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1.0 INTRODUCTION 

The goal of this report is to estimate heat output, potential health risks, and bounding 
concentrations of uranium, plutonium, and a series of radionuclides in sludge containers that will 
be filled in K East Basin.  The present project uses a stochastic modeling technique in which 
values for the volumes of floor and canister sludge, as well as the concentrations of the materials 
of interest are allowed to vary.  The variation is constrained by the available data.  The sequence 
in which the fuel keys are retrieved is allowed to vary.  The computed results are distributions 
showing the probability of finding containers with particular values for the items that are tracked.  
For this analysis, the tracked items for a given sludge container (i.e. volume) are the sludge mass, 
the total uranium mass, uranium metal mass, plutonium mass, the activity of 13 isotopes, the heat 
generation rate, and the inhalation dose.  The average values of the output distributions are 
readily verified with hand calculations.  The bounding values are chosen from the cumulative 
probability curve to be exceeded in less than 5% of the containers. 

The first step is to define the basic calculation of the amounts of each item of interest in a filled 
sludge container using available sludge data.  Normally, the average values are used for this 
calculation.  The next step in the stochastic analysis replaces each of the data averages with a 
function that represents the data.  This function has the same mean as the data.  In addition, it has 
a similar shape and standard deviation.  The function is referred to as probability density or 
probability distribution function (PDF).  A probability density function is defined as a real 
function over some range whose integral over any sub-range is the probability that a random 
variable has values in the sub-range.  Section 3.0 presents both the data and the PDFs used to 
represent the data.  In a stochastic calculation, values are randomly selected from the PDFs, 
plugged into the same formulas that were used for the basic calculation, and the results are tallied 
in a histogram.  The final histograms can be presented as PDFs, where the bin width is the 
minimum sub-range, or as cumulative functions, which are the sums of the histogram bins from 
the lowest value tallied to the value of interest. 

The stochastic analysis combines information about floor and canister sludge to generate a 
spectrum of sludge compositions in the larger sludge volumes associated with sludge retrieval 
and storage.  A simplified flow diagram for the stochastic calculations is shown in Figure 1-1.  
The four boxes on the left side are calculated for each key using the PDFs derived from the input 
data.  In this table, the word “composition” refers to the 20 items listed in the large box in the 
middle.  Note that at this point these are total amounts associated with a key rather than 
concentrations.  Once the sludge composition has been calculated for all 52 keys, the keys are 
retrieved in a random order, sludge containers are filled, and the resulting concentrations in the 
containers is calculated and tallied. 

Several assumptions have been made to carry out these calculations.  Many of these have been 
tested by repeating the stochastic analysis using slightly different assumptions to quantify their 
impact.  For example, it is assumed that the canisters are retrieved by key and that the keys are 
taken in any order.  An alternate calculation uses specific key retrieval sequences to quantify the 
effect.  Other assumptions define the calculation in a way that could not be tested.  For example, 
it is assumed that the floor sludge in the immediate vicinity of the canister is retrieved along with 
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the canister sludge.  The retrieval process is taken to be 100% efficient, in that all the estimated 
canister sludge as well as all of the estimated floor sludge is retrieved. 

Note that the impacts of retrieving pit sludge or floor sludge outside the cubicles with fuel has 
not been analyzed. 

 

Figure 1-1.  General Sequence of the Stochastic Calculations. 
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The selection of the data used in the stochastic analysis involved several assumptions.  These are 
presented in greater detail in Section 3.0.  An underlying assumption is that the sludge 
measurements taken during the years 1994 through 2000 provide a consistent source of 
information to evaluate sludge loading in the larger sludge volumes of interest during sludge 
retrieval and storage.  Currently any of the 3,668 fueled canisters in K East Basin can be moved 
for operational reasons to any of the over 5,000 storage positions in the basin.  These movements 
are tracked for accountability only.  No records are maintained to track canisters by fuel 
condition or canister type.  Hence, while the current positions of specific fuel canisters are 
known, the corresponding tracking of fuel condition in the K East Basin was not maintained.  
Note also that the movement of screen bottomed canisters causes some of the canister sludge to 
fall to the floor and be commingled with the floor sludge.  This decreases the volume of canister 
sludge and increases the mean value for floor sludge concentration from the 1994 through 2000 
sampling activity.  However, when the floor and canister sludge are both retrieved and added to 
the same container, the effect of these changes is diminished.  Therefore, the 1994/2000 data is 
assumed adequate for estimates of sludge inventories during sludge removal. 
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The data used in the stochastic analysis is summarized below. 

1. The 1994 locations of the fuel in each key as found in a spreadsheet are used.  The key 
locations are from private communication with Karen Morris, K Basins Operations, 
1995 "K East Basin Storage Map", MAC Version 3.1, Rev. 163, Updated 1/11/94, Report 
5/02/94, 124 pages.   

2. Floor sludge depth measurements taken in 1994 are used together with the interpolations 
to estimate floor sludge depths at non-measured locations in K East.  This data is 
presented in WHC-SD-WM-ANAL-037 (Meling 1994).  It is used in the stochastic 
analysis to calculate the volume of floor sludge associated with each key.   

3. Canister sludge depth measurements taken from 1995 to 2000 are used to estimate 
canister sludge volumes for each key.  This data is presented in WHC-SD-SNF-TI-034 
(Pitner 1996b).   

4. Floor and canister sludge concentration measurements for sludge density, uranium 
concentration, and various radionuclide concentrations collected from 1994 to 2000 and 
presented in SNF-7765 Appendix D (FH 2001) are used.   

5. Calculated values for various radionuclide concentrations in the fuel and sludge 
(HNF-8760, Schwinkendorf 2002). 

Another assumption is that the amount of canister and floor sludge has not increased since the 
depth measurements were taken.  This assumption has been more fully discussed in HNF-8118 
(Baker 2001), Section 2.0.  It is concluded that because of the control of basin water conditions 
and lack of significant environmental additions such as airborne dust, the 1994 through 2000 fuel 
condition estimates and sludge volume estimates are still valid. 

An additional assumption is that the canister barrels selected for the measurements in 1994 are 
representative of all canister barrels in K East Basin.  If additional measurements had been taken, 
the mean values would not have changed appreciably, nor would the likelihood of particular 
depth measurements. 

PDFs created to represent this data preserve the data mean and may increase the standard 
deviation a small amount.  This is done through the use of uniform distributions with a mean 
value of 1.0.  Random values are selected from these distributions and multiplied by the data 
value.  The mean is preserved and the standard deviation increases a small amount. 

The size of the smallest sludge volumes used in the stochastic analysis is the volume of sludge 
associated with individual keys in K East Basin.  A key refers to the group of fuel assemblies 
discharged from a Hanford Site reactor on a particular day.  Although the sludge samples 
typically have much smaller volumes than are found in the keys, the sample data is applied to the 
entire volume of sludge associated with a key. 

The stochastic results after emptying K East Basin 10 million times are shown in Tables 1-1, 1-2, 
and  1-3.  Three sludge container volumes are used in the stochastic analysis even though there is 

 1-3  



SNF-10293, REV 0 

just one storage container size.  The 0.5 m3 volume shown in Table 1-1 corresponds to the 
maximum that may be added to a sludge storage container in 24 hours.  The 2.0 m3 volume 
shown in Table 1-2 is the maximum that will be placed in a storage container.  The 12 m3 
volume shown in Table 1-3 corresponds to 6 storage containers placed at T-Plant.  In this 
analysis, “container” refers to these three sludge volumes rather than an engineered device for 
storing sludge. 

The stochastic model of container filling adds sludge from randomly ordered keys until the 
desired volume (0.5, 2.0, or 12 m3) is obtained.  Any excess is added to the next container until 
all the keys are used up.  Any partial container volume left over after all the keys are used is 
discarded to avoid introducing a bias to the full container results.  An exception is made for 
containers that are more than 90% full.  At this level, the container is essentially full.  The 90% 
criteria is an assumption that was tested and found to have little effect on the final results. 

For the largest volume (12 m3), the randomly generated volume of all the keys may not fill the 
container.  However, the smallest total sludge volume (11.3 m3) is greater than 90% of the 
container volume, so in all cases there will be at least one container generated. 

When a container is filled during the stochastic analysis, several quantities of interest are tallied.  
The mean, standard deviation, 95th and 99th percentile values for each distribution are listed in 
Tables 1-1, 1-2, and 1-3.  These results generally show the total amounts.  The concentrations 
may be calculated by dividing the amount shown by the container volume.  Dividing one of the 
rows by another row should not be done.  As an example, consider dividing the heat generation 
rate by the uranium mass for comparison with the row labeled “Heat Generation Rate, W/MTU” 
on the tables.  The mean is almost the same, while the other values are quite different from the 
values shown in the table.  The reason for the differences is that both the numerator (heat 
generation rate) and the denominator (mass of uranium) are distributions.  Dividing one 
distribution by another creates a third distribution, the characteristics of which are not obvious 
from the table.  For this reason, the concentrations that involve division by another distribution 
have been tallied separately.  The special tallies are (1) canister-to-total volume ratio, 
(2) plutonium weight percent, (3) heat generation rate per metric ton of sludge, (4) heat 
generation rate per metric ton of uranium, and (5) inhalation dose per unit mass of sludge. 

The five special tallies were carried out based on potential future uses for these results.  For 
example, the plutonium weight percent (i.e., the fraction of the sludge mass that is plutonium) is 
useful for determining various quantities for accountability purposes. 

 1-4  
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Table 1-1.  Stochastic Results for 0.5 m3 Sludge Containers. 

Quantity Mean 95th Percentile 99th Percentile Standard 
Deviation 

Canister-to-Total Volume Ratio 19.6% 37.1% 45.2% 10.7% 

Sludge Density, kg/L 1.39 1.78 2.28 0.23 

kg Total Uranium 112 290 432 90 

kg Uranium Metal 8.39 16.0 21.3 4.11 

Plutonium Weight Percent 0.0366% 0.0823% 0.1097% 0.0240% 

Curies Co-60 4.68E-01 1.09E+00 1.57E+00 3.06E-01 

Curies Sr-90 4.95E+02 1.31E+03 1.86E+03 4.13E+02 

Curies Tc-99 1.56E-01 3.93E-01 5.63E-01 1.22E-01 

Curies Cs-134 6.08E-01 1.94E+00 5.48E+00 1.16E+00 

Curies Cs-137 6.67E+02 1.72E+03 2.48E+03 5.45E+02 

Curies Eu-152 4.70E-02 1.28E-01 1.92E-01 4.19E-02 

Curies Eu-154 5.45E+00 1.51E+01 2.34E+01 5.06E+00 

Curies Eu-155 1.08E+00 2.85E+00 4.63E+00 9.50E-01 

Curies Np-237 3.22E-03 8.19E-03 1.18E-02 2.55E-03 

Curies Pu-238 6.44E+00 1.76E+01 2.61E+01 5.70E+00 

Curies Pu-239&Pu-240 2.23E+01 5.62E+01 8.04E+01 1.74E+01 

Curies Pu-241 3.57E+02 9.71E+02 1.46E+03 3.16E+02 

Curies Am-241 2.36E+01 6.29E+01 9.11E+01 2.00E+01 

Heat Generation Rate, W 8.30 21.6 31.0 6.81 

Heat Generation Rate, W/MT 11.3 26.5 35.9 8.0 

Heat Generation Rate, W/MTU 74.1 100 107 22.4 

Inhalation Dose Factor, rem/ml 51,310 133,800 193,900 42,250 

Inhalation Dose Factor, rem/g 34,980 83,550 113,900 25,160 
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Table 1-2.  Stochastic Results for 2 m3 Sludge Containers. 

Quantity Mean 95th Percentile 99th Percentile Standard 
Deviation 

Canister-to-Total Volume Ratio 19.6% 31.3% 36.4% 7.2% 

Sludge Density, kg/L 1.39 1.65 1.89 0.15 

kg Total Uranium 445 877 1,188 234 

kg Uranium Metal 33.5 52.0 64.1 10.6 

Plutonium Weight Percent 0.0377% 0.0656% 0.0799% 0.0157% 

Curies Co-60 1.87E+00 3.35E+00 4.48E+00 7.89E-01 

Curies Sr-90 1.97E+03 3.88E+03 4.98E+03 1.03E+03 

Curies Tc-99 6.20E-01 1.18E+00 1.50E+00 3.03E-01 

Curies Cs-134 2.43E+00 7.00E+00 1.36E+01 2.63E+00 

Curies Cs-137 2.66E+03 5.15E+03 6.59E+03 1.36E+03 

Curies Eu-152 1.87E-01 3.79E-01 4.96E-01 1.03E-01 

Curies Eu-154 2.17E+01 4.46E+01 5.95E+01 1.23E+01 

Curies Eu-155 4.31E+00 8.79E+00 1.30E+01 2.43E+00 

Curies Np-237 1.29E-02 2.45E-02 3.12E-02 6.33E-03 

Curies Pu-238 2.57E+01 5.17E+01 6.70E+01 1.40E+01 

Curies Pu-239&Pu-240 8.89E+01 1.68E+02 2.14E+02 4.33E+01 

Curies Pu-241 1.43E+03 2.87E+03 3.75E+03 7.79E+02 

Curies Am-241 9.42E+01 1.86E+02 2.38E+02 4.96E+01 

Heat Generation Rate, W 33.1 64.4 82.3 17.0 

Heat Generation Rate, W/MT 11.6 20.9 25.8 5.2 

Heat Generation Rate, W/MTU 75.4 94.4 99.1 14.8 

Inhalation Dose Factor, rem/ml 51,170 99,480 127,100 26,180 

Inhalation Dose Factor, rem/g 36,100 65,530 80,730 16,400 
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Table 1-3.  Stochastic Results for 12 m3 Sludge Containers. 

Quantity Mean 95th Percentile 99th Percentile Standard 
Deviation 

Canister-to-Total Volume Ratio 19.7% 25.3% 27.7% 3.2% 

Sludge Density, kg/L 1.39 1.50 1.59 0.06 

kg Total Uranium 2,683 3,798 4,445 616 

kg Uranium Metal 202 250 277 28 

Plutonium Weight Percent 0.0386% 0.0496% 0.0547% 0.0064% 

Curies Co-60 1.12E+01 1.50E+01 1.71E+01 2.06E+00 

Curies Sr-90 1.19E+04 1.64E+04 1.86E+04 2.55E+03 

Curies Tc-99 3.74E+00 5.03E+00 5.66E+00 7.38E-01 

Curies Cs-134 1.46E+01 2.56E+01 3.41E+01 5.82E+00 

Curies Cs-137 1.61E+04 2.19E+04 2.47E+04 3.33E+03 

Curies Eu-152 1.13E+00 1.57E+00 1.78E+00 2.48E-01 

Curies Eu-154 1.31E+02 1.83E+02 2.09E+02 2.93E+01 

Curies Eu-155 2.59E+01 3.77E+01 4.48E+01 6.32E+00 

Curies Np-237 7.76E-02 1.05E-01 1.18E-01 1.54E-02 

Curies Pu-238 1.55E+02 2.13E+02 2.42E+02 3.33E+01 

Curies Pu-239&Pu-240 5.36E+02 7.21E+02 8.10E+02 1.06E+02 

Curies Pu-241 8.61E+03 1.19E+04 1.35E+04 1.86E+03 

Curies Am-241 5.68E+02 7.76E+02 8.76E+02 1.18E+02 

Heat Generation Rate, W 200 273 308 42 

Heat Generation Rate, W/MT 11.9 15.6 17.3 2.1 

Heat Generation Rate, W/MTU 75.1 85.1 87.9 7.3 

Inhalation Dose Factor, rem/ml 51,490 69,820 78,740 10,490 

Inhalation Dose Factor, rem/g 36,960 48,280 53,510 6,582 

     

Several additional cases were run to investigate the influence of particular modeling 
assumptions.  The results from these alternate cases are summarized below.    All differences 
mentioned below are comparisons with the base case.  Detailed discussion is presented in 
Section 5.8. 

1. The 90% full criterion for containers was compared to no criteria, i.e., all partly filled 
containers are tallied.  If the average concentrations of the partly filled containers are 
based on the container volume, the concentrations are biased toward lower values.  For 
the 2.0 and 12 m3 containers the mean value decreased 6% and 39% while the 95th 
percentile decreased 4% and 21%.  If the average concentrations of the partly filled 
containers are based on the sludge volume, the concentrations are biased toward higher 
values.  The mean values increase less than 2%.  However, for the 2.0 and 12 m3 
containers the 95th percentile increased 3% and 26%. 
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2. The imputed values for floor sludge were increased by a factor of 2.  The resulting 
container inventories for nuclides with many imputed values increased significantly.  The 
Tc-99 inventory increased 18%, the Np-237 increased 14%, the Pu-241 increased 12%, 
the Eu-152 increased 10%, and the Cs-134 increased 7%.  Overall, the inhalation dose 
increased 2% and the heat generation rate increased less than 1% for all container sizes 
investigated. 

3. Values for the canister sludge depth in the two canister barrels with off scale readings 
were tried that spanned the reasonable range of values, 12 inches to 20 inches.  The 
stochastic results increased less than 2% for the maximum depth. 

4. One retrieval sequence was used rather than any possible sequence.  The worst of the 
6 sequences tried retrieved the keys in reverse chronological order (youngest first).  The 
resulting container inventories increased by varying amounts.  The  mean and 95th 
percentile for the 0.5 m3 volume increased by about 1% and 3%.  The  mean and 95th 
percentile for the 2 m3 volume increased by about 5% and 19%.  The  mean and 95th 
percentile for the 12 m3 volume increased by about 16% and 12%. 

5. Canister sludge sample measurements were used rather than the concentration estimates 
from HNF-8760.  The sludge data gave much lower results for all items tracked except 
the Tc-99 inventory, which increased by a factor of 7. 

Various modifications to the PDFs for the data were tested and found to decrease the results by a 
small amount (less than 10% in all cases).  These alternate PDFs include reduced variability 
factors and continuous cumulative distributions. 

The sensitivity analyses performed indicate the base analysis performed was found to be 
generally robust (insensitive to minor assumption changes) and conservative.  The canister 
sludge sample data for Tc-99 was significantly larger than used for the base case stochastic 
analysis.  Though the magnitude of the activity of this radioisotope is comparatively small, 
applications specifically addressing Tc-99 should evaluate the difference noted here both for 
validity of the sample data and the validity of the reactor inventory and decay model.  Also noted 
in this sensitivity analysis was a moderate increase (up to +19% for the 12 m3 case) when a 
single key retrieval sequence is used.   
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2.0 INTRODUCTION TO THE STOCHASTIC METHODS USED 

Once the basic calculation has been defined, certain parameters in the calculation are replaced 
with a range of values and the associated likelihood of occurring.  The replacement is referred to 
as a probability density function.  

Numerous PDFs exist and are used in stochastic analyses.  The simplest is the uniform PDF, in 
which all numbers between the minimum and the maximum are equally likely.  The mean value 
of a uniform distribution is the midpoint of the range.  The standard deviation of a uniform 
distribution is the range divided by the square root of 12, i.e., 3.464.  For example, a uniform 
distribution that ranges from 1 to 3 has a mean value of 2 and a standard deviation of 0.577.  The 
uniform PDF is used extensively in this report to represent certain data ranges and to represent 
the expected variability of the data. 

When the stochastic calculation is carried out, randomly selected numbers are chosen from the 
PDFs.  These randomly chosen values are used to calculate a new result for container inventory.  
This process of picking numbers from the PDF is repeated and additional results are found.  The 
results are tallied during this process to obtain the resulting probability distribution function.  
The tallying operation divides the observed range of results into equal sized bins.  Each bin holds 
the count of how many computed results lie within the range of values spanned by the bin.  
When enough cases have been run, the outcome of the stochastic analysis is a probability 
distribution for the result.  This histogram of counts is converted to a histogram of probabilities 
by dividing the number of counts in each bin by the total.  The final PDF is a histogram showing 
the fraction of results that are in each bin. 

To illustrate this process with an example, consider the sum of two uniform distributions.  The 
first PDF (PDF A) ranges from 1 to 3.  It has a mean of 2.0, a standard deviation of 0.577, and a 
relative standard deviation of 0.577/2.0 = 0.289.  The second PDF (PDF B) ranges from 3.5 to 
10.5.  It has a mean of 7.0, a standard deviation of 2.02, and a relative standard deviation of 
2.02/7.0 = 0.289.  The sum of the two distributions ranges from 4.5 to 13.5.  The expected mean 
is the sum of the means, or 9.0.  The expected standard deviation is the square root of the sum of 
the squares, or 2.10, as shown below.  The relative standard deviation is 2.10/9.0 = 0.234, which 
is smaller than either of the PDFs that were summed. 

10.202.20.577 Deviation  Standard Expected 22 =+=  

To expedite the calculation points will not be taken at random.  Instead, 5 evenly spaced values 
will be taken from each PDF, giving 25 resulting sums.  The values and sums are shown in Table 
2-1.  The mean of the 25 sums is 9.00, while the standard deviation is 2.02.  These agree with the 
expected values.  When uniform PDFs with the same relative standard deviation are added, the 
sum has a smaller relative standard deviation. 

 2-1  
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Table 2-1.  Example of the Sum of Two Uniform Distributions. 
Values from 

PDF A 
Values from 

PDF B Sums of the Distributions 

1.2 4.2 5.4 11.4 10.8 
1.6 5.6 6.8 6.2 12.2 
2.0 7 8.2 7.6 7 
2.4 8.4 9.6 9 8.4 
2.8 9.8 11 10.4 9.8 

  5.8 11.8 11.2 
  7.2 6.6 12.6 
  8.6 8  
  10 9.4  

The mean of the 25 sums is 9.00. 
The standard deviation of the sums is 2.02. 

 

The next step is to put the list of sums from Table 2-1 into appropriately sized bins.  The bins are 
shown in Table 2-2, along with the number of sums that were placed in that bin.  The final 
column shows the probability per bin.  This column is computed from the number of counts in a 
bin divided by the total number of counts (25).  A graph of the binned products is shown in 
Figure 2-1.  Note that it is not a uniform distribution. 

 
Table 2-2.  Binning of the Sums. 

Bin Low Bin High Counts 
per Bin 

Probability 
per Bin 

4.5 6.3 3 0.12 
6.3 8.1 6 0.24 
8.1 9.9 7 0.28 
9.9 11.7 6 0.24 

11.7 13.5 3 0.12 

 Total 25 1.00 
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Figure 2-1.  Plot of the Sum of Two Uniform Distributions.   
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The mean value of the histogram is 9.00.  The standard deviation for the histogram is calculated 
using the equation below.  The standard deviation for the histogram is 2.16, which differs from 
the expected value by 3%.  (This difference becomes smaller as the number of sample points and 
tally bins increases.) 
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Where  

Count(K) = number of values in the Kth bin 
K = index to a particular tally bin 

Mean = mean value of the parameter being tallied 
Mid(K) = midpoint of the Kth bin, i.e., Mid = (Low + High)/2 

N = number of bins in the histogram 
  

A uniform distribution over the same range as the sum (4.5 to 13.5) would have the same mean, 
but a larger standard deviation, namely, 2.60.  Thus the sum of uniform PDFs is no longer a 
uniform PDF.  Values near the mean are more likely, while values near the bounds are less 
likely.   
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If the first uniform distributions had been divided by the second, the expected mean would be 
2.0/7.0=0.286.  However, according to the simulated stochastic method described above, the 
mean is 0.312.  This small difference can be attributed to the effect of division.  Multiplication, 
addition, and subtraction of PDFs preserve the mean, but division introduces a departure from 
the mean in the final distribution. 

The PDF is often used to represent data.  The PDF may originate in some curve-fitting regression 
analysis showing that the data can be represented in a normal or lognormal, or other shape.  A 
simpler method (especially with limited numbers of data values) is to use the measured values 
themselves as the distribution.  An enhancement used in this report is to include the variability in 
the data with uniform distributions at each data point.  The mean value of the uniform 
distribution is 1.0.  The PDF is calculated by first selecting one of the data values and then 
generating a random value from a uniform distribution whose mean value is 1.0.  The value from 
the uniform distribution is multiplied by the selected data value.  This approach preserves the 
mean value and increases the standard deviation a small amount as illustrated in the stochastic 
results shown in Section 4.2. 

Associated with a PDF is a cumulative distribution function, or CDF.  The cumulative 
distribution function is the integral of the PDF.  It gives the probability that the random sampling 
from the PDF is less than a particular number.  The CDF can also be used in the calculation of 
randomly generated values from a PDF.  The random number generator selects a number 
between 0 and 1.  This number is the cumulative probability.  The graph of the CDF is used to 
find the corresponding parameter value.   
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3.0 DATA USED IN THE STOCHASTIC MODEL

In this section, the data as well as the method used to represent that data in the stochastic model
are presented. Later, in the stochastic model results, the tallied distributions for the input
parameters are given and compared with the data, where possible. These comparisons help
verify that the stochastic calculations have implemented the model correctly. A final
consideration in each section is the selection of alternate models for comparison with the chosen
method for representing the data. The alternate models test whether the assumed PDF introduces
significant bias on the results.

An essential objective in representing the various quantities of interest is capturing the potential
variability of each quantity. The PDFs are created so that mean values are preserved, thus the
mean value of the stochastic results can be estimated by hand calculations that use the mean
values of the input quantities. To be conservative, the variance of the distribution function
chosen to represent a parameter is larger than the measured variance. The larger variance
increases the spread of the container results and thus increases the bounding (95th percentile)
values.

3.1 FLOOR SLUDGE DEPTH

Floor sludge depths were measured using a high-resolution, underwater video camera and a
stainless steel ruler (Meling 1994). The ruler was inserted into the sludge and the markings on
the scale were read using the video camera. The floor sludge depth was measured at 234
locations scattered around K East Basin. This averages to 1 out of every 18 cubicles in the basin.

The depth of the floor sludge at thousands of other locations was imputed using 2-dimensional
data fitting software. The purpose was to estimate the total floor sludge present in the K East
Basin at that time. Floor areas outside the cubicles as well as the remote pits were included.
Various techniques were applied to the data and a conservative approach was selected. The
results of these estimates of floor sludge depth that are used in this report are shown in
Appendix A. The appendix only shows the depths in cubicles. Floor sludge outside the cubicles
or in the adjacent pits is not within the scope of these calculations. Asterisks mark locations that
had actual measurements taken.

The previous volume calculation includes the floor areas that are outside the cubicles as well as
the presence of empty fuel canisters that displace floor sludge. The estimated total volume of
floor sludge was 21,650 L (21.65 m3) with an uncertainty of ±20% (Tables 4 and 6 of
WHC-SD-SNF-TI-006 [Baker 1995]). Note that this volume includes sludge from floor areas
outside of cubicles with fuel as well as pit sludge.

For the stochastic analysis, the floor sludge volume associated with each key was needed. This
was calculated using the map of key locations (Appendix B) together with the map of floor
sludge depths (Appendix A). The calculations were carried out in a spreadsheet containing both
the sludge depth map and the key identifier map. The spreadsheet uses a table that gives the
floor depth of a selected key identifier in those cells where the key is located. The table has
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zeroes everywhere else. The summation of all the cells in the table gives the total floor sludge
depth for that key. The total depth is then multiplied by the area of the cubical that is not under
the canister (627 cm2) to give the total volume of floor sludge associated with that key.

The empty cubicle is about 10.625 in. by 19.325 in. and is modeled using an area of 1,307 cm2.
One canister barrel has an outer diameter of about 8.19 in. and is modeled using a floor area of
340 cm2. Thus, the floor area in cubicles with a fuel storage canister is 1307 cm2 - 2(340 cm²) =
627 cm2.

Table 3-1 shows the calculated floor sludge volume by key. Also shown in Table 3-1 is the
number of cubicles with fuel. The total number of cubicles in K East Basin is 3,668. The total
volume of floor sludge in cubicles with fueled canisters is 11,700 L. Note that this volume is
calculated from the best-estimate of floor sludge depth in each cubicle that has fuel.

Table 3-1. Average Floor Sludge Volume by Key. (2 sheets)

KeyNumber
Number of
Cubicles

Floor Sludge
Volume (L)

Key
Number

Number of
Cubicles

Floor Sludge
Volume (L)

9621 3 3.1 12127 95 272

10001 2 5.6 12201 70 180

10201 11 41 12240 3 5.7

10259 66 152 12285 199 765

10294 120 293 12480 168 566

10350 2 8.4 12565 122 514

10385 111 295 12639 142 495

10456 84 280 12852 8 24

10576 12 51 13015 3 4.0

10602 85 284 13649 16 49

10679 86 203 13685 8 29

10742 66 233 14065 1 1.1

10764 10 8.0 14355 30 105

10770 60 253 14356 55 190

10832 167 535 14722 1 1.0

10982 80 280 15204 313 721

11036 41 163 15240 2 1.8

11109 80 289 15316 65 201

11183 158 471 15399 2 7.0

11372 97 279 15444 1 5.3

11449 92 285 15451 30 113

11540 42 147 15455 5 28

11733 2 6.8 15457 2 11
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Table 3-1. Average Floor Sludge Volume by Key. (2 sheets)

KeyNumber
Number of
Cubicles

Floor Sludge
Volume (L)

Key
Number

Number of
Cubicles

Floor Sludge
Volume (L)

11806 86 230 15458 425 1,498

11897 120 420 15460 61 185

11979 119 384 15461 39 136

• Notes:

• The floor sludge volumes are best-estimates based on the measured floor sludge depths.

• The total number of canisters is 3,668. The total average volume of floor sludge is 11,700 L.

• The floor sludge volumes were calculated using an exposed floor area of 627 cm2.

Table 6 of WHC-SD-SNF-TI-006 (Baker 1995) gives the estimated uncertainty of the floor
sludge total volume as ±20%. This estimate of the overall uncertainty in the floor sludge volume
is used as the basis for the stochastic representation of floor sludge volume. The PDF for floor
sludge volume is assumed to be a uniform distribution that ranges from 80% to 120% of the
values shown in Table 3-1. This range was interpreted to apply equally to all the keys at the
same time. The stochastic analysis generates a random number from 0.8 to 1.2 and multiplies it
by the mean floor sludge volume of every key, i.e., every row in Table 3-1. In this way, the total
floor sludge volume follows a uniform distribution that ranges from 80% to 120% of the nominal
value.

One alternative to the above PDF is to give each key a different random factor. With each key
given a different random factor, the resulting total follows something closer to a normal
distribution. This feature of uniform distributions was illustrated in Section 2.0. When uniform
distributions are added, the result has a roughly normal shape.

Calculations using this alternative PDF were performed to evaluate its effect on the computed
results. The uniform distribution applied to each key ranged from 0.19 to 1.81. This range was
selected to give a standard deviation in the total floor sludge volume that is 10% of the total,
namely, 1.17 m3. The estimated uncertainty of ±20% corresponds to two standard deviations.
The results from this alternate case are discussed in Section 5.8.

3.2 FLOOR SLUDGE ISOTOPIC CONCENTRATION

Floor sludge samples have been taken at several locations around the basin and adjacent pits.
These have been analyzed to measure density, uranium concentration, and activity concentration
for several radionuclides. The data for 23 floor sludge samples is listed in Appendix D of
SNF-7765. Many of the entries in the table are not available. These could be entered as zeroes
in the stochastic analysis. However, this would bias the results toward lower values. Hence, it
was decided to estimate appropriate data values to fill in the blanks.
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The methods for calculating total plutonium, uranium metal content, heat generation rate, and
inhalation dose are discussed in later sections.

3.2.1 Imputed Values for Floor Sludge

Data that are reported as “less than” some value are termed censored data or left-censored data.
Data sets that have blank or missing data values also occur, for a variety of reasons. Statisticians
and scientists have developed an array of tools to handle censored and missing data. The word
“impute” has come into use in the last decade to mean creating a number to put in place of a
missing or less-than value. Imputation is a form of prediction, and imputation tools include
interpolation, extrapolation, and predictions based on trends in similar data. A value created by
imputation is called an imputed value.

Imputation is needed for the K-East Basin sludge because values are censored or missing for
many single isotopes results and sometimes for all measurements for a given isotope. In the case
of floor sludge, all samples need values for Tc-99, Eu-152, and Pu-241. Measurements for
Tc-99 and Eu-152 concentrations are listed in the analytical results for canister sludge and are
therefore desired for floor sludge. Estimates for Pu-241 are needed because it is expected to
contribute roughly 10% to the inhalation dose factor.

Two possible approaches to imputation were examined. These two approaches can be generally
described as “within analyte” or “across analyte” imputations. Within-analyte approaches
presume that, in a rectangular data matrix in which the columns represent analytes such as
uranium or 241Am, one can impute values to empty cells by using the non-empty values in that
column. Across-analyte approaches assume that one analyte can be predicted by another analyte.
In the context of the present work, this means that one radionuclide can serve as an indicator for
another. For example, HNF-SD-1201 and WHC-SD-1182 (Makenas et al. 1996a; 1997;
Appendix N of each document) have used the across-analyte approach to study the relationship
between 239+240Pu and 154Eu in both KE canister and floor sludge.

The within-analyte approach postulates that a distribution, such as the normal or lognormal,
could describe the data. If one can assume that the distribution is left-censored, that is, the
censored, less-than values are at the bottom end of the distribution, then a widely-used and well-
documented collection of techniques is available (Pan and Connett 2001; Barry and Brattin 1998;
Mitchell et. al. 1997; PNL-10653, Gilbert 1995; SARE-9247, Atwood et. al. 1991; Strom 1986).
However, the condition of left-censoring does not hold for the ”missing”, and one does not have
any idea where the “not measured” values fall in the distribution. As a result, the within-analyte
method was tried and abandoned, and those results are not presented here.

The across-analyte approach was tried by assuming, say, that 238Pu could be predicted by 239Pu,
that is, that they were likely to occur in about the same ratio in any given sample. One can
express this by saying that one analyte is proportional to another. This assumption was borne out
by examining graphs of the concentration of one analyte plotted versus another, such as is shown
in Figure 3-1 through Figure 3-7. The graphs show the measured values as diamonds. A linear
regression that was forced to pass through the origin is also shown. It is a line that ranges from
the smallest measured value to the largest. The imputed values are shown in these figures as
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squares. These are computed from measured values for materials on the horizontal axis
multiplied by the slope of the regression line. For later use in an alternate case, the location of
the imputed values if they are doubled is also shown as asterisks in these figures.

Linear regression has been used to establish the general correlation between isotopes. This is not
a completely valid application of regression analysis for the reasons listed below.

1. The values on the horizontal axis are not known exactly. This requirement is implicit in
linear regression analysis.

2. The actual relationship between the two nuclides being correlated is not linear in all
cases. Other factors, such as fuel burnup, decay time since discharge, and solubility in
water make a linear correlation unlikely.

For these reasons, the regression analysis was not carried any further. For example, no estimates
of the confidence level of the slope, or estimated variance in the predicted values are evaluated.
The regression analysis is simply used to establish the general relationship between the two
nuclides with the highest R2 value. The formulas (regression analysis forced through the origin)
used for the slope of the line and the R2 parameter are shown below. An additional consideration
is that one of the nuclides should have a complete set of measurements. For the floor sludge
samples, the nuclides that were measured for each sample are Co-60, Cs-137, Pu-239/240, and
Am-241. The uranium concentration was measured for all but one sample, M13 avg.
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Where:
J = index to those samples that have measurements for X but none for Y

K = index to those samples that have measurements for both isotopes
XK = concentration of an isotope in the Kth sample. This isotope is used

to estimate values for another isotope.
YK = concentration of an isotope in the Kth sample. This isotope has

missing values that will be imputed from the measured values for X.
Slope = slope of the line with the smallest sum of squared differences with

the YK. The line passes through the origin.
R2 = parameter that indicates the proportion of the variability in the

dependent variable (Y) that is explained by the independent variable
(X). The R2 value ranges from 0 to 1.

The slopes and R2 values are listed in Table 3-2. The correlations chosen for later imputation are
marked with a heavy border in the table. The vertical columns are headed by the nuclides with
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measurements for all 23 samples. The rows are all the other nuclides with at least a few
measurements. If R2 is close to 1.00 then the correlation is considered reasonable for the
purposes of the stochastic analysis.

Table 3-2. Floor Sample Data Correlations: Slope and R2.

X-AXIS (ISOTOPES MEASURED FOR EVERY SAMPLE)

Y-Axis Co-60 Cs-137 Pu-239/240 Am-241 Uranium

Co-60 1 1.130E-03 6.113E-02 5.822E-02 9.425E-06

1 0.138 0.663 0.596 0.382

Sr-90 9.108E+01 5.145E-01 1.144E+01 1.314E+01 2.961E-03

0.195 0.695 0.551 0.721 0.919

Cs-134 6.937E-02 4.463E-04 5.866E-03 6.521E-03 6.212E-07

0.489 0.979 0.820 0.742 0.605

Cs-137 1.220E+02 1 1.778E+01 1.613E+01 3.706E-03

0.138 1 0.520 0.424 0.559

Eu-154 1.633E+00 3.312E-03 1.384E-01 1.526E-01 2.717E-05

0.613 0.279 0.802 0.966 0.794

Eu-155 7.286E-01 4.487E-03 7.353E-02 7.504E-02 1.450E-05

0.590 0.518 0.829 0.982 0.831

Np-237 2.077E-03 9.676E-06 1.410E-04 1.233E-04 2.503E-08

0.958 0.395 0.885 0.773 0.541

Pu-238 2.330E+00 5.021E-03 1.955E-01 1.783E-01 2.600E-05

0.533 0.325 0.777 0.632 0.644

Pu-239/240 1.085E+01 2.923E-02 1 9.423E-01 1.603E-04

0.663 0.520 1 0.880 0.690

Am-241 1.024E+01 2.629E-02 9.342E-01 1 1.840E-04

0.596 0.424 0.880 1 0.866

Uranium 4.050E+04 1.508E+02 4.301E+03 4.704E+03 1

0.382 0.559 0.690 0.866 1

The upper number is the slope of the regression line (intercept is zero) while the lower number is the R2

value of this regression. Numbers with a heavy border were chosen to impute floor sludge concentrations for
sample results that are not available in SNF-7765.

