was shown for the k-infinity between the two codes; k-
infinity was within 15 nmk between WIMS-E and 2DB4.

| assume these results satisfy the requirements of the MCO program. If you
have any questions, please call me.

SML%K

Steven P. Roblyer
Principal Engineer

raw

Attachment
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wer Qrofile (no units)

Normalized Axial Power Profile

N Reactor MKIA Fuel
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Figure 1
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Power @o file (no units)

o

Normalized Axial Power Profile

N Reactor MKIV Fuel
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Figure 2
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Normalized Radial Exposure Profile
MKIA Fuel Inner
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Figure 3
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Normalized Radial Exposure Profile
MKIA Fuel OUTER
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Figure 4
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Normalized Radial Exposure Profile

MKIV Fuel Inner
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Figure 5
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Normalized Radial Exposure Profile
MKIV Fuel OUTER
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Figure 6
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Table 1 Radial And Axial Power Profiles In N Reactor MKIA And MKIV Fuels

Normalized Radial Profile Coefficients

C1 Cc2 c3 c4 o1 C6
MKIA inner 1.1104 7.8177 -31.3502 44.4425 -27.2421 6.1674
MKIA Outer -282.5552 759.0056 762.0539  322.2239 84.4805 5.0317
MKIV Inner 1.4756 14.0879 34.4696 34.9871 16.5708 3.0206
MKIV Outer -104.3496  410.5845 417.5199 178.6896 36.1693 2.8532

R(r}=C1+C2*r*2tC3*rr3+C4* r*4 +C5* rr5 +C6 * 16

Normalized Axial Profile Coefficients

D1 D2 D3 D4 D5 D&
MKIA Inner 0.7454 2.3297E-03 -4.9835E-04 1.1220E-04 -1.89874E-05 1.8992E-08
MKIA Outer 11163 B.0008E-03 -3.7431E-03 1.0409E-D3 -1.3D4BE-04 6.4615E-08
MKIV Inner 0.8542 2.5286E-03 -3.3591E-03 1.3679E-03 -2.0035E-04 1.0822E-05
MKIV Outer 1.0593 9.4811E-03 -3.2043E-03 2.89964E-03 -3.8033E-04 1.7339E-05

All)=D1 +D2* 1+D3* |1*2+D4*1*3 +D5* [*4 +D6 " [*5

Note: The above polynomial appliesto the end 10 cm of fuel region length.
The remainder of the fuel region power is described by D1.
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Table2 Summary Of Power Profiles In N Reactor MKIA And MKIV Fuels

Axial Power Ratio Radial Combined

average peak Peak Peak
MKIA Inner 0.745 0.822 1.228 1.010
MKIA Outer 1.116 1.193 1.270 1.515
MKIV Inner 0.854 0.990 1.214 1.202
MKIV OQuter 1.059 1.161 1.309 1.519

Table 3 Hot Dimensions Of N Reactor MKIA And MKIV Fuel

Fuel Region Radius  Fuel Cladding  Fuel Tube End Cap

Inner outer Inner outer Length  Thickness

(cm) (cm) (em)  (cm) (cm) {em)
MKIA Inner 0.625 1.488 0.063 0.101 52.80 0.33
MKIA Outer 2312 3.012 0.057 0.065 53.04 0.33
MKIV Inner 0.664 1.559 0.050 0.076 66.14 0.56
MKIV Outer 2.225 3.036 0.051 0.065 66.29 0.56
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Desk Instruction 2.0, Rev. 1

CHECKLIST FOR TECHNICAL PEER REVIEW

Document Reviewed - HNE-8760

Date: _September 24,2001

Data checked for consistency with original souree information as applicable.

Models appropriate and used within range of validity, or use outside range of

Hand calculationschecked for errors. Spreadsheet results should be treated

Software output consistentwith input and with resutts reported in document

Resufts and conclusionsaddressall points required in the problem statement,

Yes No*. NA

[¥] [ 1 (1 Referenced analyses appropriate.

[v1 [ 1 [1 Problem completely defined and all potential configurationsconsidersd.

[ ] [ 1 [T Accident scenariosdeveloped in a clear and logical manner.

v [ ] [1 Nessary assumptions explicitly stated and supported.

WA 1 [ 1] Computer codeSand datafiles documented.

v 11 11 Data used in calculations explicitly stated in document.

1 €1 (1

T [1 {1 Matbematical derivationschecked including dimensional consistency of
results

(¥ (1 (]
established validity justified.

[*T (1 [] :
exactly the same as handcalculations.

M 1) 1] Software input correct and consistent With documeant reviewed.

[“T 11 I _
reviewed.

[ 1 [ 1 [+T Limits/criteria/guidelines applied to analysis results are appropriate and
referenced. Limits/criteria/guidelines checked against references.

[ 1 [ 1 (A Safety margins consistentwith good engineering practices.

[~T [ 1 11 Conclusions consistentwith analytical resultsand applicable limits.

i (1 [1]

it 11 11 Format consistentwith applicable guides or other standards.

[ 1 [ T [v1 ** Review calculations,comments, and/or NOtes are attached.

bW\ 11 (1 Document approved (for example, the reviewer affirms the technical
accuracy of the document).

D. .Wootan iy /| ) s 3[1; /o]
Technical Peer Reviewer (printed name and signature) ate
*  All *no” responses must be explained below or on an additional sheet.
L L]

Any calculations, comments, or actes generated as pad of this review should be signed, dated and
attacned to this checklist. The material should be labeled and recorded in such amanner asto be
understandable to a technically qualifisd third party.
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