In Table 3-2 the possible correlations for Sr-90 are Cs-137, Am-241, and uranium. Because
uranium has the largest R2, it was chosen to impute missing values for Sr-90. Similar logic was
followed for Cs-134, Eu-154, Eu-155, and Pu-238. In the Np-237 row, the best fit (i.e. largest
R2) is with Co-60. However, Co-60 is an activation product rather than a fission product.
Hence, it was decided to use Pu-239/240 to predict values for Np-237.
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In Figure 3-1 through Figure 3-7 the chosen correlations are graphed. The measured values are
plotted as diamonds, while the imputed values are plotted as squares. The regression line only
extends from the smallest measured value to the largest. In Figure 3-1, the imputed values for
Sr-90 are small, and thus have little effect, even if they are doubled. The uranium concentrations
need special consideration. First, the values shown for uranium concentration (i.e., U.mean) are
the average of two separate measurements, called U.icp (i.e., inductively coupled plasma atomic
emission spectrometry, or ICP-AES) and U.las (i.e., laser fluorimetry or phosphorimetry). The
ICP values are about 1.20 times greater in virtually all cases, as shown in Figure 3-2. Using this
observation, a value was imputed to the missing U.icp for O-09. Then the U.mean value was
replaced with the average of the imputed U.icp and the measured U.las. The resulting U.mean is
thus about 10% greater than the U.las value that had been used.

Figure 3-1. 90Sr Data and Imputed Values from Uranium Measurements in Floor Sludge.
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This new value for O-09 was used in the regression of Sr-90 against uranium (Figure 3-1) in all
cases except one, sample M13avg, for which there were no uranium measurements. In this case
the U.mean was imputed from all the other Sr-90-Umean data pairs. The linear regression has a
slope of 310 g U per Ci Sr-90. Thus, the measured Sr-90 concentration of 544 µCi/g can be used
to impute the uranium concentration of 353,000 µg/g. In Figure 3-1, the Sr-90 measurement and
imputed U.mean for sample M13avg are shown separately from the other imputations.

Data and imputations for Cs-134 are shown in Figure 3-3. There are more imputations than data
for Cs-134. The imputations define the range of possible concentrations as well.
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Data and imputations for Eu-154 and Eu-155 are shown in Figure 3-4 and Figure 3-5. Both
nuclides are fairly complete. The imputed values are at the low end of the range of
concentrations.

Data and imputations for Np-237 are shown in Figure 3-6. There are more imputations than data
for Np-237. The imputations are mainly at the low concentrations. The largest concentrations of
Np-237 are actually measured. Note that the trend line extends only from the lowest measured
value to the largest.

Data and imputations for Pu-238 are shown in Figure 3-7. Most of the points are measured
values. The imputed values are spread throughout the range of concentrations.

Figure 3-2. U.icp Data and Imputation from U.las Measurements in Floor Sludge.
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Figure 3-3. 134Cs Data and Imputed Values from 137Cs Measurements in Floor Sludge.
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Figure 3-4. 154Eu Data and Imputed Values from 241Am Measurements in Floor Sludge.
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Figure 3-5. 155Eu Data and Imputed Values from 241Am Measurements in Floor Sludge.
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Figure 3-6. 237Np Data and Imputed Values from 239+240Pu Measurements in Floor Sludge.
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Figure 3-7. 238Pu Data and Imputed Values from 239+240Pu Measurements in Floor Sludge.
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Three radionuclides of interest for the stochastic analysis (Tc-99, Eu-152, and Pu-241) have no
measurements in floor sludge. The imputations for these nuclides were therefore based on the
average radionuclide inventories in K East Basin canister sludge generated in HNF-8760
(Schwinkendorf 2002).

An approach similar to the previous imputations is followed using the radionuclide
concentrations estimated in HNF-8760 for each key. In the formulas used for Table 3-2, the
slope is calculated using the concentrations from HNF-8760. The sum is over all 52 keys. This
slope is multiplied by the measured concentrations to calculate the imputed values for isotopes
without measurements, namely Tc-99, Eu-152, and Pu-241. The slopes and R2 values that could
be used to predict these concentrations are listed in Table 3-3. As before, the regression analysis
simply establishes the general relationship between the two nuclides. The radionuclide with the
highest R2 is chosen for the imputations. The uncertainties are significant and involve factors
such as decay time and burnup in addition to the statistical uncertainty. Because doubling the
imputed values provides an upper bound, the stochastic calculation was repeated using imputed
values that are doubled. This alternate to the base case evaluates the effect of increased imputed
values on the final results.

The correlations chosen to impute missing values are marked with heavy borders in Table 3-3.
For Tc-99 the chosen predictor is Pu-239/240. For Eu-152 the chosen predictor is Eu-154. For
Pu-241, the chosen predictor is Pu-238.
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Table 3-3. Correlations Using Radnuc2A Sludge Estimates: Slope and R2.

Tc-99 Imputations Eu-152 Imputations Pu-241 ImputationsNuclide

(X Axis) Slope R2 Slope R2 Slope R2

Co-60 6.716E-01 0.786 2.462E-01 0.834 1.834E+03 0.808

Sr-90 2.970E-04 0.993 1.043E-04 0.965 7.823E-01 0.948

Cs-134 6.953E-02 0.365 2.822E-02 0.475 2.091E+02 0.455

Cs-137 2.217E-04 0.994 7.815E-05 0.975 5.873E-01 0.961

Eu-154 2.145E-02 0.895 7.992E-03 0.981 6.068E+01 0.987

Eu-155 1.077E-01 0.690 3.909E-02 0.717 2.895E+02 0.687

Np-237 4.774E+01 1.000 1.667E+01 0.963 1.255E+05 0.951

Pu-238 2.051E-02 0.956 7.388E-03 0.979 5.615E+01 0.987

Pu-239/240 6.985E-03 1.000 2.433E-03 0.957 1.828E+01 0.943

Am-241 6.203E-03 0.964 2.192E-03 0.950 1.665E+01 0.956

• These slopes and R2 values were calculated from the radionuclide concentrations estimated for each key in
HNF-8760.

• The linear regressions have an intercept of zero. The regressions are by key with no weighting for the
expected mass of sludge in that key.

• Numbers with a heavy border were chosen to impute floor sludge concentrations for radionuclides that are
not available in SNF-7765.

The results are plotted in Figure 3-8 through Figure 3-10. The graphs show the Radnuc2A
concentrations as diamonds. Note that the concentrations that are plotted are in units of curies
per metric ton of uranium. A linear regression that was forced to pass through the origin is also
shown. It is a line that ranges from the smallest concentration to the largest. The imputed values
are shown in these figures as squares. These are computed from measured values for materials
on the horizontal axis multiplied by the slope of the regression line. To obtain units of Ci/MTU,
the floor sludge concentrations have been divided by the uranium concentration. For later use in
an alternate case, the location of the imputed values if they are doubled is also shown as
asterisks.

The imputed concentrations for Tc-99 are shown in Figure 3-8. Three of the imputed
concentrations are larger than any Radnuc2A result.

The imputed concentrations for Eu-152 are shown in Figure 3-9. The Radnuc2A numbers are
clearly on a curve rather than a straight line. From the graph, the imputed values appear
nonconservative. However, the doubled values are larger than the Radnuc2A values. The
alternate case in which the imputed values are doubled will still be bounding.

The imputed concentrations for Pu-241 are shown in Figure 3-10. The imputed values are spread
throughout the range of Radnuc2A concentrations.
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Figure 3-8. 99Tc Imputations from 239+240Pu Measured Values in Floor Sludge.
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Figure 3-9. 152Eu Imputations from 154Eu Data and Imputed Values in Floor Sludge.
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Figure 3-10. 241Pu Imputations from 238Pu Data and Imputed Values in Floor Sludge.
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For the stochastic analysis, the preferred units for concentration are the activity or mass per unit
volume of settled sludge (wet). This preference follows from the sludge depth measurements
and the calculated sludge volumes being in terms of wet sludge. Imputation was done in the
�Ci/g (dry) data domain, and then transformed to �Ci/mL settled sludge by multiplying each
value by the Solids Fraction [g dry/g settled] and the Settled Density [g settled/mL settled
sludge]. Values for these quantities are listed in Appendix D of SNF-7765.

A complete listing of the floor sludge concentrations is given in Table 3-4, Table 3-5, and
Table 3-6. The values imputed for the stochastic analysis are marked with asterisks (*). Also
shown in the table are the mean and standard deviations as well as the geometric mean and
geometric standard deviation. The geometric mean is the exponential of the mean of the
logarithms of the data, while the geometric standard deviation is the exponential of the standard
deviation of the logarithms. These summary statistics include the influence of the imputed
values and thus may differ from the mean values given in SNF-7765. The mean values are used
in later calculations to verify the stochastic calculation. Note that the averages do not include
contributions from the pits or floor areas outside of cubicles that have fuel.
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Table 3-4. Floor Sample Data and Imputed Values.
Sample
Number

Sludge Density
(kg/L)

Uranium
(kg/L)

Co-60
(µCi/mL)

Sr-90
(µCi/mL)

Tc-99
(µCi/mL)

L-01 1.15 1.28E-01 6.26E-01 4.08E+02 * 7.00E-02

A-02 1.20 2.03E-02 8.24E-01 1.41E+01 * 3.84E-02

B-03 1.04 1.96E-02 6.80E-01 1.75E+01 * 5.34E-02

C-04 1.15 2.12E-02 6.62E-01 5.22E+01 * 7.70E-02

N-05 1.11 3.79E-02 1.05E+00 5.57E+01 * 7.55E-02

J-06 1.25 2.83E-02 7.49E-01 3.19E+01 * 4.79E-02

H-08 1.21 1.76E-03 1.16E-01 6.04E+01 * 1.76E-03

O-09 2.28 * 6.86E-01 2.08E+00 2.02E+03 * 4.57E-01

F10 1.35 1.88E-02 2.74E+00 6.26E+00 * 2.24E-02

E11 1.14 2.00E-02 5.86E-01 1.66E+01 * 5.00E-02

K12 1.40 2.02E-02 2.04E+00 3.99E+00 * 2.01E-02

I15 1.30 3.71E-02 1.96E+00 4.51E+01 * 3.49E-02

M13avg 1.43 * 6.29E-02 7.41E-01 1.92E+02 * 1.25E-01

KC-4 (1) 1.24 6.85E-02 4.30E-01 2.69E+02 * 1.09E-01

KC-4 (2) 1.24 6.85E-02 4.30E-01 2.69E+02 * 1.09E-01

KC-4 (3) 1.24 6.85E-02 4.30E-01 2.69E+02 * 1.09E-01

KC-5 (1) 1.19 2.68E-02 4.57E-01 * 7.93E+01 * 3.82E-02

KC-5 (2) 1.19 2.68E-02 4.57E-01 * 7.93E+01 * 3.82E-02

KC-5 (3) 1.19 2.68E-02 4.57E-01 * 7.93E+01 * 3.82E-02

FE-1 (1) 1.21 1.04E-02 4.22E-01 * 3.09E+01 * 1.70E-02

FE-1 (2) 1.21 1.04E-02 4.22E-01 * 3.09E+01 * 1.70E-02

FE-7 (1) 1.24 3.20E-02 1.79E-01 5.95E+01 * 3.00E-02

FE-7 (2) 1.24 3.20E-02 1.79E-01 5.95E+01 * 3.00E-02

Mean 1.27 0.0641 8.14E-01 1.80E+02 6.99E-02

Std Dev 0.237 0.138 7.00E-01 4.14E+02 9.10E-02

Geo Mean 1.22 0.0308 6.04E-01 6.14E+01 4.39E-02

Geo Std Dev 1.84 2.96 2.20 4.08 2.82

• Values shown without asterisks are listed in SNF-7765 Appendix D. Values marked with asterisks
are imputed from other isotope amounts. The uranium imputation for M13avg is the Sr-90
concentration times 3.10E-04. The Sr-90 imputations are the uranium concentration times 2,960.
Note that the slopes shown in Table 3-2 have uranium concentration in micrograms per gram; hence
there is a factor of 1.0E6 difference in the slope.

• Values for Tc-99 were created by multiplying the Pu-239/240 concentration by 0.00699. This factor
was obtained from the canister sludge radioactivity estimates described in HNF-8760.
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Table 3-5. Floor Sample Data, Cs-134 to Eu-155.

Sample
Number

Cs-134
(µCi/mL)

Cs-137
(µCi/mL)

Eu-152
(µCi/mL)

Eu-154
(µCi/mL)

Eu-155
(µCi/mL)

L-01 * 7.94E-02 1.78E+02 * 3.16E-02 3.95E+00 1.93E+00

A-02 * 9.32E-03 2.09E+01 * 6.97E-03 8.72E-01 3.94E-01

B-03 * 7.81E-03 1.75E+01 * 8.62E-03 1.08E+00 5.27E-01

C-04 * 1.58E-02 3.55E+01 * 1.39E-02 1.74E+00 7.72E-01

N-05 3.13E-02 7.52E+01 * 1.33E-02 1.67E+00 7.33E-01

J-06 * 1.22E-02 2.74E+01 * 6.73E-03 8.42E-01 4.05E-01

H-08 4.57E-02 8.98E+01 * 2.62E-04 * 3.28E-02 * 1.61E-02

O-09 * 9.61E-01 2.15E+03 * 1.04E-01 1.30E+01 5.99E+00

F10 * 1.33E-02 2.97E+01 * 3.68E-03 4.60E-01 2.34E-01

E11 * 9.52E-03 2.13E+01 * 8.22E-03 1.03E+00 5.09E-01

K12 * 7.73E-03 1.73E+01 * 3.21E-03 4.01E-01 2.67E-01

I15 * 2.98E-02 6.69E+01 * 5.06E-03 * 6.33E-01 3.24E-01

M13avg 1.39E-01 2.99E+02 * 1.88E-02 2.36E+00 8.43E-01

KC-4 (1) * 2.97E-01 6.66E+02 * 8.24E-03 1.03E+00 * 8.72E-01

KC-4 (2) * 2.97E-01 6.66E+02 * 8.24E-03 1.03E+00 * 8.72E-01

KC-4 (3) * 2.97E-01 6.66E+02 * 8.24E-03 1.03E+00 * 8.72E-01

KC-5 (1) 1.09E-02 5.51E+01 * 3.71E-03 4.64E-01 1.79E-01

KC-5 (2) 1.09E-02 5.51E+01 * 3.71E-03 4.64E-01 1.79E-01

KC-5 (3) 1.09E-02 5.51E+01 * 3.71E-03 4.64E-01 1.79E-01

FE-1 (1) * 6.57E-03 1.47E+01 * 1.65E-03 2.06E-01 7.30E-02

FE-1 (2) * 6.57E-03 1.47E+01 * 1.65E-03 2.06E-01 7.30E-02

FE-7 (1) * 1.41E-01 3.16E+02 * 3.48E-03 4.35E-01 2.23E-01

FE-7 (2) * 1.41E-01 3.16E+02 * 3.48E-03 4.35E-01 2.23E-01

Mean 1.12E-01 2.55E+02 1.18E-02 1.47E+00 7.26E-01

Std Dev 2.10E-01 4.68E+02 2.12E-02 2.65E+00 1.22E+00

Geo Mean 3.41E-02 8.46E+01 5.91E-03 7.39E-01 3.64E-01

Geo Std Dev 4.62 4.35 3.16 3.16 3.35

• Values shown are listed in SNF-7765 Appendix D. Values marked with asterisks are imputed from
other isotope amounts. The Cs-134 imputations are the Cs-137 concentration times 4.46E-04. The
Eu-154 imputations are the Am-241 concentration times 0.153. The Eu-155 imputations are the
Am-241 concentration times 0.0750.

• Values for Eu-152 were created by multiplying the Eu-154 concentration by 0.00799. This factor
was obtained from the canister sludge radioactivity estimates described in HNF-8760.
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Table 3-6. Floor Sample Data, Np-237 to Am-241.

Sample
Number

Np-237
(µCi/mL)

Pu-238
(µCi/mL)

Pu-239/240
(µCi/mL)

Pu-241
(µCi/mL)

Am-241
(µCi/mL)

L-01 1.67E-03 1.45E+00 1.00E+01 * 8.15E+01 2.38E+01

A-02 * 7.75E-04 * 1.07E+00 5.50E+00 * 6.03E+01 4.76E+00

B-03 1.54E-03 1.38E+00 7.64E+00 * 7.77E+01 6.52E+00

C-04 8.19E-04 1.68E+00 1.10E+01 * 9.41E+01 1.05E+01

N-05 * 1.52E-03 1.75E+00 1.08E+01 * 9.83E+01 1.02E+01

J-06 * 9.66E-04 1.10E+00 6.85E+00 * 6.15E+01 5.20E+00

H-08 * 3.55E-05 3.87E-02 2.52E-01 * 2.17E+00 2.15E-01

O-09 * 9.22E-03 * 1.28E+01 6.54E+01 * 7.18E+02 8.18E+01

F10 * 4.53E-04 5.32E-01 3.21E+00 * 2.98E+01 2.75E+00

E11 1.11E-03 * 1.40E+00 7.16E+00 * 7.85E+01 6.09E+00

K12 * 4.05E-04 * 5.61E-01 2.87E+00 * 3.15E+01 2.17E+00

I15 * 7.05E-04 * 9.78E-01 5.00E+00 * 5.49E+01 4.15E+00

M13avg 1.93E-03 7.75E+00 1.79E+01 * 4.35E+02 1.40E+01

KC-4 (1) * 2.20E-03 1.95E+00 1.56E+01 * 1.09E+02 1.16E+01

KC-4 (2) * 2.20E-03 1.95E+00 1.56E+01 * 1.09E+02 1.16E+01

KC-4 (3) * 2.20E-03 1.95E+00 1.56E+01 * 1.09E+02 1.16E+01

KC-5 (1) * 7.71E-04 8.31E-01 5.47E+00 * 4.67E+01 5.47E+00

KC-5 (2) * 7.71E-04 8.31E-01 5.47E+00 * 4.67E+01 5.47E+00

KC-5 (3) * 7.71E-04 8.31E-01 5.47E+00 * 4.67E+01 5.47E+00

FE-1 (1) * 3.43E-04 4.74E-01 2.43E+00 * 2.66E+01 2.29E+00

FE-1 (2) * 3.43E-04 4.74E-01 2.43E+00 * 2.66E+01 2.29E+00

FE-7 (1) * 6.05E-04 6.16E-01 4.29E+00 * 3.46E+01 2.98E+00

FE-7 (2) * 6.05E-04 6.16E-01 4.29E+00 * 3.46E+01 2.98E+00

Mean 1.39E-03 1.87E+00 1.00E+01 1.05E+02 1.02E+01

Std Dev 1.83E-03 2.81E+00 1.30E+01 1.58E+02 1.65E+01

Geo Mean 8.74E-04 1.06E+00 6.28E+00 5.96E+01 5.63E+00

Geo Std Dev 2.80 2.96 2.82 2.96 3.03

• Values shown are listed in SNF-7765 Appendix D. Values marked with asterisks are imputed from
other isotope amounts. The Np-237 imputations are the Pu-239/240 concentration times 1.41E-04.
The Pu-238 imputations are the Pu-239/240 concentration times 0.195.

• Values for Pu-241 were created by multiplying the Pu-238 concentration by 56.2. This factor was
obtained from the canister sludge radioactivity estimates described in HNF-8760.



SNF-10293, REV 0

3-18

3.2.2 Stochastic Model for Floor Sludge Concentration

The stochastic analysis for the floor sludge concentration is based on the 23 samples that have
been analyzed. Because there are several isotopes and the concentration of these isotopes is to
some extent correlated because of their common origin in a reactor, the stochastic model must
include these correlations. The method chosen to preserve existing correlations is to randomly
select one of the floor sludge samples to represent all of the floor sludge associated with a key.
In addition, a randomly generated factor is applied to every item of interest. The factor is
generated from a uniform distribution with a mean of 1.0. Thus, for each key, the concentrations
of the 13 isotopes, the uranium (total) concentration, and sludge density are chosen with two
random numbers. The first random number selects the sample; the other generates a scale factor
from a uniform probability distribution.

Note that the floor sludge wet density will always be greater than 1.0 kg/L, the density of water.
For this reason, the floor sludge density is calculated differently than the other items. Before
multiplying by the scale factor, 1.0 kg/L is subtracted from the floor sludge density. Then the
1.0 kg/L is added. This prevents the floor sludge density from becoming less than 1.0 kg/L.

In the stochastic analysis, the general method of choosing a sample to represent properties of a
key disassociates a measurement from the key it was actually taken from. This is justified by the
large number of cubicles per key (3668/52=70.5 cubicles per key on the average). If specific
measurements are anchored to the cubicles from which the samples were taken, the overall effect
on the stochastic analysis is expected to be small. For example, consider sample O-09, which
has the highest U content. This sample was taken between damaged fuel canisters, and at a
location with very deep floor sludge (19.2 cm). For this cubicle, the floor sludge is very similar
to canister sludge. Its location (in 1996) was cubicle 6070, which is one of 55 cubicles with fuel
from key 14356. The base case stochastic analysis assigns a concentration randomly selected
from the 23 measured or imputed values. Consider the effect when one of the 55 cubicles is
assigned the measured value while the other 54 cubicles assigned a concentration randomly
selected from the 23 samples. Because one cubicle is always at a higher concentration, the
concentration distributions for this key will shift to slightly higher values. This shift is increased
if the observed floor sludge depths in this key are used as weighting factors because sample O-09
came from a deeper than average layer of floor sludge. However, if this process is repeated for
all the floor sludge samples, the overall effect on the stochastic analysis compared to the base
case (which ignores sample location information) should be small. The keys with higher than
average distributions will be offset by keys with lower than average distributions when the two
are added together.

Consider the effect of using the information measured for one cubicle in all the adjacent cubicles.
This alternate case is complicated by the fact that some of the adjacent cubicles may lie in a
different key. But again, the effect on the base case should he small because the fixed cubicles
will have an average near the mean. In addition, there are more than 3,600 cubicles that will still
be assigned concentrations as they were in the base case. No alternate stochastic analyses were
run with selected cubicles at measured concentrations while the rest are chosen from a
probability density function.



SNF-10293, REV 0

3-19

The next question is what to use as the range for the scale factor in the base case. This factor is
intended to assure that the variability of the data used in the stochastic analysis is greater than or
equal to the variability calculated from the characterization sample data. A 99% confidence
interval for the mean can be calculated for each analyte using the following formula where N is
the number of observations used in determining the mean (23) and σ is the standard deviation of
the 23 measurements.

N

σ2.576
Mean ±

The right side of this formula,
N

σ2.576
, can be used to determine the range for the scale factor.

For the analytes of interest, the upper bound, relative to the mean value, was determined by
dividing the value calculated from the right side of the formula by the mean value, as shown in
the equation below. This upper bound, relative to the mean, was then used to determine the
range for the variability factor. The calculated upper bounds are listed in Table 3-7. The
average of the calculated upper bounds is 1.85. It is concluded that the variability factor for the
floor sludge concentration will range from 0.2 to 1.8 to represent the spread of the data and
imputed values.

NMean

σ2.576
1.0Bound ±=

Table 3-7. Variability Factor for the Floor Sample Data.
Measured Quantity Upper Bound for

Variability Factor
Measured Quantity Upper Bound for

Variability Factor

Density 1.47 Eu-154 1.97

Uranium 2.16 Eu-155 1.97

Co-60 1.46 Np-237 1.91

Sr-90 2.23 Pu-238 1.71

Tc-99 1.70 Pu-239/240 1.81

Cs-134 2.00 Pu-241 1.70

Cs-137 1.99 Am-241 1.81

Eu-152 1.46 Average 1.85

• The upper bound on the variability factor is calculated from the 99% confidence level of the
mean and the mean for each material.

• The “Average” is the mean for the values shown in the table.

Four alternate cases for this assumed PDF are (1) reducing the variability factor to a much
smaller value, namely, 0.9 to 1.1, (2) using a piecewise continuous function to be the PDF for
floor sludge materials, (3) using a lognormal function to represent the data, and (4) doubling the
imputed values.
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The first alternative is readily tested using a different value for the range of variability. The
expected outcome is smaller variability in the concentrations in the filled sludge containers
because of the reduced variability in the sludge concentrations. The mean values should be the
same, but the 95th percentile value should be smaller.

The second alternative takes a different approach to representing the discrete data values. The
data values are sorted to produce a cumulative distribution, which is a curve showing the
probability of finding a concentration less than a particular value. The cumulative probability
function is created by plotting (k - 0.5)/N versus sludge depth, where k is the index to the sorted
depths (k=1,2,…,N) and N is the number of samples (N=23). For the smallest and largest
depths, probabilities of 0 and 1, respectively, are also plotted. The plotted points are simply
connected with straight lines. These assignments preserve the mean values. An example is
shown in Figure 3-11 of the cumulative probability function for floor sludge density. This plot is
typical of floor sludge cumulative distributions. Most samples are at the low end of the observed
range, and one or two are at larger values.

Figure 3-11. Cumulative Probability Distribution Function for Floor Sludge Density.
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In the second alternative, the isotopic concentrations are calculated by generating one random
number and finding the corresponding cumulative probability from the distributions for each
material of interest. In this way, the isotopes are completely correlated. The expected outcome
is again smaller concentrations in the filled sludge containers because of the reduced variability.
The mean values should be no different, but the maximum and minimum must be closer. Thus
the 95th percentile result is expected to be smaller.
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In the third alternative, the geometric mean and geometric standard deviation of the data is used
in a lognormal function to represent the floor sludge characterization data. The cumulative
probability distribution is calculated using the formula shown below (from 26.2.23 in
Abramowitz and Stegun 1964).

( )GSLnf-ExpGMx ⋅⋅=

( )
( )[ ] ( )PLn2-tand

tttDDD1

ttCCC
tf

CBA

CBA ⋅=
+++

++
−=

CA = 2.515517 DA = 1.432788
CB = 0.802853 DB = 0.189269
CC = 0.010328 DC = 0.001308

where
GM = geometric mean value of the floor sludge data
GS = geometric standard deviation of the floor sludge data

P = cumulative probability for which the concentrations must be
calculated (P is a randomly chosen value between 0 and 1.)

Actually, this approximation is only valid for P < 0.5. When P > 0.5, the value of P is subtracted
from 1 to get a number less than 0.5. This number is used in the above formula for f. Then the
sign of f is reversed and it is used in the equation for x. This approach represents a cumulative
lognormal density function over its entire range with an accuracy of better than one part in a
thousand (0.1%).

Using lognormal distributions to represent floor sludge data is expected to shift the mean values
to slightly higher or lower values. This shift is expected because the lognormal distributions are
tied to the data through the geometric mean and geometric standard deviation. In addition, the
maximum values should be larger, because the lognormal distribution has a long tail near the
upper limit.

In the fourth alternative, the values marked with asterisks in Tables 3-4, 3-5, and 3-6 are
doubled. The only exception is the uranium concentration in sample O-09 was not changed
because this imputation is a minor (10%) adjustment to a measured value. The mean values
double for Tc-99, Eu-152, and Pu-241, since these are entirely imputed. For Cs-134 and Np-237
the mean almost doubles (90% and 78% increase), because most of the values are imputed. The
mean value for Pu-238 increases 39%, while the mean value for Eu-155 increases 18%. The
other mean values increase less than 10%.

3.3 CANISTER SLUDGE DEPTH

Each KE Basin canister contains from zero to fourteen spent fuel assemblies in two adjacent
barrels. The spent fuel assemblies can range in condition from no apparent degradation to severe
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degradation (pieces of cladding and fuel are all that is evident). A video survey of all visible fuel
canisters in the KE Basin was conducted in 1994 (WHC-SD-SNF-TI-012 [Pitner 1995]) and
further data presented in 1996 (WHC-SD-SNF-TI-018 [Pitner 1996a]). In that survey, an
assessment of fuel damage (good, fair, poor, and very bad) in the open canister barrels was made.
Appendix B provides a map of K East Basin showing the assessed fuel condition and key
number for each canister location in 1994. Note that 110 canisters (3% of the total) did not have
their fuel condition assessed by observation. The condition of these canisters was assumed to be
in the same relative proportions as the 97% that were assessed. Note that the four categories
differ from some other assessments. For a discussion of the fuel condition terminology, see
Appendix C.

3.3.1 Canister Sludge Depth Data

Canister sludge depth measurements were performed in 1995 in selected canister barrels as
preparation for the canister sludge sampling (WHC-SD-SNF-TI-034 [Pitner 1996b]). In a few
cases, both sides of one canister were measured. Most measurements were for only one of the
two barrels at any location.

The basic calculations for canister sludge volume were carried out by A. L. Pitner in
WHC-SD-SNF-TI-034 and HNF-5362 (Pitner 1999b). The number of canisters is multiplied by
the expected sludge depth in that type of canister and converted to a volume through
multiplication by an assumed area. The sludge depth measurements are summarized in
WHC-SD-SNF-TI-034. A more detailed listing of the measurements is provided in Appendix D.
Additional data from 1999/2000 has been included.

The canister sludge depth measurements shown in Appendix D in a few instances gave negative
values. This is interpreted to mean that the ultrasound probe was “seeing” the concrete floor
through the screened holes in the bottom of the canisters. When such readings were subtracted
from the assumed distance to the bottom of the canister, negative numbers are produced. None
of the “bad” fuel canister barrels has negative readings. Three canister barrels containing “fair”
fuel have negative values. These are at cubicle locations 1858E, 4359W, and 5608E. Note that
the first pair of numbers is the column position while the second pair of numbers is the row
position. The last letter (E or W) indicates which of the two canister barrels was measured. Four
of the “good” canister barrels have negative depth measurements. These are at locations 2244E,
2244W, 2248W, and 4661E.

There are three ways that these negative results can be used. The first is to use the negative
results without modification. The second is to suppose that the negative result indicates the
measurement of a depth through the holes in the bottom of the canister that is below the canister.
If the mean depth is less than zero, then the values are all increased by the absolute value of the
mean to force the mean to become zero. This method was used in WHC-SD-SNF-TI-034. The
third method is to zero all negative values. Each of these methods has been used in the
calculations of mean depth. The differences in the results are small. For this reason, the second
method has been chosen for consistency with the previous calculations.
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It should be noted that the canister sludge depth measurements in Appendix D are not evenly
spread over the canister barrels measured. Some barrels have many measurements while others
have few, or just one. It is assumed that no weighting is needed to account for the variable
number of measured locations within a canister barrel.

The calculated mean and standard deviation for each sampled canister barrel is shown in
Tables 3-8, 3-9, and 3-10. These numbers use the second method for dealing with negative
values described above. Any mean value that is less than zero had all of the data adjusted
upward equally so that the mean becomes zero. The mean and standard deviations reported in
WHC-SD-SNF-TI-034 are also shown in Tables 3-8, 3-9, and 3-10 for comparison. The few
differences are noted with asterisks. Cells with “na” indicate measured locations that were added
after the measurements documented in WHC-SD-SNF-TI-034 were carried out. The “Overall”
mean and standard deviation were computed from the mean values shown in the table.

Canister sludge depths for bad fuel are summarized in Table 3-8. Two measurements (5043W
and 6070W) were off scale because the ultrasonic probe was buried in the sludge. The barrel
length is 28 inches and the probe is 12 inches from the bottom of the barrel. Thus, the off scale
depths lie somewhere between 12 and 28 inches. Because video camera images permit one to
see into the barrel several inches, the off scale depths lie between 12 inches and 20 inches. To
proceed with the stochastic analysis, it is assumed that the canister sludge depth in these two
cases is 17 inches and 18 inches. Whether the stochastic calculations are sensitive to the
assumed depth will be determined by running two alternate cases, one with depths of 12 and 13
inches, and the other with depths of 19 and 20 inches.

Table 3-8. Summary of Canister Sludge Depths -- Bad Fuel. (2 sheets)
Present Calculation from WHC-SD-SNF-TI-034

Canister Barrel
Location Mean

Standard
Deviation Mean

Standard
Deviation

0455W 1.97 0.76 Na na

0627W 1.00 0.59 1.00 0.59

0668E 3.23 1.37 3.23 1.37

0668W 1.81 0.98 Na na

1236W 4.36 0.31 * 4.61 * * 4.36 *

1243W 2.27 0.39 2.27 0.39

1267E 4.77 2.41 4.77 2.41

2024E 1.17 1.01 Na na

2031W 1.44 1.28 Na na

2211W 4.02 1.92 4.02 1.92

2214E 2.26 1.11 2.26 1.11

2229E 3.31 1.75 3.31 1.75

2350E 3.44 1.23 3.44 1.23

2355W 1.68 0.59 1.68 0.59

2540E 1.16 0.59 1.16 0.59
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Table 3-8. Summary of Canister Sludge Depths -- Bad Fuel. (2 sheets)

Present Calculation from WHC-SD-SNF-TI-034

Canister Barrel
Location Mean

Standard
Deviation Mean

Standard
Deviation

2722E 1.80 0.59 1.80 0.59

2756E 1.36 0.71 1.36 0.71

3128W 3.34 2.26 3.34 2.26

3971W 1.24 0.36 1.24 0.36

4143W 2.29 1.70 2.29 1.70

4564E 2.01 0.38 Na na

4564W 5.93 3.35 Na na

4569E 3.42 --- 3.42 ---

4569W 10.59 --- 10.59 ---

4571E 7.41 1.73 Na na

4850W 2.10 0.93 Na na

? 5043W ? 17.00 --- 12.5 ---

5055W 5.66 2.01 5.66 2.01

5427W 3.24 3.05 3.24 3.05

5445E 7.52 3.40 7.52 3.40

5465E 6.84 --- 6.84 ---

5465W 8.55 1.99 8.55 * 1.87 *

? 6070W ? 18.00 --- Na na

6071W 8.74 2.12 8.74 2.12

Overall 4.56 in. 4.14 in. 5.32 in. Not given

• All measured values have units of inches.

• The “na” means the values have been added later based on internal memos and logbook
notations.

• The “---“ indicates there was one measurement in the barrel. Hence, a standard deviation
could not be calculated.

• Asterisks indicate numbers in WHC-SD-SNF-TI-034 that differ from the present
calculation.

• The line labeled “Overall” shows the mean and standard deviation of the above 34 depths.
The mean value from WHC-SD-SNF-TI-034 is for aluminum canisters only.

• The question marks identify two locations where the canister sludge depth was greater
than 12 inches. Video camera observations suggest the sludge depth is less than 20 inches.
The values shown have been assumed for the base case.

The sludge depths for bad fuel were originally divided into bad fuel located in aluminum
canisters and bad fuel located in stainless steel canisters. The mean depth in the aluminum
canisters was 5.32 in., while the mean depth in stainless steel canisters was 1.88 in. A later
evaluation (HNF-5362) noted that some aluminum canisters were misidentified as stainless steel
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based on the amount of corrosion evident on the canister. In addition, the number of stainless
steel canisters with bad fuel is listed as zero. Thus, all canisters with bad fuel are aluminum, and
all the depth measurements should be averaged together. Nevertheless, the original depth for
aluminum canisters (5.32 in.) was used for all bad canisters. The present calculation uses the
measured depths for all bad fuel canisters and assumes they are all made of aluminum. Thus, the
mean shown in the last line of Table 3-8 is more than one inch smaller than the mean used in
WHC-SD-SNF-TI-034 and HNF-5362. The data for fuel designated as “bad” is assumed to
represent fuel designated as “poor”.

Canister sludge depths for fair fuel are summarized in Table 3-9. The sludge depths for fair fuel
are separated into aluminum and stainless steel canisters. It has been assumed that the canister
types shown in WHC-SD-SNF-TI-034 are correct. These assignments lead to the averages
shown in Table 3-9. Because the key summaries do not distinguish between canister types, a
weighted average was constructed to calculate the depth of sludge in canisters with fair fuel. The
weighted mean was calculated using the formulas shown below. There are 2 × 1,256 = 2,512
aluminum canister barrels and 2 × 330 = 660 stainless steel canister barrels containing fair fuel.

SSAL

SSSSALAL

NN

MNMN
Mean

+
+

=

Where:
NAL & NSS = number of aluminum and stainless steel canister barrels (2,512

and 660)
MAL & MSS = mean values for aluminum and stainless steel canister sludge

measurements (1.74 in. and 1.12 in.)
Mean = weighted mean for any canister containing fuel in fair condition

(1.61 in.)

Using the weighted mean formula ensures that the canister sludge volume calculated from the
canister counts would agree with the volume calculated for individual keys and summed. For
fuel in fair condition, the weighted mean canister sludge depth is 1.61 in.

Table 3-9. Summary of Canister Sludge Depths -- Fair Fuel. (2 sheets)

Present Calculation From WHC-SD-SNF-TI-034

Canister Barrel
Location Mean

Standard
Deviation Mean

Standard
Deviation

Stainless Steel Canisters

0418E 0.66 0.32 0.66 0.32

3125W 1.42 0.19 na na

- 4359W - 0.28 0.17 0.28 0.17

5238W 1.24 1.12 1.24 1.10
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Table 3-9. Summary of Canister Sludge Depths -- Fair Fuel. (2 sheets)

Present Calculation From WHC-SD-SNF-TI-034

Canister Barrel
Location Mean

Standard
Deviation Mean

Standard
Deviation

- 5608E - 0.00 0.15 0.00 0.15

5618E 0.85 0.15 0.85 0.15

5618W 1.53 0.33 1.53 0.33

6057E 1.91 1.40 1.91 1.40

6413E 1.46 0.31 1.46 0.31

6413W 1.83 0.27 1.83 0.27

Overall 1.12 in. 0.645 in. 1.15 not given

Aluminum Canisters

0450E 2.93 1.34 na na

- 1858E - 0.81 1.03 0.81 1.03

2210E 1.06 0.51 1.06 0.51

2353E 1.79 0.97 1.79 0.97

2711E 1.70 1.44 1.71 1.44

2905E 1.65 0.54 na na

3727W 3.02 2.03 3.02 2.03

4138W 3.32 0.78 3.32 0.78

4168E 0.38 0.15 * 0.39 * 0.15

4168W 0.43 0.12 0.44 0.12

4620W 2.67 0.90 2.67 0.90

4627W 1.31 0.66 1.31 0.66

4865W 2.05 0.79 2.05 * 0.76 *

4869E 2.59 0.74 na na

5069E 2.74 1.50 2.74 1.50

5254E 1.32 0.50 1.32 0.50

5427E 1.58 0.48 1.58 0.48

6069W 0.07 na 0.07 ---

Overall 1.74 in. 0.980 in. 1.63 in. not given

• All measured values have units of inches.

• Cubicle locations marked with dashes (1858E, 4359W, and 5608E) have negative depth readings. For
cubicle 5608E, the mean was also negative. The substitution of zero depth is described in the text.

• The “na” means the values have been added later based on internal memos and logbook notations.

• Asterisks indicate numbers in WHC-SD-SNF-TI-034 that differ from the present calculation.

• The “Overall” mean and standard deviation were computed from the canister barrel mean depths
shown above.
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Canister sludge depths for good fuel are listed in Table 3-10. While good fuel is found in both
stainless steel and aluminum canisters, the depth measurements were only taken in stainless steel
canisters. The measurements for stainless steel canisters are assumed to apply to aluminum
canisters. The same mean value is used on both types. It should also be noted that more
canisters contain good fuel than contain any other kind. However, the number of good canisters
that were measured is the smallest.

Table 3-10. Summary of Canister Sludge Depths -- Good Fuel.

Present Calculation from WHC-SD-SNF-TI-034

Canister Barrel
Location Mean

Standard
Deviation Mean

Standard
Deviation

1845E 2.33 0.35 2.33 0.35

- 2244E - 0.0 0.26 0.00 0.26

- 2244W - 0.0 0.16 0.00 0.16

- 2248W - 0.0 0.08 0.00 0.08

- 4661E - 0.0 0.20 0.00 0.20

Overall 0.465 in. 1.04 in. 0.47 in. not given

• All measured values have units of inches.

• The cubicle locations marked with dashes have negative mean values. These have been changed to
zero, as discussed in the text.

• The above overall mean values are used for both aluminum and stainless steel canisters.

The total canister sludge volume is calculated in Table 3-11 using the same method as
WHC-SD-SNF-TI-034; namely, the depth is multiplied by an assumed area to give the sludge
volume in one canister. The “good” and “fair” canisters generally have 7 fuel assemblies per
canister barrel and therefore use the conversion factor 0.620 L/inch. The “poor” and “bad”
canisters generally have 6 fuel assemblies per canister barrel and therefore use the conversion
factor 0.770 L/inch. These depth-to-volume conversions are from HNF-5362 Section 4.0, and
use 329 cm2 as the surface area of the bottom of one canister barrel. This corresponds to an
inside diameter of 8.057 inch. The average area displaced by a fuel assembly is 29.6 cm2, which
corresponds to a diameter of 2.415 inch, assuming there is no sludge in the annulus between the
inner assembly and the outer assembly. The total canister sludge volume is summarized in
Table 3-11. The values shown differ from HNF-5362. The difference is small (3%) and largely
because of the change in the mean depth for poor and bad fuel canisters.

The canister sludge volume will also be calculated using information about the distribution of the
various fuel categories by key. The number of canisters of each kind (good, fair, poor, or bad)
for each key is shown in Table 3-12. In 1995 there were 1,065 empty canisters in K East Basin
(WHC-SD-SNF-TI-006 Appendix A). These have not been included in the stochastic analysis.
The small amount of sludge that was present in the empty canisters can be regarded as floor
sludge. Because this sludge is located outside cubicles with fuel, it is not included in the
stochastic analysis.
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The total canister counts by fuel condition and key number are listed in Table 3-12. The total
canister counts shown in Table 3-12 (last line) are the same as shown in Table 3-11. In the
stochastic analysis the volume of sludge for fair fuel is computed using the weighted average
because of the absence of information about whether the canisters are aluminum or stainless
steel.

Table 3-13 shows the calculated canister sludge volume by key. Also shown is the number of
cubicles with fuel. The total number of cubicles with fuel is 3,668. The total average volume of
canister sludge in K East Basin is 2,860 L.

Table 3-11. Calculation of Total Canister Sludge Volumes (Liters).

Fuel
Category Canister Type

Number of
Canisters

Recomputed
Mean

Previous Mean
(HNF-5362)

Stainless Steel 686 198 L 200 L
Good

Aluminum 1,186 342 L 346 L

Stainless Steel 330 229 L 235 L
Fair

Aluminum 1,256 1,359 L 1,269 L

Poor Aluminum 154 540 L 631 L

Bad Aluminum 56 197 L 229 L

Totals: 3,668 2,864 L 2,910 L

• Canister sludge volumes are calculated from the mean sludge depths shown previously
using the depth-to-volume conversion factors of 0.620 L/in. for good/fair fuel and 0.770
L/in. for poor/bad fuel (WHC-SD-SNF-TI-034 [Pitner 1996b]).

• Empty canisters that were present in 1995 are not listed because they are no longer in
K East Basin (HNF-8118). The sludge in these canisters was emptied onto the floor.
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Table 3-12. Number of Canisters of Each Type by Key. (2 sheets)

Key ID Good Fair Poor Bad Total

9621 0 3 0 0 3

10001 1 1 0 0 2

10201 0 0 2 9 11

10259 20 43 2 1 66

10294 23 78 10 9 120

10350 0 0 0 2 2

10385 23 77 9 2 111

10456 23 53 5 3 84

10576 7 5 0 0 12

10602 18 52 10 5 85

10679 21 50 11 4 86

10742 17 39 9 1 66

10764 9 1 0 0 10

10770 17 35 6 2 60

10832 38 109 19 1 167

10982 11 65 3 1 80

11036 5 35 1 0 41

11109 12 62 6 0 80

11183 55 95 8 0 158

11372 6 81 9 1 97

11449 20 65 7 0 92

11540 15 27 0 0 42

11733 1 1 0 0 2

11806 28 55 3 0 86

11897 43 72 5 0 120

11979 49 65 5 0 119

12127 43 52 0 0 95

12201 32 36 2 0 70

12240 3 0 0 0 3

12285 108 87 3 1 199

12480 93 73 2 0 168

12565 84 37 1 0 122

12639 95 45 2 0 142

12852 5 3 0 0 8

13015 1 2 0 0 3
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Table 3-12. Number of Canisters of Each Type by Key. (2 sheets)

Key ID Good Fair Poor Bad Total

13649 6 10 0 0 16

13685 7 1 0 0 8

14065 1 0 0 0 1

14355 12 16 2 0 30

14356 8 21 12 14 55

14722 1 0 0 0 1

15204 297 16 0 0 313

15240 2 0 0 0 2

15316 61 4 0 0 65

15399 0 2 0 0 2

15444 1 0 0 0 1

15451 28 2 0 0 30

15455 5 0 0 0 5

15457 2 0 0 0 2

15458 415 10 0 0 425

15460 61 0 0 0 61

15461 39 0 0 0 39

Totals 1,872 1,586 154 56 3,668
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Table 3-13. Average Canister Sludge Volume by Key.

Key

Number
Number of
Cubicles

Average

Canister Sludge
Volume (L)

Key

Number
Number of
Cubicles

Average

Canister Sludge
Volume (L)

9621 3 3.0 12127 95 64

10001 2 1.3 12201 70 52

10201 11 39 12240 3 0.9

10259 66 59 12285 199 132

10294 120 151 12480 168 107

10350 2 7.0 12565 122 65

10385 111 122 12639 142 79

10456 84 88 12852 8 4.4

10576 12 7 13015 3 2.3

10602 85 110 13649 16 12

10679 86 109 13685 8 3.0

10742 66 79 14065 1 0.3

10764 10 3.6 14355 30 26

10770 60 68 14356 55 115

10832 167 190 14722 1 0.3

10982 80 82 15204 313 102

11036 41 40 15240 2 0.6

11109 80 87 15316 65 22

11183 158 139 15399 2 2.0

11372 97 118 15444 1 0.3

11449 92 95 15451 30 10

11540 42 31 15455 5 1.4

11733 2 1.3 15457 2 0.6

11806 86 74 15458 425 130

11897 120 102 15460 61 18

11979 119 97 15461 39 11

• The total number of canisters is 3,668. The total average volume of canister sludge is 2,860 L.

• The average canister sludge volumes were calculated using average canister sludge depths of 0.465 inch
for good fuel, 1.61 inch for fair fuel, and 4.56 inch for poor and bad fuel.

3.3.2 Stochastic Model for Canister Sludge Depth

The stochastic model to represent canister sludge depth uses the values shown in Tables 3-8, 3-9,
and 3-10. A random number is generated for each fuel type (good, fair-SS, fair-Al, poor, and
bad) and a measured value is randomly selected from the appropriate table. In addition, a
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random factor from a uniform distribution with a mean value of 1.0 is generated for each fuel
type.

Each key has canisters in one or more types of fuel conditions as shown in Table 3-12. Thus, for
each key, there will be up to 5 pairs of random numbers generated to represent the canister
sludge depths in one key. The depths for fair fuel are weighted and combined into one value, as
discussed above.

The range used for the variability factor is based on the 99% confidence interval for the mean as
discussed in Section 3.2.2. Table 3-14 shows the upper bound computed using this indicator.
Note that the value for good fuel is much larger than the values for the other types of fuel. This
is probably because of the small number of measured values (5). Ignoring the upper bound for
the good fuel condition, the remaining bounds are all less than 1.5. Because one variability
factor is used for all fuel types, its range was selected to be 0.5 to 1.5.

Table 3-14. Variability Factors for Canister Sludge Depth.

Fuel Condition Upper Bound

Bad 1.40

Poor 1.40

Fair-AL 1.34

Fair-SS 1.47

Good 3.58

The upper bound on the variability factor is calculated from the
99% confidence interval of the mean depth for each type of fuel.

The variation in canister sludge depth in one key is increased by using one random depth to
represent all of the canisters of a given type. If the individual canisters had been assigned
random values, the sum would have less variation as discussed in Section 2.0.

Four alternate cases for the base case PDFs described above are (1) reducing the variability
factor to a much smaller value, namely, 0.9 to 1.1, (2) using a piecewise continuous function to
be the PDF for canister sludge depths, (3) using the smallest possible off scale depth, and (4)
using the largest possible off scale result.

The first alternative is readily tested using a different value for the range of variability. The
expected outcome is smaller variability in the concentrations in the filled sludge containers
because of the reduced variability. The mean values should be the same, but the 95th percentile
value should be smaller.

The second alternative represents the data for each fuel condition as a cumulative distribution,
which is a curve showing the probability of finding a concentration less than a particular value.
In the second alternative, the expected outcome is again smaller concentrations in the filled
sludge containers because of the reduced variability. The mean values should be no different,
but the maximum and minimum must be closer. Thus the 95th percentile result is expected to be
smaller.
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In the second alternative PDF, the continuous cumulative probability distribution for canisters
with bad and poor fuel is shown in Figure 3-12. The smaller depths are more likely because the
cumulative probability curve rises rapidly at small depths. The curve is used in the stochastic
analysis by randomly selecting a number between 0 and 1. All values between 0 and 1
(cumulative probabilities) are equally likely. From the CDF in Figure 3-12, the corresponding
sludge depth can be determined. Note that 34 of the 420 canister barrels containing poor and bad
fuel were sampled (8%). These poor/bad fuel canisters provide just 26% of the total canister
sludge volume from Table 3-11.

Figure 3-12. Cumulative Probability Distribution for Canisters with Bad or Poor Fuel.

In the second alternative PDF, the continuous cumulative probability distribution for sludge
depth in canisters with fair fuel is shown in Figure 3-13. In the stochastic analysis, the canisters
with fair fuel are evaluated using two distributions, one for aluminum canisters and one for
stainless steel. Two random numbers are generated to calculate two values for canister sludge
depth. These are combined using a weighting based on the number of aluminum and stainless
steel canisters as described earlier. Note that 10 of the 660 stainless steel canister barrels were
sampled (1.5%) and 18 of the 2,718 aluminum canister barrels were sampled (0.66%). The fair
fuel canisters contain about 55% of the total volume of canister sludge (see Table 3-11).
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The continuous cumulative probability distribution for canisters with good fuel is also shown in
Figure 3-13. The figure shows that 70% of canisters with good fuel have no sludge and 10%
have the maximum depth, 2.33 in. The other 20% are assumed to be evenly distributed between
0 and 2.33 in. The reason for the simple function is the dearth of data for canisters with good
fuel. Only 5 of the 3,744 canister barrels with good fuel were examined (0.13%). It is assumed
that this limited data set nonetheless represents the actual sludge depths found in good fuel
canisters. The good fuel canisters contain about 19% of the total volume of canister sludge as
shown in Table 3-11.

The stochastic calculation of canister sludge volume begins by randomly selecting four depths,
one for each of the canister types (good, fair, poor, and bad). The depth-to-volume conversion
factors from Table 3-11 are used along with the canister counts in Table 3-12 to calculate the
total volume of canister sludge in one key. This is repeated for all the keys.

Figure 3-13. Cumulative Probability Distribution for Canisters with Good or Fair Fuel.

The third and fourth alternatives to the base case are to test the effect of the assumed depth for
the two off scale canister barrels (see Table 3-8). For the third alternative the depths are 12 and
13 inches. For the fourth alternative the depths are 19 and 20 inches.
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3.4 CANISTER SLUDGE ISOTOPIC CONCENTRATION

Canister sludge samples from K East Basin have been analyzed to measure density, uranium
concentration, and activity concentration for several radionuclides. The data for 8 canister
sludge samples from K East are listed in Appendix D of SNF-7765. Many of the entries in the
table are not available. If this data were to be used in the stochastic analysis, a measured value
would be needed for every analyte in every sample. Using a value of zero would bias the
stochastic results toward lower values. The canister sludge sample data is used in an alternate
case and in comparisons with the Radnuc2A estimates. Therefore, appropriate data values were
imputed to fill in the blanks.

The methods for calculating total plutonium, uranium metal content, heat generation rate, and
inhalation dose are discussed in later sections.

3.4.1 Data and Imputed Values for Canister Sludge

A linear regression approach identical to that used for floor sludge concentrations has been used
to impute canister sludge concentrations. Measurements of the Cs-137, Eu-154, Pu-239/240, and
the uranium concentrations were obtained for each of the 8 samples. Across-analyte imputations
have been performed for Co-60, Sr-90, Tc-99, Eu-155, Np-237, Pu-238, and Am-241, for which
there are some measurements. The imputation for Cs-134, which has only one measurement in
canister sludge, is based on the floor sludge data. The imputation for Eu-152 and Pu-241, for
which there are no measurements, is based on estimates from HNF-8760.

As with floor sludge, the linear regression is carried out to indicate the general correlation
between two isotopes. The limitations of the regression method are significant. The slope and
R2 value for each correlation is listed in Table 3-15. The correlations chosen for later imputation
are marked. The vertical columns are headed by the nuclides with measurements for all
23 samples. The rows are all the other nuclides with at least a few measurements. If R2 is close
to 1.00 then the correlation is considered reasonable for the purposes of the stochastic analysis.
In Table 3-15 the possible correlations for Co-60 are Cs-137 and Eu-154. Because Eu-154 has
the largest R2, it was chosen to impute missing values for Co-60. Similar logic was followed for
Sr-90, Tc-99, Eu-155, Np-237, Pu-238, and Am-241.

Graphs are provided in Figure 3-14 through Figure 3-21. Note that the trend line extends only
from the lowest measured value to the largest. The measured values are plotted as diamonds.
The imputed values are plotted as squares. The asterisks plotted in the figures are twice the
imputed values. These doubled values were used as one of the alternatives to the base case
stochastic analysis.

For Cs-134 there is only one measurement. Comparing Table 3-15 with Table 3-2 leads to the
conclusion that the floor sludge slopes are generally larger than those for the canister sludge.
Therefore, the correlation between Cs-134 and Cs-137 in floor sludge (slope=4.46E-04) will be
used for canister sludge. The data value and imputations for Cs-134 are shown in Figure 3-17.
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Table 3-15. Canister Sample Data Correlations: Slope and R2.

X-Axis (Isotopes Measured for Every Sample)

Y-Axis Cs-137 Eu-154 Pu-239/240 Uranium

Co-60 8.673E-04 6.513E-02 6.227E-03 1.184E-06

0.869 0.897 0.690 0.554

Sr-90 1.413E+00 1.055E+02 1.331E+01 2.362E-03

0.745 0.801 0.905 0.992

Tc-99 1.474E-02 9.324E-01 1.018E-01 1.396E-05

0.619 0.416 0.419 0.293

Cs-137 1.000E+00 7.077E+01 7.219E+00 1.192E-03

1.000 0.942 0.875 0.761

Eu-154 1.330E-02 1.000E+00 1.016E-01 1.691E-05

0.942 1.000 0.922 0.815

Eu-155 6.880E-03 5.284E-01 5.370E-02 1.113E-05

0.894 0.965 0.839 0.800

Np-237 1.237E-05 8.107E-04 1.039E-04 1.781E-08

0.748 0.731 0.844 0.914

Pu-238 1.826E-02 1.365E+00 1.501E-01 2.538E-05

0.861 0.901 0.929 0.788

Pu-239/240 1.212E-01 9.073E+00 1.000E+00 1.707E-04

0.121 9.073 1.000 0.930

Am-241 9.644E-02 7.252E+00 8.068E-01 1.374E-04

0.856 0.906 0.957 0.824

Uranium 6.382E+02 4.819E+04 5.447E+03 1

0.761 0.815 0.930 1

The upper number is the slope of the regression line (intercept is zero) while the lower
number is the R2 value of this regression.

Numbers with a heavy border were chosen to impute floor sludge concentrations for
sample results that are not available in SNF-7765. For Tc-99 a regression with a non-zero
intercept was used to impute values from uranium.
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Figure 3-14. 60Co Data and Imputations from 154Eu Data for Canister Sludge.
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Figure 3-15. 90Sr Data and Imputations from Uranium Data for Canister Sludge.
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Figure 3-16. 99Tc Data and Imputations from Uranium Data for Canister Sludge.
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Figure 3-17. 134Cs Data and Imputations from 137Cs Data for Canister Sludge.
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Figure 3-18. 155Eu Data and Imputations from 154Eu Data for Canister Sludge.
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Figure 3-19. 237Np Data and Imputations from Uranium Data for Canister Sludge.
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Figure 3-20. 238Pu Data and Imputations from 239+240Pu Data for Canister Sludge.
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Figure 3-21. 241Am Data and Imputations from 239+240Pu Data for Canister Sludge.
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The Eu-152 and Pu-241 were not measured in canister sludge. The imputations are based on the
regressions obtained from Radnuc2A and shown in Table 3-3. The slopes from Table 3-3
(7.99E-03 for Eu-152, and 56.2 for Pu-241) are multiplied by the measured concentration of the
chosen nuclide (Eu-154 for Eu-152, and Pu-238 for Pu-241) to give the imputed values. The
imputations are plotted in Figure 3-22 and Figure 3-23 along with the Radnuc2A values from
which the slopes were calculated. As noted for Figure 3-9, the Radnuc2A could be better
represented with a polynomial function rather than a straight line. The imputed values that have
been doubled are larger than the Radnuc2A values, so the alternate case with doubled
imputations is still bounding.

Figure 3-22. 152Eu Imputations from 154Eu Data for Canister Sludge.

y = 7.99E-03x

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 50 100 150 200

Eu-154 Concentration, Ci/MTU

E
u-

15
2

C
on

ce
nt

ra
ti

on
,C

i/
M

T
U

Radnuc2A

Imputed Values

Imputed * 2

Linear (Radnuc2A)



SNF-10293, REV 0

3-42

Figure 3-23. 241Pu Imputations from 238Pu Data and Imputations for Canister Sludge.
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A complete listing of the canister sludge concentrations is given in Table 3-16. The values
imputed for the stochastic analysis are marked with asterisks (*). Also shown in the table are the
mean values and standard deviations. These summary statistics include the influence of the
imputed values. The mean values are used in later calculations to verify the stochastic
calculation.

Table 3-16. Canister Sample Data with Imputed Values. (2 sheets)

Sample Identity

Measured Quantity 96-05 96-08 96-13 96-15 96-04

Co-60 (µCi/mL) 1.66E+00 2.03E-01 * 1.10E+00 * 8.82E-01 4.56E-01

Sr-90 (µCi/mL) 4.07E+03 2.75E+02 3.29E+03 2.28E+03 2.21E+02

Tc-99 (µCi/mL) 1.20E+01 9.99E+00 1.89E+01 1.77E+00 * 5.05E+00

Cs-134 (µCi/mL) 4.48E-01 * 1.54E-01 * 5.35E-01 * 5.11E-01 * 1.53E-01

Cs-137 (µCi/mL) 2.13E+03 3.45E+02 1.20E+03 1.15E+03 3.42E+02

Eu-152 (µCi/mL) * 2.76E-01 * 2.47E-02 * 1.35E-01 * 1.08E-01 * 4.03E-02

Eu-154 (µCi/mL) 3.46E+01 3.10E+00 1.69E+01 1.35E+01 5.04E+00

Eu-155 (µCi/mL) 2.27E+01 1.54E+00 * 8.91E+00 * 7.16E+00 2.33E+00

Np-237 (µCi/mL) 1.48E-02 * 2.05E-03 3.35E-02 1.80E-02 3.04E-03

Pu-238 (µCi/mL) 3.01E+01 5.08E+00 * 3.06E+01 1.18E+01 7.34E+00
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Table 3-16. Canister Sample Data with Imputed Values. (2 sheets)

Pu-239/240 (µCi/mL) 2.84E+02 2.73E+01 2.04E+02 1.37E+02 3.41E+01

Pu-241 (µCi/mL) * 1.69E+03 * 2.85E+02 * 1.72E+03 * 6.64E+02 * 4.12E+02

Am-241 (µCi/mL) 1.72E+02 2.26E+01 * 1.64E+02 8.57E+01 3.79E+01

Uranium (kg/L) 1.51 0.12 1.45 1.07 0.111

Density (kg/L) 2.34 1.19 2.46 1.85 1.20

Sample Identity

Measured Quantity 96-06 KC-1 KC-2/3 Mean
Standard
Deviation

Co-60 (µCi/mL) * 1.20E+00 1.69E-01 5.36E-01 7.76E-01 5.25E-01

Sr-90 (µCi/mL) 3.24E+03 * 1.31E+03 * 1.70E+03 2.05E+03 1.43E+03

Tc-99 (µCi/mL) * 1.47E+01 * 4.67E+00 * 1.54E+01 1.03E+01 6.02E+00

Cs-134 (µCi/mL) * 4.45E-01 * 1.41E-01 * 4.67E-01 3.57E-01 1.74E-01

Cs-137 (µCi/mL) 9.98E+02 3.17E+02 1.05E+03 9.40E+02 6.14E+02

Eu-152 (µCi/mL) * 1.47E-01 * 5.57E-02 * 7.90E-02 1.08E-01 8.08E-02

Eu-154 (µCi/mL) 1.85E+01 6.96E+00 9.89E+00 1.36E+01 1.01E+01

Eu-155 (µCi/mL) * 9.75E+00 2.39E+00 5.00E+00 7.47E+00 6.89E+00

Np-237 (µCi/mL) 2.58E-02 * 9.91E-03 * 1.29E-02 1.50E-02 1.07E-02

Pu-238 (µCi/mL) 2.91E+01 1.73E+01 1.97E+01 1.89E+01 1.03E+01

Pu-239/240 (µCi/mL) 1.66E+02 1.15E+02 1.38E+02 1.38E+02 8.45E+01

Pu-241 (µCi/mL) * 1.63E+03 * 9.74E+02 * 1.10E+03 1.06E+03 5.78E+02

Am-241 (µCi/mL) 1.33E+02 9.86E+01 1.10E+02 1.03E+02 5.41E+01

Uranium (kg/L) 1.35 0.556 0.722 0.860 0.571

Density (kg/L) 2.34 1.49 2.12 1.87 0.523

All values are in terms of the wet sludge concentration.
Imputed values are indicated with asterisks.

3.4.2 Comparisons of Imputed Values with Detection Thresholds

In seven cases, measurements from SNF-7765 Appendix D were quoted as “less-than” a
detection threshold, as shown in Table 3-17. In six of these the imputed value was indeed less
than the detection threshold, as would be expected. However, the imputed value for 241Am in
Sample 96-13 was 4.1 times greater than the threshold. In this case, it was decided to use the
imputed value, because it would be conservative by overestimating the 241Am concentration.
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Table 3-17. Nuclides in Canister Sludge Reported as Less-thans.

Sample # Radionuclide
Detection Threshold

(µCi/mL settled sludge)
Imputed value

(µCi/mL settled sludge)
Imputed/
Threshold

96-08 237Np 0.0035 0.0021 0.59

96-13 241Am 40 164 4.10

96-13 238Pu 130 31 0.23

96-13 60Co 1.7 1.1 0.65

96-13 155Eu 12.2 8.9 0.73

96-15 60Co 2.39 0.88 0.37

96-15 155Eu 14.1 7.2 0.51

3.4.3 Canister Sludge Concentration Estimates

Only eight canister sludge radionuclide measurement sets were available. While these could be
applied to the 52 keys, another method for estimating canister sludge concentration is available.
This relies on fuel inventories and a corrosion model described in HNF-8760.

The fuel inventories are calculated by the Radnuc2A software. Each key is the fuel discharged
on a particular day. Because the positions of a group of fuel assemblies composing a key in the
reactor during irradiation are known, it was possible to calculate the fission and activation
product accumulation with a high degree of assurance. Thus Radnuc2A calculated the total
amounts of various isotopes in each key. The files mentioned in HNF-8760 Section 7.4 are the
source used in the stochastic analysis. These amounts are shown as activity per unit mass of
uranium in canister sludge in Tables 3-18, 3-19, and 3-20. The estimated mass of uranium from
HNF-8760 in the canister sludge is shown in the first column of numbers in Table 3-18. This
uranium mass is compared with estimates from the sample data in Section 3.4.4.2. Additional
information for comparison with Table 6 of HNF-8760 is provided in the last rows of these
tables.

Table 3-18. Isotope Concentration in Canister Sludge from Radnuc2A: Co-60 to Cs-134.
(3 sheets)

Key Number
Uranium

(MT)
Co-60

(Ci/MTU)
Sr-90

(Ci/MTU)
Tc-99

(Ci/MTU)
Cs-134

(Ci/MTU)

* 9621 * na 1.614E+00 5.125E+03 1.565E+00 6.887E+00

10001 6.946E-04 5.814E-01 3.204E+03 1.026E+00 3.578E-01

10201 3.710E-01 6.961E-01 3.594E+03 1.150E+00 5.449E-01

10259 2.246E-01 6.503E-01 3.320E+03 1.047E+00 4.729E-01

10294 8.542E-01 6.619E-01 3.342E+03 1.052E+00 4.928E-01
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Table 3-18. Isotope Concentration in Canister Sludge from Radnuc2A: Co-60 to Cs-134.
(3 sheets)

Key Number
Uranium

(MT)
Co-60

(Ci/MTU)
Sr-90

(Ci/MTU)
Tc-99

(Ci/MTU)
Cs-134

(Ci/MTU)

10350 7.950E-02 8.912E-01 4.350E+03 1.408E+00 9.168E-01

10385 5.001E-01 7.906E-01 3.864E+03 1.228E+00 7.246E-01

10456 4.053E-01 1.030E+00 4.827E+03 1.572E+00 1.256E+00

10576 1.651E-02 8.843E-01 4.070E+03 1.285E+00 9.438E-01

10602 5.659E-01 1.118E+00 5.006E+03 1.621E+00 1.520E+00

10679 5.172E-01 1.220E+00 5.311E+03 1.724E+00 1.852E+00

10742 3.280E-01 1.139E+00 4.907E+03 1.568E+00 1.625E+00

10764 2.022E-03 7.653E-01 3.367E+03 1.026E+00 7.220E-01

10770 3.027E-01 1.302E+00 5.506E+03 1.784E+00 2.139E+00

10832 7.157E-01 1.087E+00 4.595E+03 1.446E+00 1.504E+00

10982 2.942E-01 1.461E+00 5.782E+03 1.856E+00 2.814E+00

11036 1.239E-01 1.415E+00 5.535E+03 1.759E+00 2.656E+00

11109 2.965E-01 1.547E+00 5.891E+03 1.878E+00 3.230E+00

11183 4.345E-01 1.372E+00 5.177E+03 1.613E+00 2.570E+00

11372 4.509E-01 1.667E+00 5.887E+03 1.840E+00 3.954E+00

11449 3.260E-01 1.730E+00 5.963E+03 1.858E+00 4.334E+00

11540 8.717E-02 2.001E+00 6.653E+03 2.089E+00 5.921E+00

11733 3.236E-03 1.721E+00 5.508E+03 1.662E+00 4.549E+00

11806 2.221E-01 1.995E+00 6.187E+03 1.885E+00 6.181E+00

11897 2.954E-01 2.123E+00 6.392E+03 1.944E+00 7.163E+00

11979 2.790E-01 2.199E+00 6.461E+03 1.955E+00 7.785E+00

12127 1.687E-01 2.018E+00 5.745E+03 1.693E+00 6.759E+00

12201 1.471E-01 2.331E+00 6.425E+03 1.912E+00 9.130E+00

* 12240 * na 7.683E-01 2.236E+03 5.905E-01 8.973E-01

12285 4.471E-01 1.989E+00 5.436E+03 1.572E+00 6.747E+00

12480 2.608E-01 2.151E+00 5.550E+03 1.586E+00 8.198E+00

12565 1.364E-01 2.406E+00 6.008E+03 1.724E+00 1.045E+01

12639 1.698E-01 2.181E+00 5.385E+03 1.515E+00 8.702E+00

12852 9.615E-03 3.699E+00 8.252E+03 2.419E+00 2.629E+01

13015 5.850E-03 2.182E+00 4.869E+03 1.317E+00 9.482E+00

13649 3.116E-02 2.685E+00 4.979E+03 1.289E+00 1.624E+01

13685 3.411E-03 3.031E+00 5.526E+03 1.443E+00 2.066E+01

* 14065 * na 2.313E+00 3.856E+03 9.391E-01 1.268E+01

14355 8.570E-02 4.368E+00 6.460E+03 1.641E+00 4.912E+01
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Table 3-18. Isotope Concentration in Canister Sludge from Radnuc2A: Co-60 to Cs-134.
(3 sheets)

Key Number
Uranium

(MT)
Co-60

(Ci/MTU)
Sr-90

(Ci/MTU)
Tc-99

(Ci/MTU)
Cs-134

(Ci/MTU)

14356 7.212E-01 4.272E+00 6.330E+03 1.602E+00 4.699E+01

* 14722 * na 1.072E+00 1.513E+03 3.353E-01 3.995E+00

15204 4.875E-02 1.780E+00 2.180E+03 4.680E-01 8.687E+00

* 15240 * na 1.199E+00 1.453E+03 3.111E-01 5.969E+00

15316 1.173E-02 1.848E+00 2.190E+03 4.667E-01 9.604E+00

15399 3.748E-03 6.547E-03 7.569E+00 1.605E-03 3.565E-02

* 15444 * na 1.308E+00 1.492E+03 3.153E-01 7.300E+00

15451 5.913E-03 2.257E+00 2.547E+03 5.461E-01 1.600E+01

* 15455 * na 1.322E+00 1.503E+03 3.174E-01 7.424E+00

* 15457 * na 1.328E+00 1.509E+03 3.186E-01 7.465E+00

15458 2.651E-02 1.312E+00 1.490E+03 3.147E-01 7.381E+00

* 15460 * na 1.274E+00 1.447E+03 3.054E-01 7.174E+00

* 15461 * na 4.153E-01 4.714E+02 9.953E-02 2.340E+00

Weighted Average 1.614E+00 5.125E+03 1.565E+00 6.887E+00

Decayed 3 years 1.09E+00 4.77E+03 1.56E+00 2.51E+00

Percent Difference -0.2% 0.1% 0.3% 0.1%

• Values for isotopic inventory in canister sludge are from ORIGEN2 calculations for N Reactor fuel
using the Radnuc2A software. These have been documented in HNF-8760. Neutron exposures, fuel
models, and corrosion assumptions are specific to each key. The effective date of the above activity
concentrations is 5/31/1998.

• The above inventories include the effect of the fuel segregation campaign.

• Keys marked with asterisks use the concentrations in fuel because of the absence of predictions for
canister sludge. All canisters in these keys are identified as “Good” in Table 3-12.

• The “Weighted Average” uses the canister sludge uranium mass in each key as the weighting factor.

• The “Decayed 3 years” is the “Weighted Average” with 3 years of decay included for comparison with
Table 6 of HNF-8760 Revision 1.

• The “Percent Difference” row shows the difference between the “Decayed 3 years” and Table 6 of
HNF-8760 Revision 1. The percent differences are shown in the last row of numbers. Negative
differences mean the HNF-8760 number is larger.
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Table 3-19. Isotope Concentration in Canister Sludge from Radnuc2A: Cs-137 to
Np-237. (2 sheets)

Key
Number

Cs-137
(Ci/MTU)

Eu-152
(Ci/MTU)

Eu-154
(Ci/MTU)

Eu-155
(Ci/MTU)

Np-237
(Ci/MTU)

* 9621 * 6.858E+03 5.147E-01 5.851E+01 8.642E+00 3.271E-02

10001 4.064E+03 2.033E-01 1.584E+01 3.226E+00 2.100E-02

10201 4.623E+03 2.576E-01 2.143E+01 3.773E+00 2.364E-02

10259 4.218E+03 2.191E-01 1.753E+01 3.609E+00 2.145E-02

10294 4.249E+03 2.222E-01 1.783E+01 3.671E+00 2.156E-02

10350 5.731E+03 3.660E-01 3.356E+01 4.659E+00 2.919E-02

10385 4.996E+03 2.984E-01 2.516E+01 4.215E+00 2.523E-02

10456 6.455E+03 4.397E-01 4.369E+01 5.314E+00 3.280E-02

10576 5.294E+03 3.283E-01 2.894E+01 4.707E+00 2.648E-02

10602 6.721E+03 4.697E-01 4.800E+01 5.762E+00 3.388E-02

10679 7.191E+03 5.230E-01 5.620E+01 6.243E+00 3.619E-02

10742 6.557E+03 4.558E-01 4.621E+01 5.914E+00 3.272E-02

10764 4.266E+03 2.261E-01 1.874E+01 4.320E+00 2.100E-02

10770 7.487E+03 5.564E-01 6.123E+01 6.651E+00 3.751E-02

10832 6.070E+03 4.076E-01 3.949E+01 5.725E+00 3.002E-02

10982 7.901E+03 6.094E-01 7.006E+01 7.452E+00 3.914E-02

11036 7.506E+03 5.650E-01 6.291E+01 7.280E+00 3.696E-02

11109 8.060E+03 6.311E-01 7.371E+01 7.901E+00 3.961E-02

11183 6.937E+03 5.057E-01 5.402E+01 7.171E+00 3.371E-02

11372 8.027E+03 6.346E-01 7.475E+01 8.594E+00 3.876E-02

11449 8.147E+03 6.517E-01 7.786E+01 8.917E+00 3.918E-02

11540 9.228E+03 7.885E-01 1.022E+02 1.017E+01 4.434E-02

11733 7.407E+03 5.732E-01 6.561E+01 9.066E+00 3.482E-02

11806 8.456E+03 6.995E-01 8.666E+01 1.035E+01 3.977E-02

11897 8.776E+03 7.435E-01 9.497E+01 1.099E+01 4.111E-02

11979 8.873E+03 7.575E-01 9.749E+01 1.140E+01 4.134E-02

12127 7.736E+03 6.219E-01 7.418E+01 1.071E+01 3.550E-02

12201 8.794E+03 7.548E-01 9.743E+01 1.218E+01 4.036E-02

* 12240 * 2.682E+03 9.018E-02 8.190E+00 5.451E+00 1.193E-02

12285 7.244E+03 5.671E-01 6.529E+01 1.069E+01 3.279E-02

12480 7.399E+03 5.901E-01 6.926E+01 1.161E+01 3.310E-02

12565 8.099E+03 6.789E-01 8.459E+01 1.285E+01 3.618E-02

12639 7.137E+03 5.635E-01 6.524E+01 1.188E+01 3.154E-02

12852 1.165E+04 1.184E+00 1.866E+02 1.898E+01 5.183E-02

13015 6.337E+03 4.778E-01 5.342E+01 1.228E+01 2.723E-02
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Table 3-19. Isotope Concentration in Canister Sludge from Radnuc2A: Cs-137 to
Np-237. (2 sheets)

Key
Number

Cs-137
(Ci/MTU)

Eu-152
(Ci/MTU)

Eu-154
(Ci/MTU)

Eu-155
(Ci/MTU)

Np-237
(Ci/MTU)

13649 6.454E+03 5.048E-01 5.840E+01 1.537E+01 2.662E-02

13685 7.256E+03 6.048E-01 7.370E+01 1.703E+01 2.996E-02

* 14065 * 4.807E+03 3.042E-01 3.231E+01 1.442E+01 1.920E-02

14355 8.624E+03 8.071E-01 1.126E+02 2.447E+01 3.432E-02

14356 8.423E+03 7.792E-01 1.071E+02 2.402E+01 3.348E-02

* 14722 * 1.778E+03 5.762E-02 6.505E+00 8.712E+00 6.733E-03

15204 2.559E+03 8.601E-02 1.010E+01 1.462E+01 9.396E-03

* 15240 * 1.705E+03 5.747E-02 6.765E+00 9.854E+00 6.247E-03

15316 2.570E+03 8.714E-02 1.032E+01 1.522E+01 9.371E-03

15399 8.879E+00 3.031E-04 3.615E-02 5.403E-02 3.220E-05

* 15444 * 1.750E+03 5.994E-02 7.173E+00 1.080E+01 6.331E-03

15451 3.038E+03 1.311E-01 1.544E+01 1.721E+01 1.103E-02

* 15455 * 1.764E+03 6.043E-02 7.239E+00 1.092E+01 6.374E-03

* 15457 * 1.770E+03 6.067E-02 7.269E+00 1.097E+01 6.399E-03

15458 1.748E+03 5.994E-02 7.182E+00 1.084E+01 6.320E-03

* 15460 * 1.697E+03 5.818E-02 6.974E+00 1.052E+01 6.130E-03

* 15461 * 5.529E+02 1.896E-02 2.272E+00 3.431E+00 1.998E-03

Weighted
Average

6.858E+03 5.147E-01 5.851E+01 8.642E+00 3.271E-02

Decayed

3 years
6.40E+03 4.42E-01 4.62E+01 5.68E+00 3.27E-02

Percent
Difference

0.2% 0.2% 0.9% 0.2% 0.3%

• Values for isotopic inventory in canister sludge are from ORIGEN2 calculations for N Reactor fuel
using the Radnuc2A software. These have been documented in HNF-8760. Neutron exposures, fuel
models, and corrosion assumptions are specific to each key. The effective date of the above activity
concentrations is 5/31/1998.

• The above inventories include the effect of the fuel segregation campaign.

• Keys marked with asterisks use the concentrations in fuel because of the absence of predictions for
canister sludge. All canisters in these keys are identified as “Good” in Table 3-12.

• The “Weighted Average” uses the canister sludge uranium mass in each key as the weighting factor.

• The “Decayed 3 years” is the “Weighted Average” with 3 years of decay included for comparison with
Table 6 of HNF-8760 Revision 1.

• The “Percent Difference” row shows the difference between the “Decayed 3 years” and Table 6 of
HNF-8760 Revision 1. The percent differences are shown in the last row of numbers. Negative
differences mean the HNF-8760 number is larger.
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Table 3-20. Isotope Concentration in Canister Sludge from Radnuc2A: Pu-238 to
Am-241. (2 sheets)

Key Number
Pu-238

(Ci/MTU)
Pu-239

(Ci/MTU)
Pu-240

(Ci/MTU)
Pu-241

(Ci/MTU)
Am-241

(Ci/MTU)

* 9621 * 6.951E+01 1.383E+02 8.582E+01 3.836E+03 2.409E+02

10001 2.744E+01 1.049E+02 4.589E+01 1.345E+03 1.125E+02

10201 3.518E+01 1.132E+02 5.454E+01 1.768E+03 1.429E+02

10259 2.878E+01 1.064E+02 4.734E+01 1.457E+03 1.163E+02

10294 2.908E+01 1.068E+02 4.769E+01 1.478E+03 1.173E+02

10350 5.251E+01 1.298E+02 7.294E+01 2.641E+03 2.084E+02

10385 3.965E+01 1.187E+02 5.994E+01 2.074E+03 1.621E+02

10456 6.617E+01 1.394E+02 8.547E+01 3.271E+03 2.536E+02

10576 4.371E+01 1.222E+02 6.394E+01 2.307E+03 1.743E+02

10602 7.044E+01 1.423E+02 8.922E+01 3.517E+03 2.656E+02

10679 8.063E+01 1.480E+02 9.768E+01 3.988E+03 2.972E+02

10742 6.615E+01 1.392E+02 8.515E+01 3.379E+03 2.485E+02

10764 2.790E+01 1.050E+02 4.590E+01 1.487E+03 1.081E+02

10770 8.606E+01 1.515E+02 1.023E+02 4.272E+03 3.133E+02

10832 5.600E+01 1.321E+02 7.576E+01 2.951E+03 2.130E+02

10982 9.396E+01 1.554E+02 1.084E+02 4.722E+03 3.331E+02

11036 8.399E+01 1.501E+02 1.003E+02 4.310E+03 3.005E+02

11109 9.634E+01 1.567E+02 1.102E+02 4.900E+03 3.373E+02

11183 7.064E+01 1.419E+02 8.863E+01 3.763E+03 2.547E+02

11372 9.290E+01 1.546E+02 1.070E+02 4.890E+03 3.198E+02

11449 9.519E+01 1.554E+02 1.086E+02 5.037E+03 3.246E+02

11540 1.212E+02 1.679E+02 1.283E+02 6.289E+03 3.992E+02

11733 7.658E+01 1.446E+02 9.276E+01 4.292E+03 2.610E+02

11806 9.853E+01 1.571E+02 1.108E+02 5.407E+03 3.249E+02

11897 1.057E+02 1.602E+02 1.159E+02 5.800E+03 3.425E+02

11979 1.067E+02 1.608E+02 1.168E+02 5.910E+03 3.432E+02

12127 7.997E+01 1.463E+02 9.512E+01 4.663E+03 2.619E+02

12201 1.023E+02 1.585E+02 1.130E+02 5.840E+03 3.238E+02

* 12240 * 9.128E+00 6.974E+01 1.950E+01 5.152E+02 2.784E+01

12285 6.871E+01 1.394E+02 8.545E+01 4.158E+03 2.256E+02

12480 7.009E+01 1.402E+02 8.648E+01 4.327E+03 2.254E+02

12565 8.349E+01 1.482E+02 9.754E+01 5.092E+03 2.610E+02

12639 6.423E+01 1.361E+02 8.110E+01 4.078E+03 2.052E+02

12852 1.681E+02 1.849E+02 1.584E+02 9.717E+03 4.720E+02

13015 4.940E+01 1.238E+02 6.654E+01 3.334E+03 1.541E+02
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Table 3-20. Isotope Concentration in Canister Sludge from Radnuc2A: Pu-238 to
Am-241. (2 sheets)

Key Number
Pu-238

(Ci/MTU)
Pu-239

(Ci/MTU)
Pu-240

(Ci/MTU)
Pu-241

(Ci/MTU)
Am-241

(Ci/MTU)

13649 4.773E+01 1.222E+02 6.447E+01 3.482E+03 1.390E+02

13685 5.925E+01 1.320E+02 7.558E+01 4.280E+03 1.698E+02

* 14065 * 2.515E+01 9.884E+01 4.031E+01 1.902E+03 6.821E+01

14355 7.817E+01 1.434E+02 9.081E+01 5.886E+03 1.985E+02

14356 7.455E+01 1.413E+02 8.785E+01 5.645E+03 1.902E+02

* 14722 * 4.369E+00 4.130E+01 9.848E+00 3.108E+02 9.318E+00

15204 6.163E+00 5.765E+01 1.375E+01 4.624E+02 1.208E+01

* 15240 * 4.099E+00 3.832E+01 9.138E+00 3.088E+02 7.985E+00

15316 6.159E+00 5.749E+01 1.371E+01 4.679E+02 1.183E+01

15399 2.122E-02 1.977E-01 4.712E-02 1.626E+00 4.010E-02

* 15444 * 4.173E+00 3.884E+01 9.262E+00 3.215E+02 7.817E+00

15451 9.088E+00 6.448E+01 1.807E+01 7.315E+02 1.779E+01

* 15455 * 4.202E+00 3.910E+01 9.325E+00 3.241E+02 7.855E+00

* 15457 * 4.220E+00 3.925E+01 9.361E+00 3.254E+02 7.880E+00

15458 4.167E+00 3.877E+01 9.244E+00 3.215E+02 7.784E+00

* 15460 * 4.043E+00 3.762E+01 8.972E+00 3.120E+02 7.547E+00

* 15461 * 1.318E+00 1.226E+01 2.923E+00 1.016E+02 2.459E+00

Weighted
Average

6.951E+01 1.383E+02 8.582E+01 3.836E+03 2.409E+02

Decayed

3 years
6.79E+01 1.38E+02 8.58E+01 3.32E+03 2.57E+02

Percent
Difference

0.3% 0.2% 0.2% 0.3% 0.3%

• Values for isotopic inventory in canister sludge are from ORIGEN2 calculations for N Reactor fuel
using the Radnuc2A software. These have been documented in HNF-8760. Neutron exposures, fuel
models, and corrosion assumptions are specific to each key. The effective date of the above activity
concentrations is 5/31/1998.

• The above inventories include the effect of the fuel segregation campaign.

• Keys marked with asterisks use the concentrations in fuel because of the absence of predictions for
canister sludge. All canisters in these keys are identified as “Good” in Table 3-12.

• The “Weighted Average” uses the canister sludge uranium mass in each key as the weighting factor.

• The “Decayed 3 years” is the “Weighted Average” with 3 years of decay included for comparison with
Table 6 of HNF-8760 Revision 1.

• The “Percent Difference” row shows the difference between the “Decayed 3 years” and Table 6 of
HNF-8760 Revision 1. The percent differences are shown in the last row of numbers. Negative
differences mean the HNF-8760 number is larger.
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The canister sludge concentration estimates from HNF-8760 include the effect of the fuel
segregation program and the depth of corrosion.

A “fuel segregation” program was carried on in the early 1980s in the K-East Basin. This
program sorted fuel into one of four categories based on 240Pu content expressed as weight
percent of total Pu: <6 wt.% was assigned to “Group A;” 6-9 wt.% was assigned to “Group B;”
9-12 wt.% was assigned to “Group C;” and >12 wt.% was assigned to “Group D.” Group A fuel
was preferentially removed from KE to Purex for dissolution, leaving the higher-exposure,
higher-240Pu fuel behind.

The fuel segregation adjustment eliminates low exposure fuel assemblies, which have been
removed from the K East Basin. This increases the average burnup of what was left behind and
thus the activity concentrations of the isotopes in the fuel. The corrosion adjustment estimates
the volume of fuel that has oxidized. It also considers that the surface layer of uranium, as well
as the ends of the assemblies, experience higher burnup than other portions of the fuel. Thus
small amounts of corrosion from good and fair condition fuel have slightly higher burnup than
larger quantities from poor and bad condition fuel. The activity concentrations increase with
increasing burnup.

The results from HNF-8760 are thus the mass of uranium that has oxidized, and the
concentrations of the various isotopes in that uranium. This enables calculation of radionuclide
concentrations in canister sludge using the measured uranium concentration in the sludge. The
isotope concentrations in canister sludge are calculated by multiplying the uranium concentration
by the activity per unit mass of uranium as generated by Radnuc2A for each key.

The stochastic analysis uses the measured concentration of uranium from the 8 canister sludge
samples (multiplied by the canister sludge volume) to obtain the uranium mass rather than the
uranium mass available from Radnuc2A. This approach is used because both the floor and
canister sludge in K East Basin contains various non-fuel materials, such as corrosion products
from fuel canisters, corrosion products from basin piping and structural materials, sand, and
miscellaneous items. The measured uranium concentration takes this into account.

3.4.4 Testing the Canister Sludge Concentration Estimates

HNF-8760 does not list the isotope concentrations in canister sludge by key. These are given in
the files mentioned in Section 7.4 of HNF-8760. To check these numbers, four comparisons are
carried out. The first uses the estimates by key to calculate canister sludge concentrations shown
in HNF-8760. The second compares the total uranium mass in canister sludge calculated from
the estimates from HNF-8760 with the canister sludge data. The third comparison uses these
total uranium masses to calculate canister sludge concentrations for the whole basin. The
comparison is again between the estimates from HNF-8760 and the canister sludge data. The
final comparison applies the HNF-8760 results to individual canister sludge samples.
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3.4.4.1 Average Radionuclide Concentrations in Canister Sludge Uranium

As a check on the canister sludge concentrations by key found in the files referred to in
HNF-8760 Section 7.4, the values shown in Table 6 of HNF-8760 Revision 1 were calculated.
These values are weighted sums of the isotope concentrations in each key. The weighting factors
are the uranium mass by key shown in Table 3-18. The formula used to calculate these weighted
averages is shown below. The sums are over the 52 keys.

�

�
=

K
K

K
KK

MU

CMU
ionConcentratAverageWeighted

where

MUK = mass of uranium associated with canister sludge from the Kth key
(see Table 3-18)

CK = radionuclide concentration in canister sludge associated with the
Kth key

One additional consideration is that the effective date of the totals given in HNF-8760 is May 31,
2001, while the effective date of the concentrations shown in Tables 3-18, 3-19, and 3-20 is
May 31, 1998. Three years of radioactive decay needs to be applied to the weighted totals in the
tables to match the averages shown in HNF-8760. The decay factors for this amount of decay
are shown in Table 3-21. The decay factors are calculated using the formula below. Note that
more elegant formulas are given in many textbooks. The formula shown is mathematically
equivalent to those formulas.
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In addition, the Pu-241 decays to Am-241, which complicates the calculation of Am-241
activity. The formula to calculate how much Am-241 is produced from Pu-241 decay is shown
below. For 3 years of decay, the Am-241 ingrowth factor is 4.469E-03. This number is
multiplied by the initial activity of Pu-241.
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Table 3-21. Nuclide Half Lives and 3-year Decay Factors.

Nuclide Half Life (y) 3-year Decay Factor
60Co 5.271E+00 6.740E-01
90Sr 2.860E+01 9.299E-01
99Tc 2.130E+05 1.000E+00
134Cs 2.062E+00 3.648E-01
137Cs 3.017E+01 9.334E-01
152Eu 1.360E+01 8.582E-01
154Eu 8.800E+00 7.895E-01
155Eu 4.960E+00 6.575E-01
237Np 2.140E+06 1.000E+00
238Pu 8.775E+01 9.766E-01
239Pu 2.413E+04 9.999E-01
240Pu 6.537E+03 9.997E-01
241Pu 1.440E+01 8.655E-01

241Am 4.322E+02 9.952E-01

• The radioactive decay half-lives are from DOE/TIC-11026, Radioactive
Decay Data Tables, D. C. Kocher, 1981.

• The “3-year Decay Factor” is multiplied by the initial activity of an
isotope to calculate the activity that remains after 3 years of decay.

• Although the initial amount of 241Am decreases by the factor shown, some
241Am is produced by the decay of 241Pu to 241Am. The amount produced
is the initial 241Pu activity times 4.469E-03.

The weighted average radionuclide concentrations using the canister sludge estimates by key are
listed in Tables 3-18, 3-19, and 3-20. In addition, the average concentrations after 3 years of
decay are shown. Finally in these tables, the percent differences with the weighted averages
listed in Table 6 of HNF-8760 are given. The differences between the decayed values and
HNF-8760 are all less than 1 percent.

3.4.4.2 Total Uranium Mass in Canister Sludge

The uranium mass in canister sludge calculated using the methods of HNF-8760, and the
uranium mass calculated from the canister sludge sample data are compared in Table 3-22. To
calculate the “Total Uranium Mass” by key from the sample data, the mean canister sludge
volume from Table 3-11 is multiplied by the average uranium concentration (0.860 kg/L) from
Table 5-14. The total, shown in the last row of numbers, is 4.05 times smaller than the total
shown for the HNF-8760 uranium masses. While this difference in total uranium mass in sludge
is significant, it should have little effect on the stochastic calculation because only the isotope
concentrations from HNF-8760 are used in the stochastic analysis. Comparisons with canisters
sludge data in Appendix E show the Radnuc2A predictions are clearly conservative with respect
to safety basis.
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Table 3-22. Canister Sludge Volume and Uranium Mass by Key.
(2 sheets)

Key Number
Average Volume

(liters)
Total Uranium Mass

(kg)
HNF-8760 Uranium

(kg)

9621 3.003E+00 2.584E+00 na

10001 1.289E+00 1.109E+00 6.946E-01

10201 3.860E+01 3.322E+01 3.710E+02

10259 5.934E+01 5.106E+01 2.246E+02

10294 1.514E+02 1.303E+02 8.542E+02

10350 7.019E+00 6.040E+00 7.950E+01

10385 1.223E+02 1.052E+02 5.001E+02

10456 8.776E+01 7.552E+01 4.053E+02

10576 7.023E+00 6.043E+00 1.651E+01

10602 1.099E+02 9.455E+01 5.659E+02

10679 1.087E+02 9.358E+01 5.172E+02

10742 7.903E+01 6.801E+01 3.280E+02

10764 3.596E+00 3.094E+00 2.022E+00

10770 6.801E+01 5.852E+01 3.027E+02

10832 1.903E+02 1.637E+02 7.157E+02

10982 8.227E+01 7.080E+01 2.942E+02

11036 3.999E+01 3.441E+01 1.239E+02

11109 8.658E+01 7.450E+01 2.965E+02

11183 1.390E+02 1.196E+02 4.345E+02

11372 1.179E+02 1.015E+02 4.509E+02

11449 9.540E+01 8.209E+01 3.260E+02

11540 3.135E+01 2.698E+01 8.717E+01

11733 1.289E+00 1.109E+00 3.236E+00

11806 7.366E+01 6.338E+01 2.221E+02

11897 1.020E+02 8.778E+01 2.954E+02

11979 9.674E+01 8.324E+01 2.790E+02

12127 6.445E+01 5.546E+01 1.687E+02

12201 5.228E+01 4.499E+01 1.471E+02

12240 8.649E-01 7.442E-01 na

12285 1.323E+02 1.138E+02 4.471E+02

12480 1.069E+02 9.199E+01 2.608E+02

12565 6.476E+01 5.573E+01 1.364E+02

12639 7.945E+01 6.837E+01 1.698E+02

12852 4.444E+00 3.824E+00 9.615E+00
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Table 3-22. Canister Sludge Volume and Uranium Mass by Key.
(2 sheets)

Key Number
Average Volume

(liters)
Total Uranium Mass

(kg)
HNF-8760 Uranium

(kg)

13015 2.290E+00 1.971E+00 5.850E+00

13649 1.174E+01 1.010E+01 3.116E+01

13685 3.019E+00 2.598E+00 3.411E+00

14065 2.883E-01 2.481E-01 na

14355 2.649E+01 2.280E+01 8.570E+01

14356 1.146E+02 9.859E+01 7.212E+02

14722 2.883E-01 2.481E-01 na

15204 1.016E+02 8.746E+01 4.875E+01

15240 5.766E-01 4.962E-01 na

15316 2.159E+01 1.858E+01 1.173E+01

15399 2.002E+00 1.723E+00 3.748E+00

15444 2.883E-01 2.481E-01 na

15451 1.007E+01 8.669E+00 5.913E+00

15455 1.442E+00 1.240E+00 na

15457 5.766E-01 4.962E-01 na

15458 1.297E+02 1.116E+02 2.651E+01

15460 1.759E+01 1.513E+01 na

15461 1.124E+01 9.675E+00 na

Total 2.864E+03 2.465E+03 9.980E+03

• Canister sludge volumes are calculated from the mean sludge depths, the area factors and the
number of canisters of each kind. The mean volumes are also shown in Table 3-11.

• The total uranium masses are calculated using the average uranium concentration in canister
sludge, 0.860 kg/L, from Table 3-16.

• The uranium masses in canister sludge estimated using the methods in HNF-8760 are shown in
the second last column. These are also listed in Table 3-18. The total uranium mass is a factor
of 4.05 greater than the mass calculated using average canister sludge measurements.

Note that the total masses of uranium are all that can be compared in Table 3-22. The values
shown for each key have different meanings. The uranium masses from HNF-8760 are obtained
from theoretical considerations of how fuel corrodes and how to apply the qualitative fuel
condition assignments. The uranium masses from the sample data use the average uranium
canister concentration together with the canister sludge volume estimated from the sludge depth
measurements. In actual canisters, the uranium concentration will differ from the average. The
HNF-8760 approach attempts to describe this difference, while the measurement averages do
not. Thus the values for each key should show considerable difference.
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The next section examines the effect of the uranium difference on the isotope concentrations.

3.4.4.3 Uranium-Weighted Radionuclide Concentrations

The average isotopic concentrations in canister sludge are shown in Table 3-23. They are the
weighted sums of the isotope concentrations shown in Tables 3-18, 3-19, and 3-20. The
weighting factors are the two columns of uranium mass given in Table 3-22. The same formula
shown in Section 3.4.4.1 is also used here, except the uranium masses can be one of two
estimates. “Method A” uses the uranium masses from the canister sludge sample data. “Method
B” uses the uranium masses from HNF-8760. For each isotope, the two weighted averages differ
by at most 6%.

Table 3-23. K East Basin Canister Sludge Concentrations.

Quantity, Units Method A Method B
Percent

Differences

Co-60, Ci/MTU 1.643E+00 1.614E+00 -1.8%

Sr-90, Ci/MTU 4.927E+03 5.125E+03 4.0%

Tc-99, Ci/MTU 1.486E+00 1.565E+00 5.3%

Cs-134, Ci/MTU 6.559E+00 6.887E+00 5.0%

Cs-137, Ci/MTU 6.584E+03 6.858E+03 4.2%

Eu-152, Ci/MTU 4.931E-01 5.147E-01 4.4%

Eu-154, Ci/MTU 5.667E+01 5.851E+01 3.2%

Eu-155, Ci/MTU 9.167E+00 8.642E+00 -5.7%

Np-237, Ci/MTU 3.108E-02 3.271E-02 5.2%

Pu-238, Ci/MTU 6.642E+01 6.951E+01 4.7%

Pu-239, Ci/MTU 1.316E+02 1.383E+02 5.1%

Pu-240, Ci/MTU 8.139E+01 8.582E+01 5.4%

Pu-241, Ci/MTU 3.678E+03 3.836E+03 4.3%

Am-241, Ci/MTU 2.277E+02 2.409E+02 5.8%

• The weighted isotopic concentrations (Ci/MTU) are computed from the isotopic
concentrations shown in Tables 3-18, 3-19, and 3-20. The weighting factors are the
uranium masses by key shown in Table 3-22. “Method A” uses the uranium masses
computed from sludge depth and total uranium measurements. “Method B” uses the
estimated uranium mass in sludge described in HNF-8760.

• The last column shows the percent differences between the two weighted sums.
Negative values mean the HNF-8760 derived number is smaller than the number
derived from sludge measurements.
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3.4.4.4 Canister Sludge Sample Concentrations

One more comparison will be carried out between the HNF-8760 results and the canister sludge
sample measurements. The sludge concentrations estimated in HNF-8760 will be compared with
the measured values. To compare HNF-8760 calculations to measurements, calculations and
measurements are expressed in units of Ci/MTU (equivalent to µCi/g U). Measured radionuclide
concentrations were converted to units of activity per metric ton of uranium in sludge by
dividing by the uranium concentration. The radionuclide activity per unit mass of uranium has
the advantage of being largely independent of sludge density, and largely independent of any
dilution of fuel corrosion products in sludge by non-fuel material such as aluminum corrosion,
iron oxide, sand, dirt, resin beads, insect parts, etc.

The discharge date of a fuel key is implicit in the key number, which is the number of days since
September 23, 1944. Radnuc2A outputs in this document were decay-corrected to May 31,
1998. The sample results are valid for the time at which they were analyzed. Decay correction
is only important for radionuclides with relatively short half-lives with respect to the time scale
between discharge and date of interest, as shown in Table 3-21.

In 1996, nine fuel storage barrels (seven containing spent fuel elements) in the K East Basin
were sampled to recover portions of the canister sludge to transport to the laboratories for
analysis. These samples were taken with a single pull sludge sampler that handed the samples
totally underwater. Consistent with the definition of “sludge” the samples taken were obtained
using a vacuum probe with slots restricting the particles sizes recovered to 0.25” or less. To
obtain as representative a sample as possible, the vacuum probe was used to make individual
axial traverses starting at the top of the sludge column in the canister going to the bottom of the
canister, moving within the cusps between the fuel elements and/or canister barrel wall. A range
of fuel canister barrels was selected for sampling including 1) those fabricated of stainless steel
and aluminum and 2) those containing fuel with varying degrees of damage. Table 3-24
summarizes the canister barrels sampled, further detail can be found in Makenas 1997. Note that
96-01 contained unirradiated fuel (burnup 0), so that Radnuc2A predicts zero radionuclide
concentrations in sludge.

In 1999 a second series of canister barrels were sampled in K East Basin for sludge, this time
using the Consolidated Sludge Sampler HNF-4746 (Pitner 1999a). The Consolidated Sampler
HNF-4016 (Baker 1999) can either take 1) “single pull” samples (where all sludge and water
collected is placed in the sample container to send to the lab) or 2) “continuous draw” sludge
samples that consolidate in one sample container sludge from a large number of basin locations.
In the latter case the excess water is exhausted back to the basin pool through a special 5-micron
stainless steel filter, while some fine particulate is lost through the filter the quantity is very
small compared to the overall sample. The same sample vacuum probe was used here as in
1996. Table 3-25 summarizes the single pull sample taken, KC-1, and the combined
consolidated sample taken, KC-2/3. HNF-4746 and HNF-SD-SNF-TI-015 (Pearce 2001)
Appendix D summarize data from these analyses.

A key parameter to the stochastic calculation model for the canister sludge source term is the
condition of the fuel elements with respect to damage and degradation. To best validate and
calibrate the source term model, the best estimate of classification of damage of the fuel elements



SNF-10293, REV 0

3-58

in the barrels sampled is required. To provide this, a special assessment was performed of the
condition of fuel in the barrels sampled for sludge. This was based on 1) the criteria for
classifications as noted for the model, Table 5 of HNF-8760, and 2) the condition of the fuel
elements---which was based on photographs taken of the top of the barrels and fuel elements
from survey video recorded in 1994. The assessment was performed on the canister barrels
sampled in 1996 and the single pull sample, designated KC-1, taken in 1999. The photographs
of the top of the fuel and barrels are documented for the 1996 sludge samples in HNF-SP-1201
Appendix A, and for the 1999 samples in HNF-4016 Appendix A. Table 3-26 summarizes the
results of these assessments. Additional detail about the categories used to assess fuel condition
is provided in Appendix C.

The details of the calculations are given in Appendix E. It contains the canister sludge sample
results in units of Ci/MTU, the output by key and fuel model for the samples, and the estimated
canister sludge sample concentrations. In addition, the estimated and measured sample
concentrations are plotted against one another for comparison. Ideally, they should fall on the
line Y=X, which is also shown in the graphs.

Comparisons of Radnuc2A predictions to canister sludge measurements are summarized in the
tables and figures in Appendix E. In general, the Radnuc2A predictions are larger than the
measured concentrations, as evidenced on the graphs showing most of the points above the line
Y=X. Two notable exceptions need further discussion. First, the Radnuc2A predicted values for
the short-lived isotopes 60Co and 155Eu are somewhat lower than the measured values. From the
tables given in Appendix E, none of the 1999 samples (KC-n) are below the line Y=X. Thus, if
about 2 years of decay had been included on the 1996 samples the plotted values below the line
would be closer to the line.

Second, the 99Tc measured concentrations are about 20 times greater than the Radnuc2A
estimates. The authors have not found a way to reconcile the large difference between the
predictions and the measurements. Fortunately, 99Tc is an insignificant contributor to both the
heat generation rate and the inhalation dose.

It can be concluded that using predictions from Radnuc2A to represent canister sludge in the
K-East Basin should be conservative, that is, Radnuc2A predictions will exceed actual values in
general, on the average, and with only Tc-99 as an exception. These results are reassuring that,
for radionuclides that generate significant heat or dose, Radnuc2A predictions should be larger,
that is, erring on the side of safety.
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Table 3-26. Summary Table of Estimated Fuel Damage by Category in Barrels Sampled
for Sludge KE Basin.

Sample: 96-01 96-04 96-05 96-06 96-08 96-13 96-15 KC-1

Barrel: 1845E 2711E 3128W 5465W 2350E 5055W 6070W 4569E

Inner Elements

Intact 5 7 4 6 7 4 5

Breached 1 1 1

Defected 1

Bad

Outer Elements

Intact 4 5 3 2 3 3 3 1

Breached 1 2 1 1 2 1 2

Defected 1 2 2 3

Bad 1 1 2 1

Note 1. 96-05 in 1994, this canister was in cubicle 3136
Note 2. The category counts are based on a specific criteria inferred from model categories used for this

analysis Additional information is provided in Appendix C.

3.4.5 Stochastic Model for Canister Sludge Concentration

The stochastic model for canister sludge radionuclide concentration uses the isotope
concentrations derived in HNF-8760 together with the uranium concentration in canister sludge
obtained from the sample measurements. Because the average radioactive inventory of each key
is largely determined in HNF-8760, there is no need for probability distributions to describe the
isotope concentrations. The range of possible isotopic concentrations in the canister sludge
comes from the range of uranium concentrations in the canister sludge.

During the regression analyses for the canister sludge imputations, it was noted that the canister
sludge density and the uranium concentration can be related to one another. With density as the
independent variable and uranium concentration as the dependent variable, the regression slope
is 1.03 and the y-intercept is -1.07 kg/L with R2=0.887. The slope and y-intercept are not
statistically different from 1.0 kg/L and -1.0 kg/L. Thus, it was assumed that the uranium
concentration could be calculated from the canister sludge density using the equation shown
below.

Uranium Concentration = Sludge Density - 1.0 kg/L

The above formula predicts a mean uranium concentration of 0.873 kg/L when the actual mean
shown in Table 3-16 is 0.860 kg/L, a difference of 1.5%. Note that the predicted value is larger.
Within the stochastic model for canister sludge the estimated isotope concentrations, heat, dose,
and total plutonium are proportional to the uranium concentration. Since the above equation
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estimates slightly higher uranium concentrations, the estimated quantities associated with the
isotope concentrations, heat, dose, and total plutonium will also be slightly larger.

The measured wet density of the canister sludge and the uranium concentration are graphed in
Figure 3-24. In this figure, the data values in Table 3-16 are shown as discrete points. The solid
line is the equation shown above. The dashed lines show the upper and lower bounds for the
uranium concentration that were selected for the stochastic model. The dashed lines were chosen
to enclose the data values and keep the solid line as the average of the upper and lower bound.

Figure 3-24. Uranium Concentration Versus Canister Sludge Density.
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In the stochastic model the sludge density and uranium concentration are calculated using the
following method. The first step is to calculate the sludge density by selecting at random one of
the 8 values shown in Table 3-16. The chosen data value is adjusted by a factor generated from a
uniform distribution with a mean value of 1.0. This factor allows for the variability of the data
values without changing the mean. It does increase the standard deviation.

The magnitude of the variability factor applied to the canister sludge density data is calculated
using the 99% confidence interval for the mean discussed in Section 3.2.2. The upper bounds for
the measured and imputed quantities are shown in Table 3-27. The variability factor for canister
sludge was selected to range from 0.4 to 1.6 based on this table. With this factor, the largest
possible sludge density is (2.458 kg/L - 1.0 kg/L)(1.6) + 1.0 kg/L = 3.333 kg/L. This upper limit
on sludge density is indicated in Figure 3-24. The variability factor is applied using the equation
shown below to prevent the calculated sludge density from becoming less than 1.0 kg/L.

Stochastic Sludge Density = (Factor)(Data Value - 1.0 kg/L) + 1.0 kg/L
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Table 3-27. Variability Factor for the Canister Sample Data.
Measured Quantity Upper Bound for

Variability Factor
Measured Quantity Upper Bound for

Variability Factor

Density 1.55 Eu-154 1.68

Uranium 1.60 Eu-155 1.84

Co-60 1.62 Np-237 1.65

Sr-90 1.63 Pu-238 1.50

Tc-99 1.52 Pu-239/240 1.56

Cs-134 1.45 Pu-241 1.50

Cs-137 1.59 Am-241 1.48

Eu-152 1.68 Average 1.59
The upper bound on the variability factor is calculated from the 99% confidence level of the

mean and the mean for each material.
The “Average” is the mean for the values shown in the table.

The second step is to calculate the uranium concentration. The uranium concentration is
regarded as a uniform distribution with a mean value given by the assumed relation between
uranium concentration and sludge density shown in the graph as a solid line. The upper and
lower bounds are approximated from the sludge density using the equations below. These are
shown in Figure 3-24 with dashed lines.

Upper Bound = 1.3478*Density - 1.2174 kg/L for Density ≥ 1.2 kg/L
Upper Bound = 2.0*Density - 2.0 kg/L for Density < 1.2 kg/L

Lower Bound = 0.6522*Density - 0.7826 kg/L for Density ≥ 1.2 kg/L
Lower Bound = 0.0 kg/L for Density < 1.2 kg/L

This range of values was chosen to cover the observed spread in the uranium concentrations
about the solid line in Figure 3-24. The mean value of the upper and lower bounds can be shown
to be the solid line. The dashed lines appear to represent most of the variation in the uranium
concentration. While there may be departures at small densities and uranium concentrations,
these are associated with small isotope concentrations which should have little effect on the
stochastic results. The area surrounded by dashed lines is the allowed range of values for sludge
density and uranium concentration.

It could be argued that at lower sludge densities the uranium concentration shows greater
variability than has been assumed in this simple model. However, the lower densities also lead
to lower activity concentrations, heat generation rates and inhalation doses. Therefore the
bounding stochastic results would hardly be affected. Thus, the simple model for uranium
concentration is adequate for the stochastic analysis.

The third step is to calculate the activity concentration in canister sludge of each isotope in a key.
The activity concentration of the isotopes of concern is the product of the randomly selected
uranium concentration and the estimated canister sludge concentration from Radnuc2A for that
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key and isotope. The estimated canister sludge concentrations are shown in Tables 3-18, 3-19,
and 3-20.

Four alternatives to the base case described above are discussed below. These represent the PDF
for canister sludge concentration in other ways. The purpose of these alternate cases is to
quantify the effect of different modeling assumptions on the stochastic results for sludge
containers.

The first alternative to the base case uses canister sample data rather than the Radnuc2A
estimates. The same method used on floor sludge concentration was applied to canister sludge.
A random number from 1 to 8 is generated to select one of the 8 samples. Then a variability
factor with a mean of 1.0 is calculated. The range of this variability factor is from 0.4 to 1.6.
Then the various isotope concentrations are calculated by multiplying the variability factor times
the sample concentrations. This method is also used to calculate the sludge density and uranium
concentration. The result applies to the canister sludge in one key.

From the graphical comparisons in Appendix E, it is expected that this alternative will reduce the
isotope concentrations for all nuclides except Tc-99. It is also expected that the heat generation
rate and the inhalation dose will also decrease.

A second alternative to the base case is to use a uniform distribution for the canister sludge
density rather than the density data. The uranium concentration is calculated using the same
method that went into Figure 3-24. The isotope concentrations are calculated using Radnuc2A
results. To preserve the mean and not allow sludge densities below 1.05 kg/L, the upper limit for
this uniform distribution is 2.70 kg/L. The upper limit is calculated as the sum of the mean value
(1.873 kg/L) and the difference between the mean value and the lower bound (1.873-1.05=0.823
kg/L). Because this is significantly lower than the upper limit for the base case, the bounding
stochastic results are expected to be lower also.

A third alternative is to decrease the range for the variability factor in the base case. This is
expected to decrease the bounding results because of the decrease in the upper limit for the
canister sludge density.

A fourth alternative is to use non-segregated canister sludge estimates (transmitted with the files
mentioned in Section 7.4 of HNF-8760) rather than the values shown in Tables 3-18, 3-19, and
3-20. The non-segregated canister sludge estimates assume that the segregation campaign in
KE Basin to remove the low irradiated fuel did not occur. Using material with less irradiation,
and lower activity concentrations than the base case should lead to a reduction in all the
stochastic results.

3.5 HEAT AND DOSE

Heat generation rates and inhalation dose factors are both calculated from the activity of the
various radionuclides present in a volume of sludge. The conversion factors used in the
calculation are shown in Table 3-28. To speed the calculation, the heat generation rate and
inhalation dose factors are calculated for each floor sample and for each key and treated like
another isotope in the calculations. For each key there is a given amount of heat (in watts) and
dose (in rem) just as there is a given amount of each isotope (in curies).
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Table 3-28. Heat Generation Rate and Inhalation Dose Factors.

Heat Generation Rate Factor Inhalation Dose Factor

Nuclide (W/Ci) (keV/decay) (Sv/Bq) Lung Class

Co-60 1.542E-02 2,600.80 5.91E-08 Y

Sr-90 6.698E-03 1,129.88 6.70E-08 D

Tc-99 5.015E-04 84.60 2.25E-09 W

Cs-134 1.020E-02 1,720.24 1.25E-08 D

Cs-137 4.819E-03 812.90 8.63E-09 D

Eu-152 7.635E-03 1,287.89 5.97E-08 W

Eu-154 9.082E-03 1,532.00 7.73E-08 W

Eu-155 7.766E-04 131.00 1.12E-08 W

Np-237 3.103E-02 5,234.10 1.46E-04 W

Pu-238 3.314E-02 5,590.80 1.06E-04 W

Pu-239 3.108E-02 5,242.78 1.16E-04 W

Pu-240 3.114E-02 5,253.73 1.16E-04 W

Pu-241 3.182E-05 5.37 2.23E-06 W

Am-241 3.337E-02 5,630.00 1.20E-04 W

• Information about the short-half life progeny has been included with the parent
nuclides. In particular, Sr-90 includes Y-90 (1.00), Cs-137 includes Ba-137m
(0.9443), Np-237 includes Pa-233 (1.00), and Pu-241 includes U-237 (2.39E-05).
Branching ratios are shown in parentheses.

• Energy per decay is taken from ENDF/B-VI (National Nuclear Data Center 2001).
Neutrino energies are not included. Recoil energy of the progeny nuclide is also
omitted.

• Inhalation Dose Factors are from Federal Guidance Report Number 11
(EPA-520/1-88-020, Eckerman et al. 1988). The worst-case solubility assumptions
have been made. For Sr-90, the Y-90 has lung class Y.

The heating factors are calculated from the energy per decay values listed in Table 3-28. The
energies of the radiation particles emitted when the nuclide decays are taken from ENDF/B-VI
(National Nuclear Data Center 2001). The energy of the neutrinos as well as the recoil energy of
the progeny nuclide has been omitted. The energy per decay is converted to watts per curie of
activity using the formula shown below.

Heating Factor = (1.602177 × 10-16 J/keV)(3.7 × 1010 decay/s per curie)(Decay Energy)

The inhalation dose factors listed in Table 3-28 are from Federal Guidance Report Number 11
(Eckerman, Wolbarst, and Richardson1988). These are the same values used in
HNF-SD-SNF-TI-059 Revision 2 (Rittmann 1999) for the Spent Nuclear Fuel Project safety
basis documents.
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3.6 URANIUM METAL

Values for the mass of uranium metal in a sludge volume of interest are needed because uranium
metal reacts with water to produce hydrogen gas and heat. The mass of metallic uranium in
sludge is an important indicator of the hydrogen generation rate.

Values for the design basis and safety basis amounts of metallic uranium are given in SNF-7765
Appendix B for both floor sludge and canister sludge. The design basis represents an average
while the safety basis is an upper bound that is several standard deviations above the mean. The
distribution is likely peaked at lower values. However, because of the lack of detailed
information, the metallic uranium content of sludge is assumed to be a uniform distribution that
ranges from zero to the safety basis value. This will overestimate the uranium metal content of
sludge containers in the stochastic analysis because the mean of this PDF is larger than the
nominal value for uranium metal given in SNF-7765.

The uranium metal content is expressed as a mass fraction of the sludge. These fractions
are shown in Table 3-29. The mass of floor sludge is multiplied by the uranium metal mass
fraction for floor sludge to calculate the mass of uranium metal in a given volume of floor
sludge. A similar calculation is performed for canister sludge. The range of possible uranium
metal mass follows from the ranges used for sludge volume, sludge density, and metallic
uranium fraction.

Table 3-29. Range of Uranium Metal Mass Fractions.

Material Design Basis Safety Basis

Floor Sludge 0.26% 1.5%

Canister Sludge 2.1% 5.0%

Uranium metal mass fractions are multiplied by the sludge mass to
calculate the uranium metal mass present in a given volume of sludge.

Values are from SNF-7765, Section 4.3. Design Basis represents an
average, while safety basis represents a maximum.

3.7 PLUTONIUM WEIGHT PERCENT

The plutonium weight percent is calculated to determine various quantities for accountability
purposes. The plutonium weight percent is the mass of plutonium divided by the mass of sludge.
It can be calculated by dividing the total plutonium concentration (kg/L) by the sludge density
(kg/L). The total plutonium concentration is calculated using the specific activity of the
plutonium isotopes, Pu-238, Pu-239, Pu-240, and Pu-241. Most of the mass is from Pu-239.
Pu-242 has not been included because it is a minor contributor.

In canister sludge, the calculation of plutonium weight percent involves dividing the
concentration of each plutonium isotope by the specific activity of the isotope and summing the
results. The specific activities used in the stochastic analysis are listed in Table 3-30. The
specific activities are calculated using half-life values in DOE/TIC-11026 (Kocher 1981).
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Table 3-30. Specific Activity of the Plutonium
Isotopes.

Isotope
Specific Activity

(Ci/g)

Pu-238 17.11

Pu-239 0.06197

Pu-240 0.2278

Pu-241 103.0

In floor sludge sample results, the Pu-239 and Pu-240 were not separated in the chemical
analysis. To calculate the plutonium weight percent in floor sludge, the stochastic analysis uses
a range of specific activities for the Pu-239/240 combination that were derived from the
Radnuc2A results for canister sludge. The HNF-8760 calculations gave 4 data files listing the
activity of each isotope of interest in each key. Two are for fuel and two are for canister sludge.
The pairs are further separated into a fuel segregation and non-segregation cases. For each key
in each data file, the Pu-239 and Pu-240 mass per MTU was calculated and summed to give the
total Pu-239/240 mass per MTU. This was then divided into the combined Pu-239/240 activity
per MTU to give the specific activity of the combination.

The next step is to construct cumulative distributions for the specific activity of the combination.
The sludge mass or fuel mass was used as the weighting factor. These cumulative distributions
are shown in Figure 3-25. The segregated sludge has the highest specific activity. It is the wavy
line to the right of all the others. However, when calculating plutonium weight percent, the
conservative approach tries to minimize the specific activity. Hence, the cumulative
distributions for non-segregated sludge and both types of fuel were also calculated and plotted.

From the hodgepodge of lines in Figure 3-25 a bounding case was constructed. This is shown as
the dashed line farthest to the left. Because it has a smaller specific activity than any of the four
inventories, it is a bounding case. The distribution used in the stochastic analysis is also listed in
Table 3-31. This representation for the Pu-239/240 specific activity will overestimate the
plutonium weight percent, but is more realistic than simply using the specific activity of Pu-239
to represent the mixtures. The mean value for the specific activity probability distribution is
0.07805 Ci/g. Note that the entire range of values for Pu-239/240 specific activity (0.07 Ci/g to
0.083 Ci/g) is relatively small. As a result, this distribution will have little effect on the
stochastic results.
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Table 3-31. Continuous Probability Distribution for Pu-
239/240 Specific Activity.

Specific Activity

(Ci/g)

Cumulative

Probability

0.070 0.00

0.072 0.25

0.080 0.40

0.083 1.00

The distribution mean is 0.07805 Ci/g.

Figure 3-25. Specific Activity of Pu-239 and Pu-240 Mixtures in Canister Sludge.
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4.0 CALCULATIONS 

The stochastic calculation uses Monte-Carlo techniques to randomly generate floor and canister 
sludge volumes and concentrations for each key in K East Basin.  These keys are then retrieved 
in a random order and added to sludge containers.  Each simulation gives values for the 
inventories in the containers that were filled.  After many repetitions, a probability distribution is 
determined for each quantity of interest, e.g., isotope amounts, heat generation rate, and 
inhalation dose.  Bounding values are selected from each spectrum.  The typical bound 
(95th percentile) is exceeded no more than 5% of the cases. 

Most of the radioactivity is found in the canister sludge.  These calculations assume that the 
sludge retrieval process is 100% efficient, i.e., that no sludge is left behind.  However, the 
currently proposed retrieval process will remove most of the floor sludge but leave a portion of 
the canister sludge behind.  Thus, the assumption of 100% removal of both floor and canister 
sludge leads to sludge container inventory estimates (both mean and bounding) that are high. 

The PDFs for the stochastic calculations have been selected to preserve the mean values of the 
input data.  The average values for these input parameters can be calculated by hand.  
A comparison of these hand calculated average input parameters to the stochastic calculations is 
provided as a check on the stochastic analysis approach. 

4.1 STOCHASTIC METHOD 

The stochastic method employed to model the distribution of various items of interest in filled 
sludge containers has two parts.  The first part is generating the volumes and compositions of 
floor and canister sludge in each key using the PDFs discussed in Section 3.0.  The floor and 
canister sludge amounts are combined to give the total amount of each item of interest in a key.  
The second part of the calculation is selecting the key retrieval order and filling the sludge 
containers. 

The calculation of floor sludge amounts is shown in Figure 4-1.  The floor sludge volume for this 
key is the mean value from Table 3-1 multiplied by a variability factor that ranges from 0.8 to 
1.2, as shown in the upper portion of Figure 4-1.  This volume is used to calculate the total 
amount of the other items from their concentration.  The concentration calculation begins with 
the random selection of one of the 23 floor sample results.  Then a variability factor is created 
that ranges from 0.2 to 1.8.  This factor is multiplied by all the materials in the sample to 
generate the concentrations of most of the materials.  In particular, the floor sludge density, the 
uranium concentration, the concentration of the 13 isotopes, the heat generation rate per unit 
volume, and the inhalation dose per unit volume are all calculated this way.  Two additional 
random numbers are needed to calculate the uranium metal concentration and the plutonium 
mass.  The uranium metal concentration is calculated from the floor sludge density and a uniform 
distribution that ranges from 0 to 1.5%.  The total plutonium per unit volume is calculated from 
the Pu-238, the Pu-239/240, and the Pu-241 concentrations.  Pu-242 is not included because it is 
a minor contributor.  The second random number is needed to calculate a value for the 
Pu-239/240 specific activity.  Each of these concentrations is multiplied by the floor sludge 
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volume for this key to give the total amounts of the materials of interest shown in the tall box on 
the right side of Figure 4-1.  Note that the input concentrations are all tallied for comparison with 
the input data. 

 

Figure 4-1.  Stochastic Calculation:  Floor Sludge Amounts per Key. 
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The calculation of canister sludge amounts is shown in Figures 4-2 and 4-3.  The canister sludge 
volume is based on the canister sludge depth measurements.  One of the depths for each fuel 
condition is selected at random.  The depth is multiplied by a variability factor that ranges from 
0.5 to 1.5.  As shown in Figure 4-2, this is done for both types of fair condition fuel and the 
result is combined as described in Section 3.3.1.  Note that the sludge depths are all tallied for 
comparison with the data.  The depths are then multiplied by the appropriate depth-to-volume 
conversion factors based on the canister condition.  These conversion factors are discussed in 
Section 3.3.1 and are taken from WHC-SD-SNF-TI-034. The result is the total volume of 
canister sludge in the key. 

 

Figure 4-2.  Stochastic Calculation:  Canister Sludge Volume per Key. 
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This sludge volume is used to calculate the total amount of sludge mass, U Metal, uranium 
(total), Co-60, Sr-90, Tc-99, Cs-134, Cs-137, Er-152, Er-154, Np-237, Am-241, Pu-238, Pu-239, 
Pu-240, Pu-241, heat rate, dose, and total plutonium mass within a given key.  The concentration 
calculation begins with the random selection of one of the 8 canister sample results for sludge 
density.  Then a variability factor is created that ranges from 0.33 to 1.67.  This factor is 
multiplied by the selected density.  The resulting sludge density is used in the calculation of the 
uranium metal and the uranium total concentrations.  The uranium metal concentration is 
calculated from a uniform distribution that ranges from 0 to 5% of the sludge density.  The total 
uranium concentration is calculated as a uniform distribution between the upper and lower 
bounds for uranium concentration, which depend on the sludge density.  The randomly selected 
uranium concentration is then multiplied by the segregated sludge concentrations from 
HNF-8760 to generate the concentrations of most of the materials.  In particular the 
concentration of the 13 isotopes, the plutonium mass per unit volume, the heat generation rate 
per unit volume, and the inhalation dose per unit volume are all calculated this way.  Each of 
these concentrations is multiplied by the canister sludge volume for this key to give the total 
amounts of the materials of interest shown in the tall box on the right side of Figure 4-3.  Note 
that selected input concentrations are tallied for comparison with the input data. 

Figure 4-3.  Stochastic Calculation:  Canister Sludge Amounts per Key. 
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Having calculated the total amounts of floor and canister sludge for a particular key, the next 
step is to add these amounts together.  It is assumed that all of the floor and canister sludge 
associated with a key will be placed in the sludge container.  The calculation of the total amounts 
per key is shown in Figure 4-4. 

The calculations shown in Figure 4-1 through Figure 4-4 are repeated until values are assigned to 
all 52 keys.  Then the key retrieval calculations begin. 

 

Figure 4-4.  Stochastic Calculation:  Total Sludge Amount per Key. 
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The process of selecting the retrieval sequence begins with the list of 52 keys in the order they 
were created.  This is shown as the “DATA LIST” in Figure 4-5.  A random number from 1 to 52 
selects one of these keys to be the first retrieved from K East Basin.  This key is at the top of the 
“PICK LIST” in Figure 4-5.  This key is removed from the data list.  The next iteration begins by 
generating a random number from 1 to 51 to select from the remaining keys in the data list.  The 
selected key is transferred to the pick list.  The iteration is repeated until there is one key left in 
the data list.  This key is added to the bottom of the pick list without generating a random 
number.  Thus, a total of 51 random numbers are used to rearrange the keys into a random 
retrieval sequence. 

 

Figure 4-5.  Stochastic Calculation:  Generating a Retrieval Sequence. 
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To fill the sludge containers with the amounts in each key, the first key in the pick list is added to 
the first container.  If the container is not full, then the second key is added.  This is repeated 
until the container is full.  The extra from the last key added is placed in the next container.  This 
process is illustrated in Figure 4-6.  The key amounts are divided according to volume.  If 30% 
of the key volume goes into the next container, then 30% of the key amounts also go into the 
next container.  If the last container is less than 90% full, it is ignored.  The 90% criteria is an 
assumption that was tested and found to have little effect on the final results (see Section 5.8.7). 

 

 

Figure 4-6.  Stochastic Calculation:  Filling Sludge Containers. 
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The filled containers are tallied as illustrated in Figure 4-7.  First the concentration of each item 
of interest is computed.  The concentrations are computed as the amount (either activity or mass) 
divided by the volume of the container, or by the mass of sludge, or by the mass of uranium.  
Each concentration in each container is tallied using the same procedure.  The magnitude of the 
concentration determines which bin it goes into.  Once the bin is selected, the number of counts 
in that bin is increased by one. 

Figure 4-7.  Stochastic Calculation:  Tallying Container Concentrations. 
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The basin is emptied (all keys retrieved) many times to obtain a good statistical representation in 
the tallies, i.e., many counts in each of the tally bins.  Each time the basin is emptied, one or 
more containers of the specified volume are filled.  The independent random events required to 
model the emptying of the basin are summarized in Table 4-1.  The calculational steps discussed 
above are shown as three blocks in Table 4-1.  The first two blocks list the random calculations 
for floor sludge and calculations for canister sludge.  The random arrangement of the keys is the 
last block in Table 4-1.  The block headings are in bold type.  The total number of random events 
for each block is shown in parentheses. 

In Table 4-1, the column labeled “Count” has the number of random events for each random 
variable during one retrieval sequence.  Events with a count of 52 are generated independently 
for each key.  There are 52 keys.  The only event in the first part that affects all keys is the floor 
sludge volume adjustment factor. 

The canister sludge depth calculation occurs for each of the four fuel conditions that apply for a 
given key (shown in Table 3-12).  However, if there are no bad canisters in a given key, the 
depth of bad sludge will not be computed for that key.  Hence, the number shown (171) is no 
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simple multiple of 52.  The random ordering of the keys has 51 random events to order the 
52 keys for retrieval.  Once 51 keys are selected, only one key remains to be taken. 

 

Table 4-1.  Overview of Random Events to Empty K East Basin.  
Random Variable Method of Calculation Count 

Floor Sludge Amounts (209) 
Volume Factor 
{Section 3.1} 

uniform from 0.8 to 1.2 1 

Sample Index 
{Section 3.2} 

discrete number from 1 to 23 52 

Sample Variability Factor 
{Section 3.2} 

uniform from 0.2 to 1.8 52 

Uranium Metal Fraction 
{Section 3.6} 

uniform from 0 to 0.015 52 

Pu-239/240 Specific Activity 
{Section 3.7} 

continuous from 0.070 to 0.083 Ci/g 52 

Canister Sludge Amounts (550) 
Sludge Depth Index 

{Section 3.3} 
discrete (good, fair, poor, bad) 171 

Sludge Depth Variability Factor 
{Section 3.3} 

uniform from 0.5 to 1.5 171 

Sludge Density Index 
{Section 3.4} 

discrete number from 1 to 8 52 

Sludge Density Variability Factor 
{Section 3.4} 

uniform from 0.33 to 1.67 52 

Uranium Concentration Factor 
{Section 3.4.5} 

uniform 52 

Uranium Metal Fraction 
{Section 3.6} 

uniform from 0 to 0.050 52 

Container Filling (51) 

Key Retrieval Order discrete number from 1 to the number of keys 
remaining in the basin 51 

Total Random Events to Empty K East Basin 810 
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4.2 PRESERVATION OF MEAN VALUES 

The calculation of mean results will be presented to illustrate the nature of the calculation and 
serve as a check on the stochastic results.  The comparisons between calculated mean values and 
stochastic results are divided into three general areas, floor sludge input data, canister sludge 
input data, and container results.  Where possible, the standard deviations are compared as well. 

4.2.1 Floor Sludge Input Data 

The floor sludge concentrations were tallied to verify that the stochastic distribution being used 
was representing the sample data and imputed values.  The typical plot is shown in Figure 4-8.  
This figure shows the CDF for floor sludge density.  The data values are shown as squares. 

Figure 4-8.  Stochastic Result for Floor Sludge Density.   
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The mean values for floor sludge concentrations discussed in Sections 3.1 and 3.2 are listed in 
Table 4-2.  The mean value for uranium metal is half the maximum shown in Table 3-29.  Heat 
and dose values are computed as described in Section 3.5.  The total plutonium is computed 
using the PDF for Pu-239/240 specific activity presented in Section 3.7.  The percent differences 
between the sample mean and the stochastic mean is less than 0.5% in all cases.  The standard 
deviations increase 10% to 20% in the stochastic analysis.  The actual increase depends on how 
the data values are distributed between the maximum and minimum values. 
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Table 4-2.  Floor Sludge Comparisons -- Samples vs Stochastic. 

From Samples From Stochastic Analysis 
Component 

Mean Standard 
Deviation Mean Standard 

Deviation 

Percent 
Difference: 
Standard 
Deviation 

Co-60, µCi/mL 8.14E-01 7.00E-01 8.14E-01 8.42E-01 20% 
Sr-90, µCi/mL 1.80E+02 4.14E+02 1.80E+02 4.54E+02 10% 
Tc-99, µCi/mL 6.99E-02 9.10E-02 6.99E-02 1.03E-01 13% 

Cs-134, µCi/mL 1.12E-01 2.10E-01 1.12E-01 2.32E-01 11% 
Cs-137, µCi/mL 2.55E+02 4.68E+02 2.55E+02 5.19E+02 11% 
Eu-152, µCi/mL 1.18E-02 2.12E-02 1.18E-02 2.35E-02 11% 
Eu-154, µCi/mL 1.47E+00 2.65E+00 1.47E+00 2.94E+00 11% 
Eu-155, µCi/mL 7.26E-01 1.22E+00 7.26E-01 1.36E+00 11% 
Np-237, µCi/mL 1.39E-03 1.83E-03 1.39E-03 2.07E-03 13% 
Pu-238, µCi/mL 1.87E+00 2.81E+00 1.87E+00 3.15E+00 12% 

Pu-239/240, µCi/mL 1.00E+01 1.30E+01 1.00E+01 1.48E+01 14% 
Pu-241, µCi/mL 1.05E+02 1.58E+02 1.05E+02 1.77E+02 12% 
Am-241, µCi/mL 1.02E+01 1.65E+01 1.02E+01 1.84E+01 11% 

Uranium, kg/L 6.41E-02 1.38E-01 6.41E-02 1.52E-01 10% 
Density, kg/L 1.27E+00 2.37E-01 1.27E+00 2.84E-01 20% 

Heat, W/m3 3.18E+00 na 3.18E+00 6.63E+00 na 
Dose, rem/ml 1.05E+04 na 1.05E+04 1.70E+04 na 
U metal, kg/L 9.52E-03 na 9.52E-03 6.02E-03 na 

Plutonium, kg/L 1.29E-04 na 1.30E-04 1.92E-04 na 
Pu-239/240 Specific 

Activity 7.81E+01 na 7.81E+01 4.64E+00 na 

• The isotope concentrations, uranium concentration, and sludge density were measured in the samples or 
imputed.  The other items shown in the list were not measured. 

• Mean isotope concentrations, density and uranium concentration in floor sludge are described in Sections 
3.1 and 3.2.  The heat generation rate and inhalation dose factor are computed using the conversion factors 
shown in Section 3.5.  The uranium metal concentration is calculated using half the maximum shown in 
Table 3-29.  The total plutonium concentration is computed using the specific activity PDF for Pu-239/240 
described in Section 3.7 in addition to the specific activities for Pu-238 and Pu-241. 

• Stochastic results are from tallies taken immediately after the input item is calculated (see Figure 4-1). 
• Percent differences for the mean values are all less than 0.5%. 
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4.2.2 Canister Sludge Input Data 

The canister sludge concentrations are tallied to verify that the PDFs being used represent the 
input data.  Figure 4-3 shows where in the calculation of canister sludge amounts per key that the 
tallies occur.  The canister sludge density, uranium concentration, and uranium metal 
concentration use the same PDF for each key.  However, the isotope concentrations, heat, dose 
and total plutonium tallies are different for each key because the Radnuc2A numbers depend on 
the key.  Thus, these tallies are not simple distributions of data, but involve the superposition of 
52 different distributions.  Each of the 52 distributions is formed by the product of the total 
uranium PDF with the Radnuc2A concentration for that key. 

The mean and standard deviation for canister sludge density and total uranium total 
concentration are shown in Table 3-16 and again in Table 4-3 as “Hand Calculated Sums” to 
distinguish them from the “Stochastic Results.”  The mean value for uranium metal 
concentration is the mean canister sludge density times the mean uranium metal fraction in 
canister sludge (2.5%).  The standard deviation for uranium metal concentration is not readily 
computed from the product of the two distributions.  Thus in Table 4-3, the mean is shown, but 
not the standard deviation. 

The mean for the canister sludge isotopic concentrations can be calculated by summing the 
isotope concentrations in Tables 3-18, 3-19, and 3-20, then multiplying by the average uranium 
concentration in canister sludge (0.860 kg/L) and finally dividing by 52.  Because the isotope 
concentrations involve the uranium distribution and the relative amounts of the isotope in each 
key, the standard deviation could not be calculated by hand from the data.  Thus in Table 4-3, the 
mean values are shown, but not the standard deviations. 

Also shown in Table 4-3 are the stochastic results from the tallies.  These match the expected 
mean values within 1.5%.  The difference arises from the method used to calculate uranium 
concentration in the base case stochastic analysis.  As discussed in Section 3.4.5, the method 
leads to a slightly higher (1.5%) mean value for the uranium concentration, which accounts for 
the difference noted in Table 4-3. 

The standard deviations for uranium and density are from the sample data.  The stochastic result 
for these standard deviations is 20% larger.  The increase is due to the variability factor applied 
to each data point. 

The lower portion of Table 4-3 compares values for canister sludge depth.  Because the mean 
values for canister sludge depth are essentially the same, only the percent differences for the 
standard deviations are shown in Table 4-3.  Because of the nature of the data for good fuel, the 
standard deviation reported in the stochastic analysis is less than the standard deviation 
calculated directly from the 5 data points.  Figure 4-9 shows the cumulative tally for good 
condition fuel.  The individual points show the cumulative data points used in Figure 3-13. 
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Table 4-3.  Canister Sludge Comparisons -- Hand Calculated Sums versus Stochastic. 
Hand Calculated Sums Stochastic Results 

Component 
Mean Standard 

Deviation Mean Standard 
Deviation 

Percent 
Difference: 

Mean 

Co-60, µCi/mL 1.41E+00 Na 1.43E+00 1.48E+00 1.5% 
Sr-90, µCi/mL 3.72E+03 Na 3.77E+03 3.62E+03 1.5% 
Tc-99, µCi/mL 1.09E+00 Na 1.11E+00 1.10E+00 1.6% 

Cs-134, µCi/mL 6.43E+00 Na 6.53E+00 1.19E+01 1.5% 
Cs-137, µCi/mL 4.93E+03 na 5.00E+03 4.92E+03 1.5% 
Eu-152, µCi/mL 3.63E-01 na 3.68E-01 4.14E-01 1.5% 
Eu-154, µCi/mL 4.25E+01 na 4.31E+01 5.36E+01 1.5% 
Eu-155, µCi/mL 8.29E+00 na 8.41E+00 8.60E+00 1.5% 
Np-237, µCi/mL 2.27E-02 na 2.31E-02 2.31E-02 1.5% 
Pu-238, µCi/mL 4.72E+01 na 4.79E+01 5.68E+01 1.5% 

Pu-239/240, µCi/mL 1.57E+02 na 1.59E+02 1.57E+02 1.5% 
Pu-241, µCi/mL 2.68E+03 na 2.72E+03 3.20E+03 1.5% 
Am-241, µCi/mL 1.58E+02 na 1.60E+02 1.88E+02 1.5% 

Uranium, kg/L 0.860 0.571 0.874 0.684 1.5% 
Density, kg/L 1.87 0.523 1.87 0.624 0.0% 

Heat, W/m3 6.09E+01 na 6.18E+01 6.13E+01 1.5% 
Dose, rem/ml 1.79E+05 na 1.82E+05 1.98E+05 1.5% 
U metal, kg/L 4.68E-02 na 4.65E-02 3.27E-02 -0.7% 

Plutonium, kg/L 1.87E-03 na 1.90E-03 1.82E-03 1.5% 

Canister Sludge Depth, inches Standard 
Deviation 

Good 0.465 1.04 0.465 0.959 -7.8% 
Fair 1.61 na 1.61 0.893 na 
Poor 4.56 4.14 4.56 4.44 7.3% 
Bad 4.56 4.14 4.56 4.44 7.4% 

• Mean isotope concentrations in canister sludge are calculated from the sum of the Ci/MTU for each key 
(from Section 3.4) multiplied by the uranium concentration and divided by 52 (number of keys).  This gives 
the average concentration per key, unweighted.  The heat generation rate and inhalation dose factor are 
computed using the conversion factors shown in Section 3.5.  The uranium metal concentration is 
calculated using half the maximum shown in Table 3-29.  The total plutonium concentration is computed 
using the specific activities described in Section 3.7. 

• Stochastic results are from tallies taken immediately after the input item is calculated (see Figure 4-3). 
• Percent differences for the mean values are shown in the upper portion of the table.   Percent differences for 

the standard deviations are only shown for canister sludge depths (the mean values are the same).  Negative 
values signify that the stochastic result is smaller. 
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Figure 4-9.  Stochastic Result for Canister Sludge Depth (Good Fuel). 
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Comparing Figure 4-9 with Figure 3-13 shows the effect of using individual sludge depths along 
with a variability factor.  For good fuel canister sludge, the greatest depth measured becomes a 
uniform distribution that starts at a depth of 0.5 × 2.325 in. and a probability of 0.80.  It ends at a 
depth of 1.5 × 2.325 in. and a probability of 1.00.  The other 80% of the results have a depth of 0. 

The graph of the tally for fair fuel is shown in Figure 4-10.  The stochastic result for aluminum 
and stainless steel canisters has been combined.  The combination is weighted more strongly 
toward the aluminum; hence the curve is closer to the lower data. 

 

 4-14  



SNF-10293, REV 0 

Figure 4-10.  Stochastic Result for Canister Sludge Depth (Fair Fuel). 
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Figure 4-11 shows the stochastic results for bad and poor fuel along with the data values used for 
the input probability distribution.  The graph for poor condition fuel is identical to Figure 4-11 
because the bad and poor fuel are assumed equivalent. 

The canister sludge density and uranium concentration were tallied two ways.  The first is the 
individual tallies shown in Figure 4-12 and 4-13.  The data values are shown as squares.  The 
method for calculating uranium concentration produces a smooth curve through the data points. 
The second tally is a two dimensional array in which canister sludge density is the horizontal 
axis and uranium concentration is the vertical axis.  This was done to verify that the uranium 
concentration is calculated from the sludge density as described in Section 3.4.5.  The two 
dimension array has the same outline as Figure 3-24.  In addition, the columns are uniform 
distributions between the lower and upper bounds. 
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Figure 4-11.  Stochastic Result for Canister Sludge Depth (Poor and Bad Fuel). 
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Figure 4-12.  Stochastic Result for Canister Sludge Density.   
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Figure 4-13.  Stochastic Result for Canister Sludge Uranium Concentration.   
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4.2.3 Container Results 

The mean concentrations in the filled containers can be calculated using the mean floor sludge 
concentrations shown in Table 4-2 and the weighted mean canister sludge concentrations.  The 
weighted mean canister sludge concentrations are calculated by multiplying the “Method A” 
concentrations shown in Table 3-23 by the average uranium concentration, 0.860 kg/L. 

The relative amounts of canister and floor sludge are calculated from the average total volumes 
of each.  The total floor sludge volume is 11.7 m3 (Table 3-1), while the total canister sludge 
volume is 2.86 m3 (Table 3-13).  Thus, the floor sludge is 80.3% of the total volume, and canister 
sludge is 19.7% of the total volume.  The floor and canister sludge concentrations are combined 
using these fractions.  In effect, all the sludge in cubicles containing fuel is mixed together to 
give the average concentration.  This mixture is then put into containers.  The resulting mean 
values for sludge containers are shown in Table 4-4. 

The stochastic mean values are slightly higher than the calculated ones because of the slight 
difference in uranium concentration.  When one distribution is divided by another distribution, as 
in the cases of a quantity per unit mass of another quantity, the stochastic result will not preserve 
the mean.  Hence, there are small differences between the heat generation rate per MT sludge or 
per MTU.  This is also true for inhalation dose per unit mass of soil inhaled, and plutonium 
weight percent. 
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Table 4-4.  Container Sludge Data Mean Values. 
Sludge Concentrations Container Mean Values 

Component 
Floor Canister Weighted Stochastic 

Percent 
Difference 

Co-60, µCi/mL 8.14E-01 1.41E+00 9.32E-01 9.35E-01 0.3% 
Sr-90, µCi/mL 1.80E+02 4.24E+03 9.78E+02 9.87E+02 0.9% 
Tc-99, µCi/mL 6.99E-02 1.28E+00 3.08E-01 3.10E-01 0.9% 

Cs-134, µCi/mL 1.12E-01 5.64E+00 1.20E+00 1.21E+00 1.1% 
Cs-137, µCi/mL 2.55E+02 5.66E+03 1.32E+03 1.33E+03 0.9% 
Eu-152, µCi/mL 1.18E-02 4.24E-01 9.28E-02 9.37E-02 1.0% 
Eu-154, µCi/mL 1.47E+00 4.88E+01 1.08E+01 1.09E+01 1.0% 
Eu-155, µCi/mL 7.26E-01 7.89E+00 2.13E+00 2.15E+00 0.9% 
Np-237, µCi/mL 1.39E-03 2.67E-02 6.37E-03 6.43E-03 0.9% 
Pu-238, µCi/mL 1.87E+00 5.71E+01 1.27E+01 1.29E+01 0.9% 

Pu-239/240, µCi/mL 1.00E+01 1.83E+02 4.41E+01 4.44E+01 0.9% 
Pu-241, µCi/mL 1.05E+02 3.16E+03 7.06E+02 7.13E+02 0.9% 
Am-241, µCi/mL 1.02E+01 1.96E+02 4.67E+01 4.71E+01 0.9% 

Uranium, kg/L 6.41E-02 8.60E-01 2.21E-01 2.23E-01 0.9% 
Density, kg/L 1.27E+00 1.87E+00 1.39E+00 1.39E+00 0.0% 

Heat, W/m3 3.18E+00 7.05E+01 1.64E+01 1.66E+01 0.9% 
Heat, W/MT 2.50E+00 3.76E+01 1.18E+01 1.16E+01 -1.6% 

Heat, W/MTU 4.96E+01 8.19E+01 7.44E+01 7.54E+01 1.4% 
Dose, rem/ml 1.05E+04 2.15E+5 5.08E+04 5.12E+04 0.9% 
Dose, rem/g 8.25E+03 1.15E+5 3.66E+04 3.61E+04 -1.4% 

U metal, kg/L 9.52E-03 4.68E-02 1.69E-02 1.68E-02 -0.6% 
Pu Mass Fraction 1.02E-04 2.16E-03 3.82E-04 3.77E-04 -1.3% 
Canister-to-Total 

Volume Ratio na na 0.197 0.196 -0.3% 

• The Weighted Container Mean Values are computed by multiplying the Floor Sludge Concentration by 
0.803 and multiplying the Canister Sludge Concentration by 0.197 and adding the two numbers.  
Concentrations that are calculated by dividing by another density, such as “Dose, rem/g”, must also be 
weighted by the density. 

• The Stochastic Container Mean Values are results from the stochastic calculations. 
• The “Percent Difference” column is calculated from the “Weighted” and “Stochastic” columns.  A negative 

percent difference signifies that  the stochastic result is smaller than the weighted sum of the floor and 
canister concentrations. 

• The row labeled “Pu Mass Fraction” is the total plutonium mass in the container divided by the total mass 
of sludge in the container.  This ratio is also known as a total Pu weight percent.  A different name was 
chosen to avoid confusion since the numbers are fractions, not percents. 
 

The sum of the volumes of sludge in individual keys has been tallied.  The binned probabilities 
are shown in Figure 4-14.  The horizontal scale is the sludge volume in cubic meters.  The 
vertical scale is the probability per bin.  Each bin is 0.050 m3 wide.  The probability per bin is the 
number of results counted in one bin divided by the total number of cases.  The values for floor 

 4-18  



SNF-10293, REV 0 

sludge have been doubled to clearly separate the curve for floor sludge from the curve for the 
total. 

The curve for canister sludge has a typical bell curve appearance.  This is expected from the 
variety of random inputs (342 for each random composition).  The curve for floor sludge follows 
a uniform distribution, as expected from the method used to adjust the floor sludge volume.  The 
upper portion of the curve for floor sludge is not perfectly flat due to the small number of counts 
per bin (about 2,100).  If the bins were wider, or the number of simulations larger, the curve 
would be flatter.  The range of values for floor sludge volume matches the expected range, 80% 
to 120% of the mean.  The minimum floor sludge volume is 9.37 m3 which is approximately 0.8 
times the mean of 11.7 m3.  The maximum is 14.05 m3 which is approximately 1.2 times the 
mean. 

Figure 4-14.  Stochastic Result for Sludge Total Volume in All Keys. 
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The numeric results from the stochastic curve are listed in Table 4-5.  The total number of sludge 
compositions that were generated is 200,000.  The “Average Values” are the simple arithmetic 
means.  Note that the mean and 50th percentile values are close, indicating that the curves shown 
in Figure 4-14 are very symmetric. 
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Table 4-5.  Stochastic Results for the Total Sludge Volume (m3). 
Type of Sludge Floor Canister Total 

Average Values 1.17E+01 2.86E+00 1.46E+01 

95th Percentile 1.38E+01 3.63E+00 1.68E+01 

99th Percentile 1.40E+01 4.00E+00 1.73E+01 

Standard Deviation 1.35E+00 4.14E-01 1.41E+00 

Minimum Value 9.37E+00 1.65E+00 1.12E+01 

Maximum Value 1.405E+01 4.89E+00 1.85E+01 

Geometric Mean 1.16E+01 2.83E+00 1.45E+01 

Geometric Std Dev 1.12E+00 1.15E+00 1.10E+00 

    

The standard deviation for a uniform distribution is calculated from the formula shown below.  
Values have been inserted to show the calculation for the floor sludge distribution.  The 
theoretical result agrees very well with the observed stochastic result shown in Table 4-5. 

( ) 3
33

m 1.35  
12

m 9.37  - m 14.05  
12

Min -Max  Deviation  Standard SludgeFloor ===  

The geometric mean and standard deviation are also calculated for information.  The primary use 
for the geometric mean and standard deviation is in the alternate case in which lognormal 
distributions are used to represent floor sludge concentrations. 
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5.0 STOCHASTIC RESULTS FOR THREE CONTAINER VOLUMES 

The results of the stochastic calculation are presented in this section.  Tables with mean and 
bounding statistics are given along with a plot of the output PDF. 

5.1 CANISTER-TO-TOTAL VOLUME RATIO 

The ratio of the canister sludge volume to the total volume of sludge in a container is an indicator 
of potential heat generation rates within the container.  A bounding value of 40% has been used.  
This quantity was tallied to examine the likelihood of extreme values.  The stochastic result for 
probability distribution is shown in Figure 5-1.  The vertical scale in this figure is the probability 
per bin.  In this figure, each bin is 0.004 wide.  The bin width was chosen so that the 99th 

percentile value is near bin 120.  The probability distributions shown in Figure 5-1 show the first 
125 bins. 

The curve for 0.5 m3 has the smallest peak height, and also has a peak at very low canister-to-
total sludge ratios.  This small ratio peak is because of the sludge in key 15458, the key with the 
most canisters.  None of the canisters in key 15458 contain fuel in bad or poor condition, so the 
volume of canister sludge is low compared to the floor sludge associated with this key.  The 
mean total volume is 1.628 m3, which is enough for three of the 0.5 m3 containers. 

This peak at small canister-to-total sludge ratios illustrates a limitation of this stochastic analysis.  
As the container volume becomes small compared to the volume of sludge in the individual keys, 
certain ratios begin to dominate.  The problem is that the stochastic modeling is carried out at the 
key volume level, so any container volume smaller than a significant fraction of the keys is likely 
to give unrealistic results.  To accurately represent smaller container volumes, greater detail is 
needed in the stochastic model to better represent sludge at the individual canister level. 

The curve for the 0.5 m3 container has a peak value around a ratio of 0.21 with a probability of 
0.015 per bin.  The curve for the 2.0 m3 container has a peak value around a ratio of 0.20 with a 
probability of 0.023 per bin.  The curve for the 12 m3 container has a peak value around a ratio of 
0.19 with a probability of nearly 0.05 per bin.  The shape of the curves illustrates that larger 
container volumes make the extreme values less likely.  With larger containers, the 
concentrations are usually closer to the mean. 
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Figure 5-1.  Stochastic Result for the Canister-to-Total Volume Ratio. 
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The numeric results from the stochastic analysis are summarized in Table 5-1.  The “Total 
Count” is the total number of containers that were filled.  For the 12 m3 volume, only one 
“container” is filled per key retrieval simulation.  Hence, the total container count is 10 million.  
For the 2 m3 volume, there are 6 or 7 containers per simulation.  For the 0.5 m3 volume, there are 
around 28 containers.  These counts are the same for all the distributions discussed in 
Section 5.3. 

 

Table 5-1.  Stochastic Results for the Canister-to-Total Sludge Volume 
Ratio. 

Container Volume 0.5 m3 2 m3 12 m3 

Total Count 287,461,350 69,009,050 10,000,000 

Average Values 0.196 0.196 0.197 

95th Percentile 0.371 0.313 0.253 

99th Percentile 0.452 0.364 0.277 

Standard Deviation 0.107 0.072 0.032 

Minimum Value 0.000 0.000 0.086 

Maximum Value 0.780 0.568 0.362 

Geometric Mean 0.144 0.178 0.195 

Geometric Std Dev. 3.02 1.65 1.18 
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The maximum and minimum values in Table 5-1 illustrate the effect of container size.  The 
variability from container to container decreases with increasing volume. 

5.2 SLUDGE DENSITY 

Sludge density is calculated as the mass of sludge in a container divided by the volume of sludge 
in that container.  The average sludge density in filled containers was tallied in the stochastic 
analysis.  The distribution of densities is shown in Figure 5-2.  As was noted in the curves for 
canister-to-total sludge volume ratios, the 0.5 m3 volume has the smallest peak and the greatest 
spread, while the 12 m3 volume has the tallest peak and the least spread.  In addition, the peak 
value increases with increasing container volume.  

The numeric results from the stochastic analysis are summarized in Table 5-2.  Note that the 
distribution mean is the same for all three volumes.  The increase in the peak with increasing 
volume is related to the skewing of the curve.  The smallest volume is the most asymmetric as 
evidenced by having the largest 99th percentile.  The upper bounds (95th and 99th percentile) and 
the standard deviation decrease with increasing volume.  The bin width in Figure 5-2 is 
0.01 kg/L. 

Figure 5-2.  Stochastic Result for the Sludge Density. 
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Table 5-2.  Stochastic Results for the Sludge Density (kg/L). 

Container Volume 0.5 m3 2 m3 12 m3 

Total Count 287,461,350 69,009,050 10,000,000 

Average Values 1.39 1.39 1.39 

95th Percentile 1.78 1.65 1.50 

99th Percentile 2.28 1.89 1.59 

Standard Deviation 0.226 0.147 0.065 

Minimum Value 1.01 1.01 1.18 

Maximum Value 3.30 3.28 1.95 

Geometric Mean 1.37 1.38 1.39 

Geometric Std Dev 1.16 1.11 1.05 

 

5.3 ISOTOPIC COMPOSITION 

Isotopic inventories in the various sludge container volumes were tallied as part of the stochastic 
analysis.  The results are graphed and summarized in various tables in this section.  The widths 
of the bins used in each tally are listed at the end of Appendix F.  They were selected so that the 
99th percentile would be near bin number 120. 

Many of the graphs show a trend that the peak value increases with increasing container volume.  
Examination of the statistical summary table shows that the mean values are very nearly the 
same.  The selection of the PDFs preserves the same mean values for all container volumes.  The 
number of keys that are added to a container depends on the volume.  With larger volumes, more 
keys are added.  The decrease in the relative standard deviation for sums of PDFs mentioned in 
Section 2.0 makes the decreasing width of the peak understandable.  With larger containers, 
more keys are summed and the relative standard deviation should decrease.  The trend in the 
peak value is related to the skewing of the curve.  The smallest volume has the longest tail 
towards large values.  To keep the mean value the same, there must be more outcomes at lower 
values to offset the ones at higher values.  Because there are fewer bins between the lowest 
possible value (usually zero) and the mean, the probability per bin must be greater.  Hence, as the 
sludge volume decreases the relative standard deviation increases, i.e., the extreme values 
become more likely.  The right half of the peak slumps toward high values while the left half of 
the peak pushes toward the lower limit.  The net effect is that the peak shifts toward smaller 
values. 
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Figure 5-3.  Stochastic Result for the Co-60 Concentration. 
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Table 5-3.  Stochastic Results for the Co-60 Concentration (Ci/m3). 

Container Volume 0.5 m3 2 m3 12 m3 

Total Count 287,461,350 69,009,050 10,000,000 

Average Values 9.36E-01 9.36E-01 9.37E-01 

95th Percentile 2.19E+00 1.67E+00 1.25E+00 

99th Percentile 3.14E+00 2.24E+00 1.42E+00 

Standard Deviation 6.11E-01 3.95E-01 1.71E-01 

Minimum Value 1.73E-02 2.33E-02 3.75E-01 

Maximum Value 1.13E+01 5.54E+00 2.12E+00 

Geometric Mean 7.75E-01 8.62E-01 9.22E-01 

Geometric Std Dev 1.93E+00 1.52E+00 1.20E+00 
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Figure 5-4.  Stochastic Result for the Sr-90 Concentration. 
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Table 5-4.  Stochastic Results for the Sr-90 Concentration (Ci/m3). 

Container Volume 0.5 m3 2 m3 12 m3 

Total Count 287,461,350 69,009,050 10,000,000 

Average Values 9.90E+02 9.87E+02 9.93E+02 

95th Percentile 2.61E+03 1.94E+03 1.37E+03 

99th Percentile 3.73E+03 2.49E+03 1.55E+03 

Standard Deviation 8.26E+02 5.15E+02 2.12E+02 

Minimum Value 7.95E-01 1.69E+00 2.29E+02 

Maximum Value 1.50E+04 6.55E+03 2.29E+03 

Geometric Mean 6.45E+02 8.43E+02 9.70E+02 

Geometric Std Dev 3.22E+00 1.89E+00 1.24E+00 
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Figure 5-5.  Stochastic Result for the Tc-99 Concentration. 
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Table 5-5.  Stochastic Results for the Tc-99 Concentration (Ci/m3). 
Container Volume 0.5 m3 2 m3 12 m3 

Total Count 287,461,350 69,009,050 10,000,000 

Average Values 3.11E-01 3.10E-01 3.12E-01 

95th Percentile 7.86E-01 5.89E-01 4.19E-01 

99th Percentile 1.13E+00 7.48E-01 4.71E-01 

Standard Deviation 2.44E-01 1.52E-01 6.15E-02 

Minimum Value 4.07E-04 9.89E-04 8.13E-02 

Maximum Value 3.81E+00 1.81E+00 6.84E-01 

Geometric Mean 2.21E-01 2.72E-01 3.06E-01 

Geometric Std Dev 2.68E+00 1.76E+00 1.22E+00 
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Figure 5-6.  Stochastic Result for the Cs-134 Concentration. 
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Table 5-6.  Stochastic Results for the Cs-134 Concentration (Ci/m3). 

Container Volume 0.5 m3 2 m3 12 m3 

Total Count 287,461,164 69,009,050 10,000,000 

Average Values 1.22E+00 1.21E+00 1.22E+00 

95th Percentile 3.88E+00 3.50E+00 2.13E+00 

99th Percentile 1.10E+01 6.80E+00 2.84E+00 

Standard Deviation 2.33E+00 1.32E+00 4.85E-01 

Minimum Value 1.37E-03 2.94E-03 2.06E-01 

Maximum Value 1.12E+02 3.86E+01 7.31E+00 

Geometric Mean 6.03E-01 8.50E-01 1.14E+00 

Geometric Std Dev 3.93E+00 2.47E+00 1.46E+00 
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Figure 5-7.  Stochastic Result for the Cs-137 Concentration. 
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Table 5-7.  Stochastic Results for the Cs-137 Concentration (Ci/m3). 

Container Volume 0.5 m3 2 m3 12 m3 

Total Count 287,461,350 69,009,050 10,000,000 

Average Values 1.33E+03 1.33E+03 1.34E+03 

95th Percentile 3.45E+03 2.58E+03 1.82E+03 

99th Percentile 4.96E+03 3.29E+03 2.06E+03 

Standard Deviation 1.09E+03 6.78E+02 2.78E+02 

Minimum Value 2.55E+00 3.77E+00 3.43E+02 

Maximum Value 2.00E+04 8.74E+03 3.05E+03 

Geometric Mean 8.73E+02 1.14E+03 1.31E+03 

Geometric Std Dev 3.25E+00 1.87E+00 1.24E+00 
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Figure 5-8.  Stochastic Result for the Eu-152 Concentration. 
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Table 5-8.  Stochastic Results for the Eu-152 Concentration (Ci/m3). 

Container Volume 0.5 m3 2 m3 12 m3 

Total Count 287,461,350 69,009,050 10,000,000 

Average Values 9.40E-02 9.37E-02 9.43E-02 

95th Percentile 2.56E-01 1.89E-01 1.31E-01 

99th Percentile 3.84E-01 2.48E-01 1.49E-01 

Standard Deviation 8.38E-02 5.17E-02 2.06E-02 

Minimum Value 6.38E-05 1.57E-04 2.05E-02 

Maximum Value 1.85E+00 7.87E-01 2.30E-01 

Geometric Mean 5.89E-02 7.86E-02 9.21E-02 

Geometric Std Dev 3.38E+00 1.96E+00 1.25E+00 
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Figure 5-9.  Stochastic Result for the Eu-154 Concentration. 
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Table 5-9.  Stochastic Results for the Eu-154 Concentration (Ci/m3). 

Container Volume 0.5 m3 2 m3 12 m3 

Total Count 287,461,350 69,009,050 10,000,000 

Average Values 1.09E+01 1.09E+01 1.09E+01 

95th Percentile 3.02E+01 2.23E+01 1.52E+01 

99th Percentile 4.68E+01 2.98E+01 1.74E+01 

Standard Deviation 1.01E+01 6.17E+00 2.44E+00 

Minimum Value 7.98E-03 1.94E-02 2.42E+00 

Maximum Value 2.55E+02 1.06E+02 2.90E+01 

Geometric Mean 6.80E+00 9.07E+00 1.07E+01 

Geometric Std Dev 3.37E+00 1.97E+00 1.26E+00 
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Figure 5-10.  Stochastic Result for the Eu-155 Concentration. 
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Table 5-10.  Stochastic Results for the Eu-155 Concentration (Ci/m3). 
Container Volume 0.5 m3 2 m3 12 m3 

Total Count 287,461,350 69,009,050 10,000,000 

Average Values 2.16E+00 2.15E+00 2.16E+00 

95th Percentile 5.69E+00 4.39E+00 3.14E+00 

99th Percentile 9.26E+00 6.48E+00 3.73E+00 

Standard Deviation 1.90E+00 1.22E+00 5.27E-01 

Minimum Value 3.54E-03 1.31E-02 5.90E-01 

Maximum Value 5.71E+01 2.17E+01 6.63E+00 

Geometric Mean 1.55E+00 1.86E+00 2.10E+00 

Geometric Std Dev 2.52E+00 1.77E+00 1.27E+00 
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Figure 5-11.  Stochastic Result for the Np-237 Concentration. 
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Table 5-11.  Stochastic Results for the Np-237 Concentration (Ci/m3). 
Container Volume 0.5 m3 2 m3 12 m3 

Total Count 287,461,350 69,009,050 10,000,000 

Average Values 6.44E-03 6.43E-03 6.47E-03 

95th Percentile 1.64E-02 1.23E-02 8.71E-03 

99th Percentile 2.35E-02 1.56E-02 9.79E-03 

Standard Deviation 5.10E-03 3.17E-03 1.28E-03 

Minimum Value 8.27E-06 1.99E-05 1.69E-03 

Maximum Value 7.97E-02 3.77E-02 1.42E-02 

Geometric Mean 4.55E-03 5.61E-03 6.34E-03 

Geometric Std Dev 2.71E+00 1.78E+00 1.22E+00 
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Figure 5-12.  Stochastic Result for the Pu-238 Concentration. 
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Table 5-12.  Stochastic Results for the Pu-238 Concentration (Ci/m3). 
Container Volume 0.5 m3 2 m3 12 m3 

Total Count 287,461,350 69,009,050 10,000,000 

Average Values 1.29E+01 1.29E+01 1.29E+01 

95th Percentile 3.52E+01 2.58E+01 1.78E+01 

99th Percentile 5.22E+01 3.35E+01 2.02E+01 

Standard Deviation 1.14E+01 7.02E+00 2.78E+00 

Minimum Value 8.86E-03 1.97E-02 2.91E+00 

Maximum Value 1.77E+02 8.32E+01 3.01E+01 

Geometric Mean 8.16E+00 1.08E+01 1.26E+01 

Geometric Std Dev 3.29E+00 1.96E+00 1.25E+00 
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Figure 5-13.  Stochastic Result for the Pu-239/240 Concentration. 
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Table 5-13.  Stochastic Results for the Pu-239/240 Concentration (Ci/m3). 
Container Volume 0.5 m3 2 m3 12 m3 

Total Count 287,448,950 68,997,500 10,000,000 

Average Values 4.46E+01 4.44E+01 4.47E+01 

95th Percentile 1.14E+02 8.52E+01 6.05E+01 

99th Percentile 1.65E+02 1.09E+02 6.82E+01 

Standard Deviation 3.55E+01 2.20E+01 9.00E+00 

Minimum Value 5.28E-02 6.93E-02 1.38E+01 

Maximum Value 5.47E+02 3.30E+02 9.90E+01 

Geometric Mean 3.15E+01 3.88E+01 4.38E+01 

Geometric Std Dev 2.70E+00 1.78E+00 1.23E+00 
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Figure 5-14.  Stochastic Result for the Pu-241 Concentration. 
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Table 5-14.  Stochastic Results for the Pu-241 Concentration (Ci/m3). 
Container Volume 0.5 m3 2 m3 12 m3 

Total Count 287,461,350 69,009,050 10,000,000 

Average Values 7.15E+02 7.13E+02 7.18E+02 

95th Percentile 1.94E+03 1.44E+03 9.89E+02 

99th Percentile 2.91E+03 1.88E+03 1.12E+03 

Standard Deviation 6.33E+02 3.90E+02 1.55E+02 

Minimum Value 5.12E-01 1.17E+00 1.62E+02 

Maximum Value 1.34E+04 5.79E+03 1.71E+03 

Geometric Mean 4.58E+02 6.00E+02 7.01E+02 

Geometric Std Dev 3.22E+00 1.94E+00 1.25E+00 

 

 

 5-16  



SNF-10293, REV 0 

Figure 5-15.  Stochastic Result for the Am-241 Concentration. 
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Table 5-15.  Stochastic Results for the Am-241 Concentration (Ci/m3). 
Container Volume 0.5 m3 2 m3 12 m3 

Total Count 287,461,350 69,009,050 10,000,000 

Average Values 4.72E+01 4.71E+01 4.74E+01 

95th Percentile 1.26E+02 9.29E+01 6.47E+01 

99th Percentile 1.82E+02 1.19E+02 7.30E+01 

Standard Deviation 4.01E+01 2.48E+01 9.87E+00 

Minimum Value 4.61E-02 7.38E-02 1.13E+01 

Maximum Value 5.78E+02 2.82E+02 1.06E+02 

Geometric Mean 3.11E+01 4.00E+01 4.63E+01 

Geometric Std Dev 3.08E+00 1.90E+00 1.24E+00 
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5.4 HEAT GENERATION RATE 

The heat generation rate is tallied three ways during the simulation.  The first is the total heat 
generated per unit volume of sludge.  The second is the heat generated per unit mass of sludge.  
The third is the heat generated per unit mass of uranium (total).  The second two tallies were 
necessary because they involve division of the first by another distribution, either total sludge 
mass or total uranium mass.  The distribution of heat generation rates is shown in Figures 5-16, 
5-17, and 5-18.  The corresponding numeric results from the stochastic analysis are summarized 
in Tables 5-16, 5-17, and 5-18.  The bin widths are 0.56 W/m3, 0.32 W/MT, and 1.0 W/MTU. 

Figure 5-16.  Stochastic Result for Heat Generation per Unit Volume. 
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Table 5-16.  Stochastic Results for Heat Generation Rate per Unit 
Volume (W/m3). 

Container Volume 0.5 m3 2 m3 12 m3 

Total Count 287,461,350 69,009,050 10,000,000 

Average Values 1.66E+01 1.66E+01 1.67E+01 

95th Percentile 4.32E+01 3.22E+01 2.27E+01 

99th Percentile 6.20E+01 4.12E+01 2.57E+01 

Standard Deviation 1.36E+01 8.48E+00 3.46E+00 

Minimum Value 5.67E-02 1.07E-01 4.06E+00 

Maximum Value 2.39E+02 1.06E+02 3.76E+01 

Geometric Mean 1.11E+01 1.42E+01 1.63E+01 

Geometric Std Dev 3.03E+00 1.85E+00 1.24E+00 
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Figure 5-17.  Stochastic Result for Heat Generation per Unit Mass of Sludge. 
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Table 5-17.  Stochastic Results for Heat Generation per Unit Mass of 
Sludge (W/MT). 

Container Volume 0.5 m3 2 m3 12 m3 

Total Count 287,461,350 69,009,050 10,000,000 

Average Values 1.13E+01 1.16E+01 1.19E+01 

95th Percentile 2.65E+01 2.09E+01 1.56E+01 

99th Percentile 3.59E+01 2.58E+01 1.73E+01 

Standard Deviation 7.98E+00 5.22E+00 2.14E+00 

Minimum Value 5.60E-02 9.64E-02 3.30E+00 

Maximum Value 8.45E+01 5.51E+01 2.39E+01 

Geometric Mean 8.11E+00 1.03E+01 1.18E+01 

Geometric Std Dev 2.72E+00 1.73E+00 1.20E+00 
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Figure 5-18.  Stochastic Result for Heat Generation per Unit Mass of Uranium. 
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Table 5-18.  Stochastic Results for Heat Generation per Unit Mass of Uranium 

(W/MTU). 
Container Volume 0.5 m3 2 m3 12 m3 

Total Count 287,461,350 69,009,050 10,000,000 

Average Values 7.41E+01 7.54E+01 7.51E+01 

95th Percentile 1.00E+02 9.44E+01 8.51E+01 

99th Percentile 1.07E+02 9.91E+01 8.79E+01 

Standard Deviation 2.24E+01 1.48E+01 7.34E+00 

Minimum Value 5.60E+00 8.98E+00 3.51E+01 

Maximum Value 4.85E+02 4.48E+02 9.72E+01 

Geometric Mean 7.01E+01 7.36E+01 7.47E+01 

Geometric Std Dev 1.44E+00 1.27E+00 1.11E+00 

 

 5-20  



SNF-10293, REV 0 

5.5 INHALATION DOSE FACTOR 

The inhalation dose factor is tallied two ways during the simulation.  The first is the inhalation 
dose per unit volume of sludge.  The second is the inhalation dose per unit mass of sludge.  The 
second tally is necessary because the mass of sludge in a container is another distribution.  The 
distribution of dose factors is shown in Figure 5-19 and Figure 5-20.  The corresponding numeric 
results from the stochastic analysis are summarized in Table 5-19 and Table 5-20.  The bin width 
in Figure 5-19 is 1,700 rem/ml while the bin width in Figure 5-20 is 1,000 rem/g. 

Figure 5-19.  Stochastic Result for Inhalation Dose per Unit Volume. 
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Table 5-19.  Stochastic Results for Inhalation Dose per Unit 

Volume (rem/ml). 
Container Volume 0.5 m3 2 m3 12 m3 

Total Count 287,461,350 69,009,050 10,000,000 

Average Values 5.13E+04 5.12E+04 5.15E+04 

95th Percentile 1.34E+05 9.95E+04 6.98E+04 

99th Percentile 1.94E+05 1.27E+05 7.87E+04 

Standard Deviation 4.23E+04 2.62E+04 1.05E+04 

Minimum Value 5.85E+01 1.31E+02 1.26E+04 

Maximum Value 6.20E+05 2.99E+05 1.16E+05 

Geometric Mean 3.50E+04 4.41E+04 5.04E+04 

Geometric Std Dev 2.89E+00 1.84E+00 1.23E+00 
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Figure 5-20.  Stochastic Result for Inhalation Dose per Unit Mass of Sludge. 
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Table 5-20.  Stochastic Results for Inhalation Dose per Unit Mass of 

Sludge (rem/g). 
Container Volume 0.5 m3 2 m3 12 m3 

Total Count 287,461,350 69,009,050 10,000,000 

Average Values 3.50E+04 3.61E+04 3.70E+04 

95th Percentile 8.36E+04 6.55E+04 4.83E+04 

99th Percentile 1.14E+05 8.07E+04 5.35E+04 

Standard Deviation 2.52E+04 1.64E+04 6.58E+03 

Minimum Value 5.60E+01 1.17E+02 1.02E+04 

Maximum Value 2.49E+05 1.57E+05 7.53E+04 

Geometric Mean 2.55E+04 3.20E+04 3.64E+04 

Geometric Std Dev 2.61E+00 1.73E+00 1.20E+00 

 

5.6 URANIUM CONCENTRATION 

The total uranium concentration of the sludge in a container is tallied during the simulation.  The 
distribution of densities is shown in Figure 5-21.  The corresponding numeric results from the 
stochastic analysis are summarized in Table 5-21.  The bin width in Figure 5-21 is 0.0075 kg/L. 
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Figure 5-21.  Stochastic Result for Total Uranium Concentration. 
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Table 5-21.  Stochastic Results for Total Uranium Concentration (kg/L). 

Container Volume 0.5 m3 2 m3 12 m3 

Total Count 287,461,350 69,009,050 10,000,000 

Average Values 2.23E-01 2.23E-01 2.24E-01 

95th Percentile 5.81E-01 4.39E-01 3.17E-01 

99th Percentile 8.64E-01 5.94E-01 3.70E-01 

Standard Deviation 1.81E-01 1.17E-01 5.13E-02 

Minimum Value 3.78E-04 1.37E-03 6.28E-02 

Maximum Value 2.38E+00 1.75E+00 6.50E-01 

Geometric Mean 1.59E-01 1.93E-01 2.18E-01 

Geometric Std Dev 2.61E+00 1.77E+00 1.26E+00 

 

The uranium metal concentration is also tallied.  This is the uranium metal mass divided by the 
sludge volume.  The distribution of concentrations is shown in Figure 5-22.  The corresponding 
numeric results from the stochastic analysis are listed in Table 5-22.  The bin width in 
Figure 5-22 is 0.00038 kg/L. 
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Figure 5-22.  Stochastic Result for Uranium Metal Concentration. 
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Table 5-22.  Stochastic Results for Uranium Metal Concentration. 

Container Volume 0.5 m3 2 m3 12 m3 

Total Count 287,461,350 69,009,050 10,000,000 

Average Values 1.68E-02 1.68E-02 1.68E-02 

95th Percentile 3.20E-02 2.60E-02 2.09E-02 

99th Percentile 4.26E-02 3.21E-02 2.31E-02 

Standard Deviation 8.22E-03 5.30E-03 2.33E-03 

Minimum Value 1.17E-05 1.39E-04 7.29E-03 

Maximum Value 1.21E-01 7.58E-02 3.41E-02 

Geometric Mean 1.47E-02 1.59E-02 1.67E-02 

Geometric Std Dev 1.79E+00 1.40E+00 1.15E+00 
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5.7 PLUTONIUM WEIGHT PERCENT 

The plutonium weight percent in the sludge is tallied during the simulation.  This is the total 
mass of plutonium in a container divided by the mass of sludge.  The distribution is shown in 
Figure 5-23.  The corresponding numeric results from the stochastic analysis are summarized in 
Table 5-23.  Note that in the table, the numbers are shown as fractions rather than percents.  The 
bin width in Figure 5-23 is 0.001%. 

Figure 5-23.  Stochastic Result for Plutonium Weight Percent. 
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Table 5-23.  Stochastic Results for Plutonium Weight Fraction. 
Container Volume 0.5 m3 2 m3 12 m3 

Total Count 287,461,350 69,009,050 10,000,000 

Average Values 3.66E-04 3.77E-04 3.86E-04 

95th Percentile 8.23E-04 6.56E-04 4.96E-04 

99th Percentile 1.10E-03 7.99E-04 5.47E-04 

Standard Deviation 2.40E-04 1.57E-04 6.42E-05 

Minimum Value 7.36E-07 1.79E-06 1.16E-04 

Maximum Value 2.29E-03 1.58E-03 7.58E-04 

Geometric Mean 2.82E-04 3.41E-04 3.81E-04 

Geometric Std Dev 2.35E+00 1.63E+00 1.19E+00 
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5.8 ALTERNATIVES TO THE BASE CASE 

Several additional cases were run to better understand the influence of some of the modeling 
choices.  These cover both the selection of parameters and the shape of the PDF. 

5.8.1 Floor Sludge Volume 

Rather than represent the floor sludge volume as a uniform distribution that applies to all the 
keys at the same time, the floor sludge volume associated with each key (listed in Table 3-1) was 
allowed to vary independently.  However, the variance was greater.  The uniform distribution 
that applies to the entire basin (base case) has a range from 80% to 120% of the mean.  As 
described in Section 3.1 the uniform distribution that was applied to the floor sludge volume for 
each key (this alternate case) ranges from 19% to 181% of the mean value.  This range was set 
by an iterative process until the standard deviation on the total floor sludge volume was 10%, or 
1.17 m3. 

Only two stochastic results changed significantly.  The first is the standard deviation on the floor 
sludge volume associated with cubicles that have fuel.  It decreased from 1.35 m3 to 1.17 m3.  
The second is the canister-to-total sludge volume ratio for the 0.5 m3 container, which increased 
from 0.371 to 0.410.  The results for mean and 95th percentile changed no more than 5% for all 
container volumes.   The graphs are essentially the same, except for the sludge volume tally.  
This is shown in Figure 5-24.  Comparing this figure with Figure 4-11, the total volume of floor 
sludge in cubicles that have fuel has changed from a uniform distribution to one that resembles a 
normal distribution. 

Figure 5-24.  Stochastic Result for Total Sludge Volume with Independent Key Volumes. 
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5.8.2 Floor Sludge Isotopic Composition 

The four alternate cases described in Section 3.2.2 were run. The first reduces the variability 
factor to the range 0.9 to 1.1.  The second uses a piecewise continuous representation of the floor 
sludge compositions.  The third uses a lognormal function to represent the floor sludge data.  The 
fourth doubles the imputed values for floor sludge.  Each of these alternate cases will be 
compared to the base case.   

5.8.2.1  Reduced Variability 

This case changes the variability factor for the floor sludge isotopic composition from the base 
case (0.2 to 1.8) to 0.9 to 1.1.  An example CDF for the floor sludge density is shown in 
Figure 5-25.  This can be compared with the base case CDF shown in Figure 4-8.  The principal 
effect is to reduce the standard deviations of the floor sludge concentrations by as much as 18%.  
However, floor sludge is a minor contributor to the container inventories. 

Figure 5-25.  Stochastic Result Using Reduced Variability for Floor Sludge Density.   
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The container concentrations are largely the same as the base case.  The largest decrease was for 
Co-60 because the average concentrations in floor sludge is within a factor of 2 of the average 
for canister sludge.  The 95th percentile Co-60 concentration decreased by 9%, 7%, and 4% in the 
0.5 m3, 2 m3, and 12 m3 containers, respectively.  All other changes were less than 2%. 

5.8.2.2  Piecewise Continuous Concentrations 

The floor sludge composition can be calculated from the 23 discrete values as a piecewise 
continuous cumulative distribution.  A typical example of this CDF for floor sludge is shown in 
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Figure 3-11.  One random number is generated and used with the cumulative distributions for all 
23 items of interest.  This forces the distributions to be completely correlated.  The mean values 
for all the floor sludge components remain the same, but the continuous distribution has a 
smaller standard deviation.  Thus, it is expected that the stochastic results for the continuous 
distributions should have the same mean values but smaller 95th and 99th percentile values. 

The results with the continuous distributions are largely the same as the  reduced variability case.  
The floor sludge concentrations have the same mean values, and the standard deviations 
decreased as much as 20%.  The container mean values are the same.  The largest decrease in the 
container concentrations is again for Co-60.  The 95th percentile Co-60 concentration decreased 
by 9%, 7%, and 5% in the 0.5 m3, 2 m3, and 12 m3 containers, respectively.  All other changes 
were less than 3%. 

5.8.2.3  Lognormal Cumulative Distributions 

As described in Section 3.2.2, the floor sludge concentrations were represented as cumulative 
lognormal functions using the geometric mean and geometric standard deviation of the measured 
and imputed values.   Two stochastic CDFs are shown in Figures 5-26 and 5-27.  Included in the 
graphs is a more exact lognormal CDF using the error function available in most spreadsheets.  
The points lie on the stochastically determined CDF.  The good agreement between the 
stochastic tally and the theoretical function is partly due to the 52,000,000 values that are tallied.  
Figure 5-27 can be compared with Figure 4-8, which shows the floor sludge density for the base 
case.  Note that the CDF for floor sludge density begins at 1.0 kg/L rather than 0. 

Figure 5-26.  Stochastic Result for Lognormal Floor Sludge Uranium Concentration. 
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Figure 5-27.  Stochastic Result for Lognormal Floor Sludge Density. 
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In this alternate case, the stochastic means for floor sludge concentrations differ from the data, 
with some larger and some smaller.  The largest change was for the uranium concentration, 
which decreased 13%.  The standard deviations of the floor sludge concentrations all decreased.  
The largest decrease was for the uranium concentration, which decreased 48% (to about half the 
base case). 

The container concentrations are largely unchanged, with most differences less than 3%.  Two 
concentrations that saw the greatest change were Co-60 and uranium.  The 95th percentile Co-60 
concentration decreased by 11%, 6%, and 2% in the 0.5 m3, 2 m3, and 12 m3 containers, 
respectively.  The 95th percentile uranium concentration decreased by 9%, 8%, and 6% in the 
0.5 m3, 2 m3, and 12 m3 containers, respectively. 

5.8.2.4  Double the Imputed Values 

This case uses the asterisks in the plots of data and imputed values for floor sludge from 
Section 3.2.  The percent differences between the base case and doubled results for the container 
concentrations are shown in Table 5-24 for the 2 m3 container volumes.  The other containers 
showed nearly the same differences.  Items that changed less than 1% are not shown.  The largest 
increases occur for the isotopes with many imputed values. 
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Table 5-24.  Percent Differences: Doubled Imputed Values Versus Base Case.

 Mean 95th Percent 99th Percent Standard Deviation 
Sr-90 1.0% LT LT LT 
Tc-99 18.1% 14.6% 15.3% 10.7% 

Cs-134 6.6% 2.5% LT LT 
Eu-152 10.0% 7.4% 6.2% 4.8% 
Eu-155 4.9% 2.4% 1.3% LT 
Np-237 13.5% 12.1% 13.0% 10.0% 
Pu-238 4.5% 4.2% 3.5% 3.9% 
Pu-241 11.8% 7.9% 6.2% 4.6% 

Dose per ml 1.8% 1.4% 1.1% LT 
Dose per g 1.7% LT LT LT 

• Percent differences that are positive indicate that the alternate case gave larger results 
than the base case.  Items not shown had no difference greater than 1%. 

• LT = difference is less than 1% 
• Above differences are for the 2 m3 volume.  The other volumes showed nearly the same 

differences. 

 

5.8.3 Canister Sludge Depth 

Four alternate cases were run. The first reduces the variability factor to the range 0.9 to 1.1.  The 
second uses a piecewise continuous representation of the floor sludge compositions.  The last 
two examine the influence of maximum and minimum sludge depths in the two canister barrels 
with off scale readings.  

5.8.3.1  Reduced Variability 

This case changes the variability factor for the canister sludge depth from the base case (0.5 to 
1.5) to 0.9 to 1.1.  The principal effect is to reduce the standard deviations of the canister sludge 
depths by as much as 14%.  The container concentrations are largely the same as the base case.  
The largest decrease was for the canister-to-total sludge volume ratio.  This ratio decreased 3.3% 
and 2.5% in the 0.5 m3 and 2 m3 containers at the 95th percentile.  All other changes to the 95th 
percentile results were less than 2%. 

5.8.3.2  Piecewise Continuous Depth Distributions 

The canister sludge depths can be calculated from the discrete values for good, fair, and poor/bad 
fuel as continuous cumulative distributions.  These distributions are shown in Figure 3-12 and 
Figure 3-13.  The mean values are the same, but the distributions differ in their standard 
deviations  Thus, it is expected that the stochastic results for the sludge containers should have 
the same mean values but smaller 95th and 99th percentile values. 
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The results with the piecewise continuous distributions are largely the same as the base case.  
The canister sludge depths have the same mean values, and the standard deviations decreased as 
much as 15%.  The container mean values are the same.  The container 95th percentile values 
decreased at most 5%.  The stochastic results for the canister sludge depth distribution are shown 
in Figures 5-28, 5-29, and 5-30.  The data points are also shown for reference, as they were in the 
base case depth distributions, Figure 4-8, 4-9, and 4-10.  Compared with the base case, the  
piecewise continuous distributions for sludge depth follow the data points closer.  The stochastic 
results for the base case shown in Figure 4-8 and Figure 4-10 are smoother, and extend to larger 
values. 

Figure 5-28.  Stochastic Result for Continuous Canister Sludge Depth (Good Fuel). 
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Figure 5-29.  Stochastic Result for Continuous Canister Sludge Depth (Fair Fuel). 
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Figure 5-30.  Stochastic Result for Continuous Canister Sludge Depth (Poor and Bad Fuel). 
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5.8.3.3  Limiting Cases for Off Scale Depths 

This case changes the assumed values for the off scale depth readings in poor and bad fuel 
canisters.  The minimum depths are 12 and 13 inches.  The maximum depths are 19 and 20 
inches.  The container concentrations are largely the same as the base case.  The mean values 
increased about 2% going from the smallest to the largest off scale depths.  The 95th percentile 
value increased about 3%.  The largest increase was for Cs-134 in the 12 m3 container.  The 95th 
percentile Cs-134 concentration increased 5%.  Because the base case is near the maximum, the 
increases in the 95th percentile results for the maximum depth case are less than 2% for all items 
tracked. 

5.8.4 Canister Sludge Isotopic Composition 

Four alternate cases were run.  The first uses the canister sample data rather than the isotopic 
concentrations from HNF-8760.  This case includes an additional case in which imputed values 
for both floor and canister sludge are doubled.  The second uses a uniform PDF to represent the 
canister sludge density rather than the sample data.  The third reduces the variability factor to the 
range 0.9 to 1.1.  The fourth uses non-segregated canister sludge from Radnuc2A.  

5.8.4.1  Canister Sludge Data Rather than HNF-8760 

In this case the canister sludge data is treated like the floor sludge data.  The variability factor is 
the same as used for sludge density (0.4 to 1.6).  The uranium concentration is calculated from 
the data rather than the correlation with sludge density used for the base case.  The stochastic 
result for the canister sludge uranium concentration is shown in Figure 5-31.  This can be 
compared with the base case shown in Figure 4-13.  In this alternate case the data is used with a 
variability factor.  Thus, Figure 5-31 for uranium data resembles Figure 4-12, which shows 
sludge density.  The other items tracked have similar graphs.  Plutonium masses are calculated 
using the assumed PDF for Pu-239/240 in addition to the specific activities for Pu-238 and 
Pu-241. 

The stochastic results for containers show significant decreases for all nuclides except Tc-99.  
Ratios between the mean results using canister sludge data and the mean results for the base case 
are shown in Table 5-25.  The canister-to-total ratios were not affected, nor were the sludge 
density.  The Eu-155 concentration decreased by only 5%.  All other nuclide concentrations 
decreased much more.  The Tc-99 increased by nearly a factor of 7.  Overall the heat generation 
rate is half the base case value, and the inhalation dose is 63% of the base case.  Therefore, the 
use of HNF-8760 sludge concentration estimates (base case) leads to larger results than using the 
sample data. 
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Figure 5-31.  Stochastic Result Using Data for Canister Sludge Uranium Concentration. 
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An additional case uses the canister sludge data along with imputed values that have been 
doubled.  Both floor and canister sludge imputations are doubled.  The Tc-99 ratio increases to 
10 and the Eu-155 ratio increases to 1.3.  All other items have lower concentrations than the base 
case. 
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Table 5-25.  Comparison Ratios: Canister Sludge Data Versus HNF-8760. 

Container Volume 0.5 m3 2 m3 12 m3 
Canister-to-Total Ratio 1.00 1.00 1.00 

Co-60 0.86 0.86 0.86 

Sr-90 0.55 0.55 0.55 

Tc-99 6.69 6.69 6.70 
Cs-134 0.13 0.13 0.13 

Cs-137 0.29 0.29 0.29 

Eu-152 0.33 0.33 0.33 

Eu-154 0.35 0.35 0.35 

Eu-155 0.95 0.95 0.95 

Np-237 0.63 0.63 0.63 

Pu-238 0.40 0.40 0.40 

Pu-239/240 0.79 0.79 0.79 

Pu-241 0.41 0.41 0.41 

Am-241 0.60 0.60 0.60 

Total Uranium 0.99 0.99 0.99 

Wet Density 1.00 1.00 1.00 

Heat Generation Rate 0.47 0.47 0.47 

Inhalation Dose 0.63 0.63 0.63 

Uranium Metal 1.00 1.00 1.00 

Pu Weight Percent 0.85 0.85 0.85 

Heat per MT 0.46 0.47 0.47 

Heat per MTU 0.52 0.48 0.47 
The comparison ratios are calculated as the mean stochastic result using the canister 

sludge data divided by the base case mean results. 
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5.8.4.2  Uniform Canister Sludge Density 

The canister sludge wet density was also calculated using a uniform distribution that ranges from 
1.05 kg/L to 2.7 kg/L.  This range of densities preserves the mean value of the canister sludge 
density distribution.  The standard deviation decreases by 21%.  The stochastic result for the 
canister sludge density CDF is shown in Figure 5-32.  This can be compared to the base case 
shown in Figure 4-12.  The straight line indicates that the distribution is uniform. 

Figure 5-32.  Stochastic Result Using a Uniform Distribution for Canister Sludge Density. 
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The container stochastic results have the same mean values as the base case.  The 95th percentile 
values decreased 7% for the 0.5 m3 container, 5% for the 2 m3 container, and 3% for the 12 m3 
container.  
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5.8.4.3  Reduced Variability 

This case changes the variability factor for the canister sludge density from the base case (0.3 to 
1.6) to 0.9 to 1.1.  The principal effect is to reduce the standard deviations of the canister sludge 
concentrations by as much as 21%.  An example for canister sludge density is shown in Figure 
5-33.  This can be compared to the base case shown in Figure 4-12. 

Figure 5-33.  Stochastic Result Using Reduced Variability for Canister Sludge Density. 
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The container average concentrations are largely the same as the base case.  The 95th percentile 
values decrease by less than 8%.  The largest decrease was for total uranium concentration in the 
smallest container.  The mean results are unchanged.  However, the concentrations that are based 
on the amount per unit mass, namely, Pu mass fraction, heat generation per MT sludge, 
inhalation dose per gram all increased about 1.2%. 

5.8.4.4  Non-Segregated Canister Sludge 

The effect of the fuel segregation assumption was examined for completeness.  The non-
segregated fuel has a lower average concentration for all isotopes because the low burnup fuel is 
still present.  Using the non-segregated fuel leads to lower radionuclide concentrations and other 
quantities of interest.  The canister-to-total volume ratio, the uranium concentration (total and 
metal only), and the sludge wet density were not affected by the segregation assumption. 

The stochastic results for non-segregated radionuclide concentrations decreased by as little as 7% 
(Co-60) to as much as 40% (Cs-134, Eu-154 and Pu-238).  The heat generation rates decreased 
by 22% while the inhalation dose factors decreased by 30%. 
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5.8.5 Reduced Variability Factors 

The variability factors for floor sludge isotopic composition, canister sludge depth, and canister 
sludge density were reduced separately in previous cases.  In this case, all three are reduced to 
the range 0.9 to 1.1.  The mean results are unchanged.  However, the concentrations that are 
based on the amount per unit mass, namely, Pu weight percent, heat generation per MT sludge, 
inhalation dose per gram all increased about 1.4%.  The 95th percentile values decreased 10% for 
the 0.5 m3 container, 8% for the 2 m3 container, and 5% for the 12 m3 container. 

5.8.6 One Retrieval Sequence 

Rather than allow any key retrieval sequence as in the base case, particular sequences were 
tested.  The sequences tested are listed in Table 5-26.  Also shown in the table are the results of 
comparisons with the base case.  The percent increases are for the three container volumes (0.5, 
2.0, and 12 m3).  They are the largest increase found for that sequence.  In general, no tracked 
item increased by more than 19%.  The tracked item with the largest increase for each container 
is identified in parentheses. 

Table 5-26.  One Retrieval Sequence Comparisons with Base Case. 

Key Retrieval Order Increase in Stochastic Results from 
Base Case:  0.5 - 2 - 12 m3 

Canister-to-Total Sludge Volume Ratio:  Sort 
keys by the ratio of canister sludge volume 
divided by total sludge volume in the key.  The 
largest ratios are removed first. 

Average: 1% - 5% - 16% 
 (Pu-238 - Pu-238 - Pu-238) 
95th Percent: 5% - 16% - 12% 
 (Ratio - Ratio - Pu-238) 

Number of Bad, Poor, Fair, & Good Canisters:  
Sort keys by fuel condition.  Keys with largest 
number of bad canisters are removed first. 

Average: 1% - 5% - 16% 
 (Eu-154 - Pu-238 - Pu-238) 
95th Percent: 4% - 11% - 11% 
 (Ratio - Ratio - Pu-238) 

Canister Sludge Volume:  Sort keys by the 
canister sludge volume.  Keys with the largest 
volume are removed first. 

Average: 1% - 3% - 3% 
 (Pu-238 - Pu-238 - Am-241) 
95th Percent: 2% - 6% - 4% 
 (Np-237 - Ratio - Total U) 

Average Canister Sludge Volume per Cubicle:  
Sort keys by the ratio of canister sludge volume 
divided by the total number of canisters in that 
key.  Keys with largest ratios are removed first. 

Average: 1% - 4% - 6% 
 (Pu-238 - Pu-238 - Eu-154) 
95th Percent: 2% - 3% - 5% 
 (Ratio - Eu-154 - Pu-241) 

Reverse Chronological Order (youngest first):  
Sort keys by key number.  Largest key number is 
removed first. 

Average: 1% - 5% - 15% 
 (Cs-134 - Cs-134 - Cs-134) 
95th Percent: 3% - 19% - 11% 
 (Pu-238 - Cs-134 - Cs-134) 

Chronological Order (oldest first):  Sort keys 
by key number.  Smallest key number is removed 
first. 

Average: 1% - 5% - 16% 
 (Pu-238 - Pu-238 - Pu-238) 
95th Percent: 3% - 17% - 12% 
 (Cs-134 - Cs-134 - Pu-238) 

The percent increases are shown for all three volumes with the 0.5 m3 volume first, the 2 m3 
volume second, and the 12 m3 volume third.  Shown in parentheses is the item with the 
largest increase for each volume.  “Ratio” = canister-to-total sludge volume ratio 
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The largest increases are for the largest container.  The reason for this effect is that the largest 
container discards the largest amount of sludge.  The mean total volume of sludge is 14.6 m3.  
Thus the filling process for the 12 m3 container discards 2.6 m3 of sludge on the average.  The 
2 m3 container filling process discards 0.6 m3 and the 0.5 m3 container filling process discards 
0.1 m3 each time the basin cubicles are emptied.  Because there is one retrieval sequence, the 
same group of keys is affected each time the basin is emptied.  The magnitude of the change is 
related to the volume discarded. 

5.8.7 Tally All Containers 

The base case tallies containers that are more than 90% full and discards the others.  If all 
partially full containers are added to the tallies, then some bias is introduced, depending on how 
the concentrations of the partially filled containers are tallied.  Two methods were used.  One 
calculates the concentrations in partially filled containers using the container volume.  This 
increases the number of low concentration containers, biasing the bounding results toward lower 
values.  The other method calculates concentrations in partially filled containers using the sludge 
volume.  This increases the number of high concentration containers, biasing the bounding 
results toward higher values. 

The first method (container volume) decreased the mean values in the 0.5 m3 container by 2%, 
the 2 m3 container by 6%, and the 12 m3 container by 39%.  The large decrease for the large 
container is understandable because there is a partial container for nearly every full container.  
The 95th percentile values decreased 1%, 4%, and 21% in the three container volumes. 

The second method (sludge volume) increased the mean values less than 2% for all three 
volumes.  The 95th percentile results increased by 0%, 3%, and 26% in the three container 
volumes.  Again the large increase for the 12 m3 container is because there is a partial container 
for nearly every full container. 

An additional case was run using the 90% criteria where the partially filled containers that are 
counted (i.e., more than 90% full) base the concentration on the sludge volume rather than the 
container volume.  There was no difference greater than 1% for the three volumes. 
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6.0 SOFTWARE VERIFICATION AND VALIDATION 

A stand-alone program was written to carry out the stochastic analysis.  The program is written 
in the Pascal language as implemented by the Borland Pascal Compiler, Version 7.0.  The 
software reads a data file, performs the requested number of simulated K East Basin retrievals 
and then writes the output file.  The 10,000,000 retrieval simulations require about 6 hours of 
computer time on a 1 GHz personal computer. 

6.1 USER GUIDE 

The program is named PDF-11.  The “11” indicates it was the 11th major version.  The date of 
this version is July 26, 2002.  To run the program, it is necessary to open a DOS window.  At the 
prompt, type “PDF-11” to start it.  With no command line input, the program shows the 
information in Figure 6-1. 

Figure 6-1.  Default Screen Output of PDF-11. 
 
PDF-11  July 26, 2002  by Paul D. Rittmann PhD CHP 
Computes random distributions of sludge inventories in sludge containers 
Requires command line input of 
 (1) execution options: b7 means floor sludge volume by key 70-130% 
     A,B - floor sludge volume:  whole basin (A) or each key (B) 
     C,D,E - floor sludge compositions: 
         C = sample data with variability factor 
         D = sample data point-to-point 
         E = lognormal function 
     K,L - canister sludge depth: discrete (K) or point-to-point (L) 
     M,N,O - canister sludge compositions: 
         M = HNF-8760 isotopics with density data 
         N = HNF-8760 isotopics with uniform density 
         O = sample data only 
     R - specific key retrieval sequence (R1 to R6) 
     Snn - ignore containers less than nn% full, use container volume 
     Tnn - ignore containers less than nn% full, use sludge volume 
 (2) number of random sludge compositions 
 (3) number of random key orders for each composition (skip with R flag) 
 (4) one or more container sludge volumes, in cubic meters 
 
For example,  PDF-11  b4  20000  50  0.5 2 12  will compute different 
  floor sludge volume factors for each key from the range 40% to 160%. 
  It will generate 20,000 sludge compositions, and use 50 key orderings. 
  In effect, the K East Basin is emptied 1,000,000 times. 
  The container volumes are 0.5, 2.0, and 12.0 cubic meters. 
 

To actually run the simulations, there must be at least three items on the command line when the 
program starts.  These are listed in Figure 6-1.  The execution options are not required.  If the 
first item on the command line is a number, the program assumes that all defaults will be used.  
The option characters may be followed by a number that replaces the default quantity with a new 
value.  For example, using “A7” will change the floor sludge volume adjustment factor so it uses 

 6-1  



SNF-10293, REV 0 

the range 0.7 to 1.3 rather than the default range of 0.8 to 1.2.  More than one option may be 
invoked in a single run.  For example, to change all the variability factors to the range 0.9 to 1.1, 
the option string is “c9k9m9”. 

The first number on the command line is the number of sludge compositions to generate for 
K East Basin.  This number is required for all execution options.  It must be greater than 9. 

The second number is how many random key retrieval sequences to use with each composition.  
It must be greater than 2.  If the “R” option has been specified, then the program does not read 
this number from the command line. 

The third number (or second number if the “R” option is used) is the volume of the sludge 
container.  Up to four container volumes are allowed.  The container volumes must be at least 
0.1 m3.  Note that valid command line input requires that sludge volumes with decimal points 
must have a number on both sides of the decimal point, or a read error will occur. 

If the container volume is less than the sludge volume for a significant portion of the keys, the 
stochastic representation loses its credibility.  A reasonable limit is a container volume that is 
greater than the total sludge volume per key for half of the 52 keys. 

A cumulative plot of the total sludge volume per key is shown in Figure 6-2.  The total sludge 
volumes include both floor and canister sludge using the averages discussed in Section 3.0.  
A reasonable limit is the median, or 50th percentile value from Figure 6-2, 0.2 m3.  Half of the 
keys have a total sludge volume greater than this. 

Figure 6-2.  Cumulative Total Sludge Volume per Key. 
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When the program runs, it reads the data files named PDF-11.DAT and PDF-11.HDR.  These 
data files are listed in Appendix F for reference.  The program expects to find them in the current 
directory.  If they are not in the directory, or are in use by another program, the run will end with 
an error message. 

While the program is running, it displays how many compositions have been tested at this point.  
If the user wishes to end the run prematurely, pressing any button on the keyboard is sufficient.  
This will end the run as though a smaller number of compositions had been requested.  The 
output tables are written to the file PDF-11.OUT in every case.  If the output is worth saving, it 
should be copied to a file with another name to keep it from being replaced on the next PDF-11 
run.  The output file is a space-delimited text file that can be read into a spreadsheet to facilitate 
graphing the stochastic results, or converting the output concentrations into other units. 

The output file is very long, typically exceeding 1.4 megabyte.  Most of the length is because of 
the 66 tables of stochastic results, each of which has hundreds of lines.  The output can be 
divided into three sections.  The first section echoes certain data inputs and lists some cumulative 
probability distributions.  These tables are of interest in checking that the input data file was read 
correctly.   The second section shows the stochastically determined probability distributions in 
43 tables.  These include the Pu-239/240 specific activity, canister sludge depth, total sludge 
volume in all keys, and the 38 concentrations in floor and canister sludge average over all keys.  
The third section shows the stochastic results for 23 quantities in each container volume. 

The output begins with the program identifier (PDF-11  July 26, 2002).  Then follows a summary 
of the stochastic model being used for this run.  Included are the title lines from tables read from 
the data files (PDF-11.DAT and PDF-11.HDR).  The first data file contains the sludge depth 
measurements shown in Appendix C.  The average canister sludge depths are computed and 
displayed in the first portion of the output shown in Figure 6-3.  This is done to verify that the 
program has correctly interpreted the depth measurements.  The mean depths are then used to 
calculate the total sludge volume associated with each key as shown in Table 3-1.  This table 
appears in the output file, as shown in Figure 6-4. 
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Figure 6-3.  First Block of Output from PDF-11 (Input Data). 
 
 
Results from PDF-11  July 26, 2002  by Paul D. Rittmann PhD CHP 
 
Floor Sludge Stochastic Parameters: 
 One floor sludge factor for all keys -- 80% to 120% 
 Floor sludge composition: discrete -- 20% to 180% 
 U metal fraction range -- 0.0% to 1.5% 
Canister Sludge Stochastic Parameters: 
 Canister sludge depth: discrete -- 50% to 150% 
 Canister sludge composition: HNF-8760 + density data -- 40% to 160% 
 U metal fraction range -- 0.0% to 5.0% 
Random key retrieval sequences 
Containers less than 90% full are not tallied 
  Container volume determines sludge concentration 
 
Title Line for PDF-11.DAT: 
K East Basin Sludge Data June 19, 2002 by P. D. Rittmann 
 
Title Line for Sludge Information by Key: 
Canister Counts and Floor Sludge Volume by Key from Baker, Pearce, & Welsh 
 
Title Line for Sludge Depth Measurements: 
Canister Sludge Measurements (5043=17 in. and 6070=18 in.) 
 
Canister Sludge Depths (inches) 
Good Fuel        Fair Fuel        Poor/Bad Fuel 
Cubicle  Depth   Cubicle  Depth   Cubicle  Depth 
 1845E  2.3250    0450E  2.9300    0455W  1.9717 
 2244E  0.0000    1858E  0.8120    0627W  1.0043 
 2244W  0.0000    2210E  1.0643    0668E  3.2325 
 2248W  0.0000    2353E  1.7943    0668W  1.8133 
 4661E  0.0000    2711E  1.6967    1236W  4.3633 
                  2905E  1.6500    1243W  2.2714 
                  3727W  3.0229    1267E  4.7683 
                  4138W  3.3157    2024E  1.1700 
                  4168E  0.3767    2031W  1.4400 
                  4168W  0.4267    2211W  4.0217 
                  4620W  2.6686    2214E  2.2629 
                  4627W  1.3056    2229E  3.3050 
                  4865W  2.0475    2350E  3.4429 
                  4869E  2.5850    2355W  1.6817 
                  5069E  2.7425    2540E  1.1557 
                  5254E  1.3217    2722E  1.7960 
                  5427E  1.5800    2756E  1.3614 
                  6069W  0.0700    3128W  3.3440 
                  ***AL  1.7450    3971W  1.2433 
                                   4143W  2.2933 
                  0418E  0.6589    4564E  2.0100 
                  3125W  1.4233    4564W  5.9267 
                  4359W  0.2830    4569E  3.4200 
                  5238W  1.2437    4569W 10.5900 
                  5608E  0.0000    4571E  7.4140 
                  5618E  0.8517    4850W  2.0975 
                  5618W  1.5257    5043W 17.0000 
                  6057E  1.9071    5055W  5.6575 
                  6413E  1.4550    5427W  3.2443 
                  ***SS  1.1178    5445E  7.5225 
                                   5465E  6.8400 
                                   5465W  8.5540 
                                   6070W 18.0000 
                                   6071W  8.7433 
  Mean  0.4650     Mean  1.6145     Mean  4.5577    
 
Sludge Data File (PDF-11.DAT) contains 52 keys 
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Figure 6-4.  Second Block of Output from PDF-11 (Input Data). 
 
Sludge Volumes from Depth Distribution Mean Values 
Good: 0.465 in.    Fair: 1.614 in.    Poor: 4.558 in.    Bad : 4.558 in.     
      0.620 L/in.        0.620 L/in.        0.770 L/in.        0.770 L/in.   
Key        Sludge Volumes (L) 
Number   Floor   Canister    Total 
 9621     3.110     3.003     6.113 
10001     5.643     1.289     6.932 
10201    41.326    38.604    79.929 
10259   151.959    59.337   211.296 
10294   292.966   151.387   444.353 
10350     8.383     7.019    15.402 
10385   294.793   122.311   417.104 
10456   279.956    87.759   367.715 
10576    50.994     7.023    58.017 
10602   283.716   109.882   393.598 
10679   202.677   108.745   311.422 
10742   233.482    79.034   312.516 
10764     8.033     3.596    11.628 
10770   252.769    68.011   320.780 
10832   535.477   190.252   725.729 
10982   280.432    82.273   362.705 
11036   163.051    39.986   203.037 
11109   289.422    86.577   375.999 
11183   471.398   139.026   610.424 
11372   278.720   117.904   396.624 
11449   284.569    95.396   379.965 
11540   147.241    31.351   178.592 
11733     6.784     1.289     8.073 
11806   229.906    73.655   303.561 
11897   419.582   102.015   521.597 
11979   384.276    96.738   481.014 
12127   272.099    64.448   336.547 
12201   179.512    52.280   231.792 
12240     5.706     0.865     6.571 
12285   764.827   132.260   897.087 
12480   565.882   106.903   672.785 
12565   513.714    64.763   578.477 
12639   494.531    79.452   573.983 
12852    24.334     4.444    28.778 
13015     4.025     2.290     6.316 
13649    48.944    11.740    60.683 
13685    28.829     3.019    31.849 
14065     1.110     0.288     1.398 
14355   105.117    26.494   131.611 
14356   190.234   114.572   304.806 
14722     0.978     0.288     1.266 
15204   721.261   101.641   822.902 
15240     1.818     0.577     2.395 
15316   200.985    21.590   222.575 
15399     6.972     2.002     8.974 
15444     5.273     0.288     5.561 
15451   113.236    10.074   123.310 
15455    27.964     1.442    29.406 
15457    10.552     0.577    11.129 
15458  1498.380   129.654  1628.034 
15460   185.065    17.586   202.651 
15461   136.197    11.244   147.441 
Total 11708.210  2864.246 14572.456 liters    Canister Fraction = 0.1966 
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The sludge depth table shown in Figure 6-3  is sorted to construct the continuous cumulative 
distribution functions shown in Figure 3-12 and Figure 3-13.  These functions are only used if a 
negative value is entered for the third container volume.  (The default distribution is the data 
points modified by a variability factor.)  This sorted table is shown in Figure 6-5. 

Figure 6-5.  Third Block of Output from PDF-11 (Input Data). 
 
Canister Sludge Cumulative Distributions (inches) 
 Good Fuel         Fair Fuel         Poor Fuel         Bad Fuel 
 Depth    Prob     Depth    Prob     Depth    Prob     Depth    Prob 
 0.0000  0.1000    0.0700  0.0278    1.0043  0.0147    1.0043  0.0147 
 0.0000  0.3000    0.3767  0.0833    1.1557  0.0441    1.1557  0.0441 
 0.0000  0.5000    0.4267  0.1389    1.1700  0.0735    1.1700  0.0735 
 0.0000  0.7000    0.8120  0.1944    1.2433  0.1029    1.2433  0.1029 
 2.3250  0.9000    1.0643  0.2500    1.3614  0.1324    1.3614  0.1324 
                   1.3056  0.3056    1.4400  0.1618    1.4400  0.1618 
                   1.3217  0.3611    1.6817  0.1912    1.6817  0.1912 
                   1.5800  0.4167    1.7960  0.2206    1.7960  0.2206 
                   1.6500  0.4722    1.8133  0.2500    1.8133  0.2500 
                   1.6967  0.5278    1.9717  0.2794    1.9717  0.2794 
                   1.7943  0.5833    2.0100  0.3088    2.0100  0.3088 
                   2.0475  0.6389    2.0975  0.3382    2.0975  0.3382 
                   2.5850  0.6944    2.2629  0.3676    2.2629  0.3676 
                   2.6686  0.7500    2.2714  0.3971    2.2714  0.3971 
                   2.7425  0.8056    2.2933  0.4265    2.2933  0.4265 
                   2.9300  0.8611    3.2325  0.4559    3.2325  0.4559 
                   3.0229  0.9167    3.2443  0.4853    3.2443  0.4853 
                   3.3157  0.9722    3.3050  0.5147    3.3050  0.5147 
                   1.7450 AL mean    3.3440  0.5441    3.3440  0.5441 
                                     3.4200  0.5735    3.4200  0.5735 
                   0.0000  0.0500    3.4429  0.6029    3.4429  0.6029 
                   0.2830  0.1500    4.0217  0.6324    4.0217  0.6324 
                   0.6589  0.2500    4.3633  0.6618    4.3633  0.6618 
                   0.8517  0.3500    4.7683  0.6912    4.7683  0.6912 
                   1.2437  0.4500    5.6575  0.7206    5.6575  0.7206 
                   1.4233  0.5500    5.9267  0.7500    5.9267  0.7500 
                   1.4550  0.6500    6.8400  0.7794    6.8400  0.7794 
                   1.5257  0.7500    7.4140  0.8088    7.4140  0.8088 
                   1.8300  0.8500    7.5225  0.8382    7.5225  0.8382 
                   1.1178 SS mean    8.5540  0.8676    8.5540  0.8676 
                                     8.7433  0.8971    8.7433  0.8971 
                                    10.5900  0.9265   10.5900  0.9265 
                                    17.0000  0.9559   17.0000  0.9559 
                                    18.0000  0.9853   18.0000  0.9853 
 Cum Ave 0.4650    Cum Ave 1.6145    Cum Ave 4.5577    Cum Ave 4.5577 
 

 

The data file PDF-11.DAT also contains the isotopic concentrations for floor and canister sludge.  
The program reads the title lines and places them in the output file.  The sorted activities are 
listed in the output file, as shown in Figure 6-6.  This table has been split into three parts to make 
it readable.  The first part shows the first 7 columns, while the second part shows the next 6 
columns.  The last part of Figure 6-6 shows the final 6 columns.  Note that the program computes 
the  last 4 columns.  The first row of each part contains the mean values for the column below it.  
The second row has the standard deviations.  The third and fourth rows have the geometric mean 
and geometric standard deviations.  These four rows must match the summary values given in 
Tables 3-4, 3-5, and 3-6.
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Figure 6-6.  Fourth Block of Output from PDF-11 (Input Data).  (2 sheets) 
 
Title Line for Floor Sludge Compositions: 
Floor Sludge Data -- Imputations Use 23 Samples & Segregated Fuel Sludge 
 
Table of Sorted Floor Sludge Compositions (Ci/L, kg/L, W/L, or rem/L) 
Mn 8.142E-04  1.803E-01  6.993E-05  1.122E-04  2.546E-01  1.175E-05  1.470E-03 
SD 6.996E-04  4.145E-01  9.097E-05  2.099E-04  4.685E-01  2.119E-05  2.652E-03 
GM 6.037E-04  6.141E-02  4.387E-05  3.412E-05  8.464E-02  5.909E-06  7.394E-04 
GS 2.204E+00  4.080E+00  2.816E+00  4.624E+00  4.352E+00  3.164E+00  3.165E+00 
     Co-60      Sr-90      Tc-99     Cs-134     Cs-137     Eu-152     Eu-154   
 1 1.157E-04  3.987E-03  1.759E-06  6.570E-06  1.472E-02  2.619E-07  3.277E-05 
 2 1.788E-04  6.261E-03  1.699E-05  6.570E-06  1.472E-02  1.649E-06  2.063E-04 
 3 1.788E-04  1.407E-02  1.699E-05  7.728E-06  1.731E-02  1.649E-06  2.063E-04 
 4 4.217E-04  1.662E-02  2.007E-05  7.807E-06  1.749E-02  3.208E-06  4.014E-04 
 5 4.217E-04  1.749E-02  2.242E-05  9.322E-06  2.089E-02  3.477E-06  4.350E-04 
 6 4.303E-04  3.086E-02  2.996E-05  9.525E-06  2.134E-02  3.477E-06  4.350E-04 
 7 4.303E-04  3.086E-02  2.996E-05  1.090E-05  2.742E-02  3.676E-06  4.600E-04 
 8 4.303E-04  3.194E-02  3.493E-05  1.090E-05  2.969E-02  3.705E-06  4.636E-04 
 9 4.573E-04  4.513E-02  3.822E-05  1.090E-05  3.548E-02  3.705E-06  4.636E-04 
10 4.573E-04  5.220E-02  3.822E-05  1.224E-05  5.513E-02  3.705E-06  4.636E-04 
11 4.573E-04  5.573E-02  3.822E-05  1.325E-05  5.513E-02  5.057E-06  6.327E-04 
12 5.860E-04  5.947E-02  3.841E-05  1.584E-05  5.513E-02  6.726E-06  8.417E-04 
13 6.258E-04  5.947E-02  4.787E-05  2.985E-05  6.687E-02  6.968E-06  8.719E-04 
14 6.617E-04  6.041E-02  4.998E-05  3.126E-05  7.519E-02  8.220E-06  1.028E-03 
15 6.795E-04  7.933E-02  5.336E-05  4.567E-05  8.983E-02  8.245E-06  1.032E-03 
16 7.407E-04  7.933E-02  7.002E-05  7.937E-05  1.778E-01  8.245E-06  1.032E-03 
17 7.487E-04  7.933E-02  7.551E-05  1.389E-04  2.988E-01  8.245E-06  1.032E-03 
18 8.244E-04  1.922E-01  7.698E-05  1.410E-04  3.159E-01  8.619E-06  1.078E-03 
19 1.051E-03  2.695E-01  1.089E-04  1.410E-04  3.159E-01  1.332E-05  1.667E-03 
20 1.965E-03  2.695E-01  1.089E-04  2.974E-04  6.663E-01  1.391E-05  1.740E-03 
21 2.045E-03  2.695E-01  1.089E-04  2.974E-04  6.663E-01  1.884E-05  2.357E-03 
22 2.081E-03  4.082E-01  1.248E-04  2.974E-04  6.663E-01  3.156E-05  3.949E-03 
23 2.738E-03  2.016E+00  4.570E-04  9.608E-04  2.153E+00  1.038E-04  1.299E-02 
 
 
             { columns 8 to 13 } 
Mn 7.256E-04  1.389E-06  1.870E-03  1.001E-02  1.050E-01  1.017E-02  6.405E-02 
SD 1.223E-03  1.827E-06  2.810E-03  1.302E-02  1.578E-01  1.647E-02  1.385E-01 
GM 3.635E-04  8.744E-07  1.061E-03  6.279E-03  5.959E-02  5.629E-03  3.079E-02 
GS 3.347E+00  2.796E+00  2.959E+00  2.816E+00  2.959E+00  3.033E+00  2.959E+00 
    Eu-155     Np-237     Pu-238    Pu-239+     Pu-241     Am-241    Uranium   
 1 1.612E-05  3.551E-08  3.868E-05  2.518E-04  2.172E-03  2.148E-04  1.762E-03 
 2 7.302E-05  3.429E-07  4.737E-04  2.432E-03  2.660E-02  2.166E-03  1.042E-02 
 3 7.302E-05  3.429E-07  4.737E-04  2.432E-03  2.660E-02  2.287E-03  1.042E-02 
 4 1.792E-04  4.050E-07  5.316E-04  2.873E-03  2.985E-02  2.287E-03  1.880E-02 
 5 1.792E-04  4.525E-07  5.615E-04  3.210E-03  3.153E-02  2.751E-03  1.963E-02 
 6 1.792E-04  6.046E-07  6.156E-04  4.289E-03  3.457E-02  2.976E-03  2.002E-02 
 7 2.233E-04  6.046E-07  6.156E-04  4.289E-03  3.457E-02  2.976E-03  2.024E-02 
 8 2.233E-04  7.051E-07  8.311E-04  5.001E-03  4.667E-02  4.147E-03  2.032E-02 
 9 2.339E-04  7.714E-07  8.311E-04  5.471E-03  4.667E-02  4.763E-03  2.117E-02 
10 2.666E-04  7.714E-07  8.311E-04  5.471E-03  4.667E-02  5.196E-03  2.679E-02 
11 3.235E-04  7.714E-07  9.775E-04  5.471E-03  5.489E-02  5.471E-03  2.679E-02 
12 3.940E-04  7.753E-07  1.075E-03  5.499E-03  6.035E-02  5.471E-03  2.679E-02 
13 4.055E-04  8.191E-07  1.095E-03  6.853E-03  6.150E-02  5.471E-03  2.830E-02 
14 5.093E-04  9.662E-07  1.383E-03  7.156E-03  7.768E-02  6.091E-03  3.205E-02 
15 5.273E-04  1.113E-06  1.399E-03  7.639E-03  7.853E-02  6.522E-03  3.205E-02 
16 7.330E-04  1.524E-06  1.452E-03  1.002E-02  8.153E-02  1.020E-02  3.711E-02 
17 7.723E-04  1.535E-06  1.675E-03  1.081E-02  9.407E-02  1.050E-02  3.790E-02 
18 8.428E-04  1.670E-06  1.751E-03  1.102E-02  9.833E-02  1.162E-02  6.292E-02 
19 8.723E-04  1.930E-06  1.950E-03  1.558E-02  1.095E-01  1.162E-02  6.848E-02 
20 8.723E-04  2.197E-06  1.950E-03  1.558E-02  1.095E-01  1.162E-02  6.848E-02 
21 8.723E-04  2.197E-06  1.950E-03  1.558E-02  1.095E-01  1.404E-02  6.848E-02 
22 1.928E-03  2.197E-06  7.752E-03  1.787E-02  4.353E-01  2.385E-02  1.278E-01 
23 5.990E-03  9.224E-06  1.279E-02  6.542E-02  7.180E-01  8.177E-02  6.865E-01 
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Figure 6-6.  Fourth Block of Output from PDF-11 (Input Data).  (2 sheets) 
 

             { columns 14 to 19 } 
Mn 1.269E+00  3.179E-03  1.046E+07  3.172E-02  1.294E-04 
SD 2.368E-01  6.000E-03  1.516E+07  5.920E-03  1.684E-04 
GM 1.220E+00  1.501E-03  6.219E+06  3.134E-02  8.112E-05 
GS 1.842E+00  3.022E+00  2.897E+00  1.159E+00  2.817E+00 
   Density       Heat       Dose    U metal   Plutonium 
 1 1.040E+00  3.268E-04  2.544E+05  2.600E-02  3.249E-06 
 2 1.110E+00  4.419E-04  2.472E+06  2.775E-02  3.145E-05 
 3 1.140E+00  4.546E-04  2.472E+06  2.850E-02  3.145E-05 
 4 1.150E+00  4.546E-04  2.677E+06  2.875E-02  3.715E-05 
 5 1.150E+00  5.834E-04  3.057E+06  2.875E-02  4.145E-05 
 6 1.194E+00  7.077E-04  3.713E+06  2.985E-02  5.532E-05 
 7 1.194E+00  7.257E-04  3.713E+06  2.985E-02  5.532E-05 
 8 1.194E+00  7.904E-04  4.837E+06  2.985E-02  6.466E-05 
 9 1.200E+00  8.564E-04  5.398E+06  3.000E-02  7.060E-05 
10 1.210E+00  9.892E-04  5.509E+06  3.025E-02  7.060E-05 
11 1.210E+00  1.190E-03  5.509E+06  3.025E-02  7.060E-05 
12 1.210E+00  1.190E-03  5.509E+06  3.025E-02  7.110E-05 
13 1.235E+00  1.190E-03  6.193E+06  3.088E-02  8.846E-05 
14 1.235E+00  1.299E-03  6.976E+06  3.088E-02  9.253E-05 
15 1.235E+00  1.506E-03  7.362E+06  3.088E-02  9.871E-05 
16 1.235E+00  2.183E-03  1.068E+07  3.088E-02  1.293E-04 
17 1.235E+00  2.183E-03  1.084E+07  3.088E-02  1.396E-04 
18 1.250E+00  4.057E-03  1.360E+07  3.125E-02  1.422E-04 
19 1.300E+00  4.797E-03  1.360E+07  3.250E-02  2.008E-04 
20 1.350E+00  5.976E-03  1.360E+07  3.375E-02  2.008E-04 
21 1.400E+00  5.976E-03  1.624E+07  3.500E-02  2.008E-04 
22 1.430E+00  5.976E-03  2.059E+07  3.575E-02  2.336E-04 
23 2.280E+00  2.925E-02  7.589E+07  5.700E-02  8.459E-04 

 

 

The output for canister sludge data is shown in Figure 6-7.  This table is divided into three parts 
as was done for the floor sludge sample data.  The mean and standard deviations are for 
comparison with the values shown in Table 3-16. 

The output for canister sludge isotopic compositions from HNF-8760 is shown in Figure 6-8 and 
lists mean values for canister sludge concentration that can be compared with tallies of canister 
sludge concentrations generated by the program.  The first column is the HNF-8760 isotopic 
information by key weighted by the average canister sludge uranium per key.  These are nearly 
the same as shown in the “Method A” column of Table 3-23.  The difference is a factor of 
0.860 kg/L, the concentration of uranium in canister sludge.  The second column of numbers in 
the upper portion of Figure 6-8 is the sum of the HNF-8760 isotopic concentrations multiplied by 
the average uranium concentration.  These are the mean values for the canister sludge input 
tallies for the base case.  The final column shows the mean values for the canister sludge data.  In 
the alternate case that uses the 8 sample results rather than the HNF-8760 isotopic 
concentrations, the canister sludge input tallies have the same mean values as the data. 
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Figure 6-7.  Fifth Block of Output from PDF-11 (Input Data). 
 
Title Line for Canister Sludge Compositions: 
Canister Sludge Data -- Imputations Use 8 Samples & Segregated Fuel Sludge 
 
Table of Sorted Canister Sludge Compositions (Ci/L, kg/L, W/L, or rem/L) 
Mn 7.756E-04  2.050E+00  1.172E-02  3.568E-04  9.400E-01  1.083E-04  1.355E-02 
SD 5.254E-04  1.427E+00  6.664E-03  1.745E-04  6.135E-01  8.080E-05  1.011E-02 
GM 5.971E-04  1.384E+00  9.607E-03  3.097E-04  7.623E-01  8.454E-05  1.058E-02 
GS 2.310E+00  3.091E+00  2.170E+00  1.837E+00  2.056E+00  2.175E+00  2.175E+00 
     Co-60      Sr-90      Tc-99     Cs-134     Cs-137     Eu-152     Eu-154 
 1 1.687E-04  2.210E-01  1.772E-03  1.414E-04  3.168E-01  2.475E-05  3.097E-03 
 2 2.027E-04  2.746E-01  7.868E-03  1.529E-04  3.425E-01  4.031E-05  5.043E-03 
 3 4.558E-04  1.314E+00  9.596E-03  1.538E-04  3.446E-01  5.565E-05  6.963E-03 
 4 5.364E-04  1.705E+00  9.991E-03  4.454E-04  9.980E-01  7.903E-05  9.888E-03 
 5 8.821E-04  2.283E+00  1.024E-02  4.480E-04  1.046E+00  1.082E-04  1.354E-02 
 6 1.099E-03  3.238E+00  1.201E-02  4.666E-04  1.145E+00  1.348E-04  1.687E-02 
 7 1.202E-03  3.290E+00  1.887E-02  5.112E-04  1.199E+00  1.475E-04  1.845E-02 
 8 1.658E-03  4.075E+00  2.339E-02  5.353E-04  2.128E+00  2.763E-04  3.458E-02 
 
 
             { columns 8 to 13 } 
Mn 7.470E-03  1.499E-05  1.887E-02  1.382E-01  1.060E+00  1.030E-01  8.603E-01 
SD 6.889E-03  1.075E-05  1.030E-02  8.451E-02  5.784E-01  5.412E-02  5.710E-01 
GM 5.280E-03  1.078E-05  1.587E-02  1.087E-01  8.910E-01  8.600E-02  5.976E-01 
GS 2.463E+00  2.679E+00  1.974E+00  2.302E+00  1.974E+00  2.054E+00  2.955E+00 
    Eu-155     Np-237     Pu-238    Pu-239+     Pu-241     Am-241    Uranium 
 1 1.537E-03  2.053E-06  5.082E-03  2.730E-02  2.854E-01  2.258E-02  1.114E-01 
 2 2.331E-03  3.043E-06  7.345E-03  3.408E-02  4.124E-01  3.792E-02  1.153E-01 
 3 2.393E-03  9.907E-06  1.182E-02  1.148E-01  6.635E-01  8.567E-02  5.563E-01 
 4 4.997E-03  1.286E-05  1.734E-02  1.374E-01  9.735E-01  9.861E-02  7.218E-01 
 5 7.156E-03  1.476E-05  1.965E-02  1.384E-01  1.103E+00  1.099E-01  1.067E+00 
 6 8.915E-03  1.801E-05  2.907E-02  1.663E-01  1.632E+00  1.331E-01  1.347E+00 
 7 9.750E-03  2.578E-05  3.008E-02  2.039E-01  1.689E+00  1.645E-01  1.450E+00 
 8 2.268E-02  3.349E-05  3.060E-02  2.838E-01  1.718E+00  1.719E-01  1.514E+00 
 
 
             { columns 14 to 19 } 
Mn 1.873E+00  2.681E-02  1.217E+08  4.684E-02  1.783E-03 
SD 5.233E-01  1.696E-02  6.838E+07  1.308E-02  1.088E-03 
GM 1.680E+00  2.059E-02  9.939E+07  4.510E-02  1.403E-03 
GS 2.342E+00  2.398E+00  2.141E+00  1.352E+00  2.299E+00 
   Density       Heat       Dose    U metal   Plutonium 
 1 1.188E+00  5.319E-03  2.617E+07  2.970E-02  3.528E-04 
 2 1.200E+00  5.772E-03  3.781E+07  3.000E-02  4.411E-04 
 3 1.488E+00  1.787E-02  1.077E+08  3.720E-02  1.481E-03 
 4 1.845E+00  2.524E-02  1.082E+08  4.612E-02  1.768E-03 
 5 2.125E+00  2.850E-02  1.254E+08  5.312E-02  1.785E-03 
 6 2.340E+00  3.733E-02  1.562E+08  5.850E-02  2.148E-03 
 7 2.344E+00  4.090E-02  1.876E+08  5.860E-02  2.631E-03 
 8 2.458E+00  5.353E-02  2.249E+08  6.145E-02  3.654E-03 
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Figure 6-8.  Sixth Block of Output from PDF-11 (Input Data). 
 
Title Line for Canister Sludge Composition Estimates: 
Segregated Fuel in Canister Sludge (5/31/98) from K. N. Schwinkendorf (Ci/MTU) 
 
Canister Sludge Average Concentrations 
 Item      RadNuc Wtd  RadNuc Ave     Data 
Co-60       1.414E+00   1.409E+00   7.756E-01  uCi/ml 
Sr-90       4.239E+03   3.718E+03   2.050E+03  uCi/ml 
Tc-99       1.279E+00   1.090E+00   1.172E+01  uCi/ml 
Cs-134      5.643E+00   6.434E+00   3.568E-01  uCi/ml 
Cs-137      5.664E+03   4.925E+03   9.400E+02  uCi/ml 
Eu-152      4.242E-01   3.626E-01   1.083E-01  uCi/ml 
Eu-154      4.876E+01   4.249E+01   1.355E+01  uCi/ml 
Eu-155      7.888E+00   8.287E+00   7.470E+00  uCi/ml 
Np-237      2.674E-02   2.274E-02   1.499E-02  uCi/ml 
Pu-238      5.715E+01   4.721E+01   1.887E+01  uCi/ml 
Pu-239+     1.832E+02   1.568E+02   1.382E+02  uCi/ml 
Pu-241      3.165E+03   2.680E+03   1.060E+03  uCi/ml 
Am-241      1.959E+02   1.578E+02   1.030E+02  uCi/ml 
Uranium     8.604E-01   8.604E-01   8.603E-01  kg/L   
Density     1.873E+00   1.874E+00   1.873E+00  kg/L   
Heat        7.046E+01   6.091E+01   2.681E+01  W/cu.m 
Dose        2.154E+05   1.791E+05   1.217E+05  rem/ml 
U metal     4.684E-02   4.684E-02   4.684E-02  kg/L   
Plutonium   2.168E-03   1.874E-03   1.783E-03  kg/L   
 
 
    Key Retrieval Sequence:  Canister-to-Total Volume Ratio 
     1   9621    14  10742    27  14355    40  12240 
     2  10201    15  11449    28  11979    41  15204 
     3  10350    16  11806    29  11036    42  10576 
     4  14356    17  15240    30  11897    43  12565 
     5  13015    18  10456    31  13649    44  15316 
     6  10679    19  11109    32  12127    45  13685 
     7  10294    20  11183    33  10001    46  15460 
     8  10764    21  14722    34  11540    47  15451 
     9  11372    22  10982    35  11733    48  15458 
    10  10385    23  12201    36  12480    49  15461 
    11  10259    24  15399    37  12852    50  15444 
    12  10602    25  10770    38  12285    51  15457 
    13  10832    26  14065    39  12639    52  15455 
 

 

The lower portion of Figure 6-8 lists the key retrieval sequence using the “R1” option in which 
the keys are retrieved in the order of canister-to-total sludge volume ratio.  The only time this 
table appears is when the “R” option is in use. 

The echo of various input data items ends with the lists shown in Figure 6-8.  Then follows a 
period of inactivity during which the sludge retrieval simulations are performed.  The only 
output during the calculations occurs if a stochastically determined value is outside the range of 
the array in which it is tallied.  An example message appears below. 

PDFout[4] needs more bins!  9.777E-02  1.000E-04  0.000E+00 

The first part of this message identifies the tally array that is too small.  There are two main 
arrays: PDFinp and PFDout.  The index tells which tracked item is involved.  PDFout[4] refers to 
the Cs-134 concentration in filled sludge containers.  The first number is the stochastic 
concentration, 0.09777 µCi/ml.  The second is the bin width for this tally, 1.0 x 10-4 µCi/ml.  The 

 6-10  



SNF-10293, REV 0 

third number is the lowest value tallied.  The stochastic value should be tallied in bin 978.  
Because there are only 900 bins available, this stochastic value cannot be tallied.  The warning 
messages normally only appear for the Cs-134 tally due to large values with low probability.  
The skipped values are included in the reported mean, but not in the other summary statistics. 

 Once the stochastic calculations are completed, the final result tables are written to the output 
file.  The first output is the total number of containers processed and skipped shown in 
Figure 6-9.  The “Number of Sludge Compositions” may be less than the value entered on the 
command line when the program is started because of premature termination of the run.  The 
“Number of Key Arrangements” is always the same number entered on the command line.  The 
“Partial Containers Omitted” is the number of containers with less than 90% of the container 
volume.  These are not included in the tallies.  The “Partial Containers Counted” is the number 
of containers that are more than 90% but less than 100% full.  The final row in Figure 6-9 shows 
the total number of containers filled and counted during the simulation. 

 

Figure 6-9.  Number of Containers Tallied During a PDF-11 Simulation. 
 
Number of Sludge Compositions = 200000 
Number of Retrieval Sequences = 50 per Composition 
 
Partial Containers Omitted:     4585203     7559752     9577727 
Partial Containers Counted:      998600      952100      134500 
Total Containers Counted:     287461350    69009050    10000000 
 

 

If the “R” option was not selected, then the next portion of the output shows the 2-dimensional 
distribution of key positions on the random retrieval list.  After each key retrieval list is 
generated, the positions of the keys on the list are tallied.  This serves as a check on the random 
number generator as well as the subroutine that rearranges the retrieval list.  The 2-dimensional 
array has 2,704 positions (2,704=52*52).  The numbers in each position should be about the 
same, except for random fluctuations.  These numbers are also tallied to verify that the resulting 
distribution of the 2,704 counts is roughly normal.   As shown in Figure 6-10, the program first 
writes the 2-dimensional array.  This large array is divided into three blocks corresponding to 
positions 1 to 17, 18 to 34, and 35 to 52.  The program then writes a tally of the counts in the 
2,704 positions of the array. 
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Figure 6-10.  Two Dimension Tally of Key Positions on the Retrieval List. 
 
Distribution of Keys in the Retrieval Sequence 
Note:  rows = key ID number;   columns = position on key list 
       Pos 1   Pos 2   Pos 3   Pos 4   Pos 5   Pos 6   Pos 7   Pos 8   Pos 9  Pos 10  

Pos 11  Pos 12  Pos 13  Pos 14  Pos 15  Pos 16  Pos 17 
----------------------------------------------------------------------------------------

---------------------------------------------------- 
   1  192372  191730  192607  192038  192165  192413  192859  191634  192553  192449  

191780  191756  192505  193028  192232  192737  192226 
   2  192144  192533  193505  191946  192111  192712  193381  192810  191887  192269  

192107  192439  192782  193274  192641  193162  192039 
 
---------  many lines omitted  ---------- 
 

  51  192582  192647  192031  192748  191900  192220  192552  192348  191962  192231  
192354  193019  192300  191679  192983  192800  192596  192433 
  52  192015  192164  191897  192611  192111  191984  191768  192206  192867  192283  

192165  192939  192432  192820  191953  192150  192784  192456 
----------------------------------------------------------------------------------------

------------------------------------------------------------ 
 
Binned Random Check Data -- Mean at 192307 
   Count Range        Number  Cumulative 
---------------------------------------- 
190731 to 190826           1      0.0004 
190826 to 190921           2      0.0011 
190921 to 191016           1      0.0015 
191016 to 191111           1      0.0018 
191111 to 191206           6      0.0041 
191206 to 191301          12      0.0085 
191301 to 191396          18      0.0152 
191396 to 191491          33      0.0274 
191491 to 191586          53      0.0470 
191586 to 191681          70      0.0729 
191681 to 191776          97      0.1087 
191776 to 191871         126      0.1553 
191871 to 191966         165      0.2163 
191966 to 192061         191      0.2870 
192061 to 192156         225      0.3702 
192156 to 192251         233      0.4564 
192251 to 192346         225      0.5396 
192346 to 192441         243      0.6294 
192441 to 192536         208      0.7064 
192536 to 192631         183      0.7740 
192631 to 192726         152      0.8303 
192726 to 192821         108      0.8702 
192821 to 192916         118      0.9138 
192916 to 193011          82      0.9442 
193011 to 193106          47      0.9615 
193106 to 193201          49      0.9797 
193201 to 193296          24      0.9885 
193296 to 193391          11      0.9926 
193391 to 193486           8      0.9956 
193486 to 193581           6      0.9978 
193581 to 193676           2      0.9985 
193676 to 193771           2      0.9993 
193771 to 193866           1      0.9996 
193866 to 193961           0      0.9996 
193961 to 194056           1      1.0000 
---------------------------------------- 
 

 

The next portion of the output lists the input parameter distributions.  There are four general 
formats used.  The first is a 2-dimensional array showing the canister sludge uranium 

 6-12  



SNF-10293, REV 0 

concentration versus sludge density.  The second is the table of Pu-239/240 specific activity.  
The third is the sludge depth distribution for the four fuel conditions (good, fair, poor, and bad).  
The fourth is the total sludge volume distribution for the cubicles that have fuel. 

The 2-dimensional array showing the canister sludge uranium concentration versus sludge 
density is shown in Figure 6-11.  It serves to verify that the program has correctly implemented 
the procedure described in Section 3.4.5.  The 2-dimensional array of counts should follow the 
general shape of Figure 3-24.  In particular, the counts in any column should be roughly the same 
because each column is a uniform distribution.  The array has 57 columns and 57 rows, hence the 
output splits it into 3 blocks.  In addition, the vertical bin width (uranium concentration) is 
halved for the first 10 columns to permit closer examination of the distribution. 

 

Figure 6-11.  Two Dimension Tally of Canister Sludge Total Uranium Versus Density. 
 
Distribution of Canister Sludge Density and Uranium Concentration 
Note:  rows = uranium concentration;   columns = sludge density 
        1.02    1.06    1.10    1.14    1.19    1.23    1.27    1.31    1.35    1.39    

1.43    1.48    1.52    1.56    1.60    1.64    1.68    1.72    1.76 
----------------------------------------------------------------------------------------

-------------------------------------------------------------------- 
3.28       0       0       0       0       0       0       0       0       0       0      

0       0       0       0       0       0       0       0       0 
3.22       0       0       0       0       0       0       0       0       0       0      

0       0       0       0       0       0       0       0       0 
3.16       0       0       0       0       0       0       0       0       0       0     

0       0       0       0       0       0       0       0       0 
 
---------  many lines omitted  ---------- 

 
0.15       0       0       0       0       0       0       0       0       0       0      

0       0       0       0       0       0       0       0       0 
0.09       0       0       0       0       0       0       0       0       0       0      

0       0       0       0       0       0       0       0       0 
0.03       0       0       0       0       0       0       0       0       0       0      

0       0       0       0       0       0       0       0       0 
----------------------------------------------------------------------------------------

-------------------------------------------------------------------- 
 Sum  136964  137320  136871  137572  136922  119395   97719   97575   97240   97386   

97341   97606   97400   92734   31182   30484   30890   30563   13192 
----------------------------------------------------------------------------------------

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

 

The table showing the tally for Pu-239/240 specific activity is shown in Figure 6-12.  This table 
shows the bin boundaries and the number of Pu-239/240 specific activities that were found to lie 
in that bin.  Two additional columns facilitate graphical presentation of results.  The first extra 
column shows the bin midpoints.  The last column shows the probability per bin.  This is 
computed as the number of counts in a bin divided by the total number of counts. 

The table ends with the summary statistics.  The total count is the sum of all the bins.  This 
number of bins between the lowest and the highest is shown in parentheses.  The average is the 
arithmetic mean.  The 95 and 99 percentile values are calculated from the cumulative 
distribution.  The standard deviation is calculated from the histogram.  The maximum and 
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minimum values strongly depend on the number of simulated basin retrieval operations.  It is 
possible for the maximum or minimum to not be listed in the output table.  The tables are arrays 
with 300 positions.  If a stochastic result is off the low or high end of the array, a message 
appears in the output file, but no bin receives a count.  The off scale results are included in the 
calculation of the mean, but not in the calculation of the standard deviation.  The final two 
statistics are the geometric mean and geometric standard deviation.  These are calculated like the 
arithmetic mean and standard deviation except that the logarithms of the counts are used rather 
than the counts. 

 

Figure 6-12.  Tally for the Pu-239/240 Specific Activity. 
 
PDF Pu-239/240 Specific Activity 
Pu-239+ Spec.Act. Ci/g     Cnt-PDF   Midpoints    Prob-PDF 
7.000E+01 to 7.005E+01       64855   7.003E+01   6.236E-03  
7.005E+01 to 7.010E+01       65363   7.007E+01   6.285E-03  
7.010E+01 to 7.015E+01       64923   7.013E+01   6.243E-03  
7.015E+01 to 7.020E+01       64960   7.018E+01   6.246E-03  
7.020E+01 to 7.025E+01       64883   7.022E+01   6.239E-03  
7.025E+01 to 7.030E+01       64809   7.028E+01   6.232E-03  
7.030E+01 to 7.035E+01       64718   7.032E+01   6.223E-03  
7.035E+01 to 7.040E+01       65005   7.038E+01   6.250E-03  
7.040E+01 to 7.045E+01       65296   7.043E+01   6.278E-03  
7.045E+01 to 7.050E+01       65331   7.047E+01   6.282E-03  
7.050E+01 to 7.055E+01       65149   7.053E+01   6.264E-03  
7.055E+01 to 7.060E+01       64977   7.057E+01   6.248E-03  
7.060E+01 to 7.065E+01       64943   7.063E+01   6.245E-03  
7.065E+01 to 7.070E+01       64168   7.068E+01   6.170E-03  
7.070E+01 to 7.075E+01       64702   7.072E+01   6.221E-03  
 
---------  many lines omitted  ---------- 
 
8.415E+01 to 8.420E+01           0   8.418E+01   0.000E+00  
8.420E+01 to 8.425E+01           0   8.422E+01   0.000E+00  
8.425E+01 to 8.430E+01           0   8.428E+01   0.000E+00  
8.430E+01 to 8.435E+01           0   8.432E+01   0.000E+00  
8.435E+01 to 8.440E+01           0   8.438E+01   0.000E+00  
8.440E+01 to 8.445E+01           0   8.443E+01   0.000E+00  
8.445E+01 to 8.450E+01           0   8.447E+01   0.000E+00  
8.450E+01 to 8.455E+01           0   8.453E+01   0.000E+00  
8.455E+01 to 8.460E+01           0   8.457E+01   0.000E+00  
8.460E+01 to 8.465E+01           0   8.463E+01   0.000E+00  
8.465E+01 to 8.470E+01           0   8.468E+01   0.000E+00  
8.470E+01 to 8.475E+01           0   8.472E+01   0.000E+00  
8.475E+01 to 8.480E+01           0   8.478E+01   0.000E+00  
8.480E+01 to 8.485E+01           0   8.482E+01   0.000E+00  
8.485E+01 to 8.490E+01           0   8.488E+01   0.000E+00  
8.490E+01 to 8.495E+01           0   8.493E+01   0.000E+00  
8.495E+01 to 8.500E+01           0   8.497E+01   0.000E+00  
Total Count (260 bins)    10400000 
  Average Value          7.805E+01  
  95th Percentile        8.275E+01  
  99th Percentile        8.295E+01  
  Standard Deviation     4.640E+00  
  Minimum Value          7.000E+01  
  Maximum Value          8.300E+01  
  Geometric Mean         7.791E+01  
  Geometric Std. Dev.    1.063E+00 
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The table showing the sludge depth distribution for the four fuel conditions (good, fair, poor, and 
bad) is given in Figure 6-13.  Note that poor fuel is assumed to have the same distribution as bad 
fuel in this analysis.  The bin boundaries are shown along with the number of occurrences in 
each bin.  The table ends with the summary statistics for each column.  The mean is computed 
two ways.  The first is calculated during the simulations.  The stochastically determined values 
are summed.  This is the exact mean and is used in the calculation of standard deviation.  After 
the simulation, another mean is computed based on the midpoint of each bin.  If these means 
differ by more than 1% then an extra row is printed showing the mean computed from the 
midpoints of the bins.  For the tally of the canister sludge depth for good fuel, the two mean 
values differ appreciably.  Hence, the extra line labeled “Binned Mean Value” in Figure 6-13. 

 

Figure 6-13.  Canister Sludge Depth Table Output from PDF-11. 
 

PDF Canister Sludge Depth 
Sludge Depth Range, in        Good        Fair        Poor        Bad 
0.000E+00 to 1.000E-01     7680545       58638           0           0 
1.000E-01 to 2.000E-01           0       89718           0           0 
2.000E-01 to 3.000E-01           0      174853           0           0 
3.000E-01 to 4.000E-01           0      216450           0           0 
4.000E-01 to 5.000E-01           0      276390           0           0 
5.000E-01 to 6.000E-01           0      277546       19809       11323 
6.000E-01 to 7.000E-01           0      282674       53572       30782 
7.000E-01 to 8.000E-01           0      284711       73483       42791 
8.000E-01 to 9.000E-01           0      294902       81732       47194 
9.000E-01 to 1.000E+00           0      312724      102711       59057 
1.000E+00 to 1.100E+00           0      331374      120562       69767 
1.100E+00 to 1.200E+00       30888      350488      137207       78942 
1.200E+00 to 1.300E+00       82547      361698      145313       83314 
1.300E+00 to 1.400E+00       83015      366201      144567       83730 
1.400E+00 to 1.500E+00       81966      372127      144156       83222 
1.500E+00 to 1.600E+00       82588      370984      130179       75677 
 
---------  many lines omitted  ---------- 
 
2.860E+01 to 2.870E+01           0           0           0           0 
2.870E+01 to 2.880E+01           0           0           0           0 
2.880E+01 to 2.890E+01           0           0           0           0 
2.890E+01 to 2.900E+01           0           0           0           0 
2.900E+01 to 2.910E+01           0           0           0           0 
2.910E+01 to 2.920E+01           0           0           0           0 
2.920E+01 to 2.930E+01           0           0           0           0 
2.930E+01 to 2.940E+01           0           0           0           0 
2.940E+01 to 2.950E+01           0           0           0           0 
2.950E+01 to 2.960E+01           0           0           0           0 
2.960E+01 to 2.970E+01           0           0           0           0 
2.970E+01 to 2.980E+01           0           0           0           0 
2.980E+01 to 2.990E+01           0           0           0           0 
2.990E+01 to 3.000E+01           0           0           0           0 
Total Count (270 bins)     9600000     8200000     5200000     3000000 
  Average Value          4.649E-01   1.614E+00   4.557E+00   4.556E+00  
  95th Percentile        2.906E+00   3.304E+00   1.340E+01   1.340E+01  
  99th Percentile        3.371E+00   3.806E+00   2.324E+01   2.326E+01  
  Standard Deviation     9.590E-01   8.931E-01   4.439E+00   4.443E+00  
  Minimum Value          0.000E+00   2.772E-02   5.022E-01   5.022E-01  
  Maximum Value          3.487E+00   4.523E+00   2.700E+01   2.700E+01  
  Geometric Mean         1.068E-01   1.320E+00   3.190E+00   3.189E+00  
  Geometric Std. Dev.    8.315E+00   2.113E+00   2.455E+00   2.456E+00  
  Binned Mean Value      5.049E-01   1.614E+00   4.557E+00   4.557E+00 
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The table showing the total sludge volume in all keys has 3 columns with counts for floor sludge, 
canister sludge, and the sum of the floor and canister.  The total sludge volume table uses the 
same format as the canister sludge depth table, except that it has 3 columns rather than 4.  Thus, 
no example is presented. 

The next 38 tables show the tallies of the input PDFs for floor and canister sludge concentration.  
They all follow the same format as shown in Figure 6-12 for Pu-239/240 specific activity.  There 
are 19 tables for floor sludge and 19 tables for canister sludge.  Each group of 19 tables includes 
the 13 isotopes (Co-60, Sr-90, Tc-99, Cs-134, Cs-137, Eu-152, Eu-154, Eu-155, Np-237, Pu-238, 
Pu-239/240, Pu-241, and Am-241), uranium concentration, sludge density, heat generation rate, 
inhalation dose, uranium metal and total plutonium. 

The tables of probability distributions for the floor sludge and canister sludge end with a 
summary table.  The actual appearance of this information in the output file is shown in 
Figure 6-14.  There are 46 lines of numbers in this table.  The columns are the statistics presented 
in the previous 41 tables. 

 

Figure 6-14.  Summary Table for Various Input Distributions in the Output from PDF-11.  
(2 sheets) 

 
Input PDF                 Average       95th        99th      Std Dev     Minimum     Maximum    
Geom Mean    Geom SD 
Pu-239+ Spec.Act. Ci/g    7.805E+01   8.275E+01   8.295E+01   4.640E+00   7.000E+01   8.300E+01   
7.791E+01   1.063E+00 
Sludge Depth Range, in    4.644E-01   2.905E+00   3.371E+00   9.584E-01   0.000E+00   3.487E+00   
1.067E-01   8.309E+00 
Sludge Depth Range, in    1.615E+00   3.304E+00   3.806E+00   8.932E-01   2.772E-02   4.533E+00   
1.320E+00   2.112E+00 
Sludge Depth Range, in    4.557E+00   1.339E+01   2.327E+01   4.441E+00   5.022E-01   2.700E+01   
3.190E+00   2.454E+00 
Sludge Depth Range, in    4.560E+00   1.341E+01   2.324E+01   4.441E+00   5.022E-01   2.700E+01   
3.192E+00   2.455E+00 
Floor Volume, cu.m        1.171E+01   1.381E+01   1.400E+01   1.351E+00   9.367E+00   1.405E+01   
1.163E+01   1.124E+00 
Canister Vol, cu.m        2.863E+00   3.620E+00   3.987E+00   4.115E-01   1.592E+00   5.211E+00   
2.835E+00   1.152E+00 
Total Volume, cu.m        1.457E+01   1.678E+01   1.732E+01   1.413E+00   1.134E+01   1.868E+01   
1.450E+01   1.103E+00 
Co-60 uCi/ml  Floor PDF   8.143E-01   2.908E+00   3.929E+00   8.428E-01   2.314E-02   4.928E+00   
5.259E-01   2.870E+00 
Sr-90 uCi/ml  Floor PDF   1.804E+02   5.981E+02   2.885E+03   4.542E+02   7.974E-01   3.629E+03   
5.545E+01   6.327E+00 
Tc-99 uCi/ml  Floor PDF   6.994E-02   1.896E-01   6.539E-01   1.032E-01   3.518E-04   8.226E-01   
3.834E-02   3.648E+00 
Cs-134 uCi/ml Floor PDF   1.123E-01   4.817E-01   1.375E+00   2.321E-01   1.314E-03   1.729E+00   
2.927E-02   8.221E+00 
Cs-137 uCi/ml Floor PDF   2.548E+02   1.079E+03   3.081E+03   5.184E+02   2.944E+00   3.875E+03   
7.289E+01   7.404E+00 
Eu-152 uCi/ml Floor PDF   1.175E-02   4.261E-02   1.485E-01   2.347E-02   5.238E-05   1.868E-01   
5.242E-03   4.295E+00 
Eu-154 uCi/ml Floor PDF   1.470E+00   5.332E+00   1.859E+01   2.937E+00   6.554E-03   2.338E+01   
6.559E-01   4.295E+00 
Eu-155 uCi/ml Floor PDF   7.258E-01   2.568E+00   8.571E+00   1.360E+00   3.224E-03   1.078E+01   
3.211E-01   4.539E+00 
Np-237 uCi/ml Floor PDF   1.390E-03   3.636E-03   1.320E-02   2.070E-03   7.102E-06   1.660E-02   
7.638E-04   3.629E+00 
Pu-238 uCi/ml Floor PDF   1.870E+00   8.486E+00   1.830E+01   3.147E+00   7.736E-03   2.302E+01   
9.369E-01   3.864E+00 
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Figure 6-14.  Summary Table for Various Input Distributions in the Output from PDF-11.  
(2 sheets) 

Pu-239/240    Floor PDF   1.001E+01   2.713E+01   9.361E+01   1.477E+01   5.036E-02   1.178E+02   
5.487E+00   3.650E+00 
Pu-241 uCi/ml Floor PDF   1.050E+02   4.765E+02   1.027E+03   1.767E+02   4.344E-01   1.292E+03   
5.263E+01   3.860E+00 
Am-241 uCi/ml Floor PDF   1.018E+01   3.250E+01   1.170E+02   1.836E+01   4.296E-02   1.472E+02   
4.993E+00   3.945E+00 
Uranium kg/L  Floor PDF   6.408E-02   1.899E-01   9.823E-01   1.521E-01   3.524E-04   1.236E+00   
2.721E-02   4.248E+00 
Density kg/L  Floor PDF   1.269E+00   1.635E+00   2.832E+00   2.838E-01   1.008E+00   3.304E+00   
1.247E+00   1.189E+00 
Heat W/cu.m   Floor PDF   3.180E+00   9.996E+00   4.186E+01   6.631E+00   6.536E-02   5.266E+01   
1.293E+00   4.647E+00 
Dose rem/ml   Floor PDF   1.047E+04   2.885E+04   1.086E+05   1.703E+04   5.088E+01   1.366E+05   
5.468E+03   3.763E+00 
U metal kg/L  Floor PDF   9.517E-03   1.860E-02   2.567E-02   6.020E-03   9.039E-10   4.940E-02   
6.907E-03   2.840E+00 
Pu kg/L       Floor PDF   1.299E-04   3.549E-04   1.210E-03   1.923E-04   6.120E-07   1.695E-03   
7.131E-05   3.618E+00 
Co-60      Canister PDF   1.431E+00   4.248E+00   6.695E+00   1.445E+00   8.419E-08   1.425E+01   
8.029E-01   3.979E+00 
Sr-90      Canister PDF   3.774E+03   1.102E+04   1.484E+04   3.527E+03   9.733E-05   2.682E+04   
2.089E+03   4.202E+00 
Tc-99      Canister PDF   1.107E+00   3.310E+00   4.459E+00   1.071E+00   2.064E-08   7.862E+00   
5.818E-01   4.524E+00 
Cs-134     Canister PDF   6.531E+00   2.357E+01   6.282E+01   1.168E+01   3.326E-07   1.603E+02   
2.464E+00   5.767E+00 
Cs-137     Canister PDF   5.001E+03   1.488E+04   2.019E+04   4.793E+03   1.142E-04   3.786E+04   
2.707E+03   4.315E+00 
Eu-152     Canister PDF   3.681E-01   1.205E+00   1.729E+00   4.063E-01   3.898E-09   3.848E+00   
1.698E-01   5.231E+00 
Eu-154     Canister PDF   4.314E+01   1.485E+02   2.318E+02   5.250E+01   4.649E-07   6.065E+02   
1.917E+01   5.262E+00 
Eu-155     Canister PDF   8.413E+00   2.501E+01   3.852E+01   8.386E+00   6.948E-07   7.984E+01   
4.705E+00   4.029E+00 
Np-237     Canister PDF   2.309E-02   6.946E-02   9.397E-02   2.254E-02   4.141E-10   1.685E-01   
1.206E-02   4.553E+00 
Pu-238     Canister PDF   4.793E+01   1.618E+02   2.374E+02   5.560E+01   2.729E-07   5.463E+02   
1.999E+01   5.947E+00 
Pu-239+    Canister PDF   1.592E+02   4.723E+02   6.347E+02   1.525E+02   3.148E-06   1.116E+03   
8.474E+01   4.441E+00 
Pu-241     Canister PDF   2.721E+03   9.138E+03   1.336E+04   3.133E+03   2.091E-05   3.158E+04   
1.188E+03   5.540E+00 
Am-241     Canister PDF   1.602E+02   5.408E+02   7.776E+02   1.837E+02   5.157E-07   1.534E+03   
6.059E+01   7.083E+00 
Uranium    Canister PDF   8.735E-01   2.162E+00   2.663E+00   6.607E-01   8.325E-08   3.274E+00   
5.768E-01   3.204E+00 
Density    Canister PDF   1.874E+00   2.985E+00   3.193E+00   5.999E-01   1.075E+00   3.333E+00   
1.781E+00   1.380E+00 
Heat/cu.m  Canister PDF   6.184E+01   1.850E+02   2.512E+02   5.972E+01   1.338E-06   4.738E+02   
3.324E+01   4.342E+00 
Dose/ml    Canister PDF   1.818E+05   5.808E+05   8.156E+05   1.936E+05   1.887E-03   1.643E+06   
8.503E+04   5.219E+00 
U metal    Canister PDF   4.653E-02   1.089E-01   1.350E-01   3.228E-02   1.835E-09   1.664E-01   
3.233E-02   3.028E+00 
Pu kg/L    Canister PDF   1.903E-03   5.526E-03   7.337E-03   1.770E-03   4.390E-11   1.230E-02   
1.041E-03   4.299E+00  

 

 

The final block of tables in the output file show the results for the container volumes entered on 
the command line.  The 23 tables are arranged as shown in Figure 6-15.  Each column is labeled 
with the container volume.  The line labeled “Total Count” shows the number of bins in the 
table.  This number is at most 900 based on the array size used for the container sludge tallies. 
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Figure 6-15.  Example Container Distribution Table in the Output from PDF-11. 
 

Canister-to-Total Ratios 
Canister/Total Ratios      0.5 cu.m    2.0 cu.m   12.0 cu.m 
0.000E+00 to 4.000E-03     4785615        5181           0 
4.000E-03 to 8.000E-03     7571614       33683           0 
8.000E-03 to 1.200E-02     4666292       67597           0 
1.200E-02 to 1.600E-02     2668982       92441           0 
1.600E-02 to 2.000E-02     1609865      116143           0 
2.000E-02 to 2.400E-02     1435659      141747           0 
2.400E-02 to 2.800E-02     1404592      167936           0 

 
---------  many lines omitted  ---------- 

 
1.580E+00 to 1.584E+00           0           0           0 
1.584E+00 to 1.588E+00           0           0           0 
1.588E+00 to 1.592E+00           0           0           0 
1.592E+00 to 1.596E+00           0           0           0 
1.596E+00 to 1.600E+00           0           0           0 
Total Count (195 bins)   287461350    69009050    10000000 
  Average Value          1.963E-01   1.959E-01   1.972E-01  
  95th Percentile        3.714E-01   3.129E-01   2.527E-01  
  99th Percentile        4.519E-01   3.635E-01   2.773E-01  
  Standard Deviation     1.072E-01   7.227E-02   3.184E-02  
  Minimum Value          3.933E-05   1.277E-04   8.562E-02  
  Maximum Value          7.795E-01   5.684E-01   3.617E-01  
  Geometric Mean         1.438E-01   1.784E-01   1.946E-01  
  Geometric Std. Dev.    3.021E+00   1.648E+00   1.177E+00  
 

The final result written to the output file is the summary statistics for each item tallied for the 
container inventory.  There is one summary table for each volume.  An example of these 
summary tables is shown in Figure 6-12.  The 23 items are presented in the rows of the table.  
The columns are the statistics presented in the previous 23 tables. 
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Figure 6-16.  Summary of Container Inventories in the Output from PDF-11. 
 

    2.0 cu.m Volume        Average       95th        99th      Std Dev     Minimum     Maximum    
Geom Mean    Geom SD 
Canister/Total Ratios     1.959E-01   3.129E-01   3.635E-01   7.227E-02   1.277E-04   5.684E-01   
1.784E-01   1.648E+00 
 Co-60 uCi/ml             9.356E-01   1.673E+00   2.239E+00   3.946E-01   2.328E-02   5.539E+00   
8.615E-01   1.518E+00 
 Sr-90 uCi/ml             9.871E+02   1.938E+03   2.492E+03   5.153E+02   1.694E+00   6.548E+03   
8.427E+02   1.886E+00 
 Tc-99 uCi/ml             3.102E-01   5.889E-01   7.482E-01   1.515E-01   9.891E-04   1.808E+00   
2.715E-01   1.764E+00 
 Cs-134 uCi/ml            1.213E+00   3.499E+00   6.800E+00   1.315E+00   2.937E-03   3.860E+01   
8.502E-01   2.469E+00 
 Cs-137 uCi/ml            1.330E+03   2.575E+03   3.293E+03   6.783E+02   3.765E+00   8.742E+03   
1.142E+03   1.868E+00 
 Eu-152 uCi/ml            9.369E-02   1.893E-01   2.481E-01   5.170E-02   1.568E-04   7.867E-01   
7.858E-02   1.960E+00 
 Eu-154 uCi/ml            1.086E+01   2.232E+01   2.977E+01   6.169E+00   1.939E-02   1.060E+02   
9.065E+00   1.973E+00 
 Eu-155 uCi/ml            2.154E+00   4.394E+00   6.484E+00   1.217E+00   1.306E-02   2.165E+01   
1.864E+00   1.767E+00 
 Np-237 uCi/ml            6.427E-03   1.225E-02   1.559E-02   3.166E-03   1.994E-05   3.767E-02   
5.610E-03   1.775E+00 
 Pu-238 uCi/ml            1.285E+01   2.584E+01   3.348E+01   7.015E+00   1.974E-02   8.323E+01   
1.079E+01   1.956E+00 
 Pu-239+ uCi/ml           4.443E+01   8.424E+01   1.070E+02   2.165E+01   1.437E-01   2.590E+02   
3.892E+01   1.761E+00 
 Pu-241 uCi/ml            7.128E+02   1.435E+03   1.876E+03   3.897E+02   1.172E+00   5.792E+03   
6.003E+02   1.937E+00 
 Am-241 uCi/ml            4.708E+01   9.288E+01   1.189E+02   2.482E+01   7.376E-02   2.819E+02   
4.002E+01   1.902E+00 
 Total Uranium (kg/L)     2.226E-01   4.386E-01   5.940E-01   1.169E-01   1.369E-03   1.745E+00   
1.934E-01   1.774E+00 
 Sludge Density (kg/L)    1.388E+00   1.646E+00   1.888E+00   1.471E-01   1.012E+00   3.279E+00   
1.380E+00   1.105E+00 
Heating Rate (W/m3)       1.655E+01   3.218E+01   4.115E+01   8.475E+00   1.065E-01   1.059E+02   
1.423E+01   1.849E+00 
Dose Factor (rem/ml)      5.117E+04   9.948E+04   1.271E+05   2.618E+04   1.308E+02   2.991E+05   
4.409E+04   1.835E+00 
 Uranium Metal (kg/L)     1.676E-02   2.601E-02   3.206E-02   5.300E-03   1.388E-04   7.576E-02   
1.591E-02   1.403E+00 
 Pu Mass Fraction         3.771E-04   6.560E-04   7.989E-04   1.568E-04   1.785E-06   1.579E-03   
3.414E-04   1.628E+00 
Heating Rate (W/MT)       1.164E+01   2.094E+01   2.577E+01   5.223E+00   9.636E-02   5.512E+01   
1.032E+01   1.731E+00 
Heating Rate (W/MTU)      7.541E+01   9.442E+01   9.910E+01   1.477E+01   8.984E+00   4.480E+02   
7.360E+01   1.269E+00 
Dose Factor (rem/g)       3.610E+04   6.553E+04   8.073E+04   1.640E+04   1.170E+02   1.572E+05   
3.197E+04   1.728E+00  
 

6.2 METHOD OF CALCULATION 

This section summarizes the program flow and logic of PDF-11.PAS.  The program is listed in 
Appendix G for reference.  The program makes considerable use of arrays. 

The program begins by checking the command line for the required input values.  Having 
accepted the command line input, the program then reads the first data file, PDF-11.DAT.  As 
shown in Appendix F, the data file begins with a title line followed by paragraphs describing the 
file.  The title line is copied to the output file for reference.  The program skips the other lines of 
information because they all begin with a blank space as the first character. 
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The canister counts and floor sludge volume for each key are read into suitable arrays for later 
use.  Then the canister sludge depth measurements are read, averaged and used to calculate the 
total floor and canister sludge volume for each key.  The depths are sorted to construct the 
continuous cumulative distributions used in the stochastic calculation of canister sludge depth if 
the third volume is negative.  The default is to use the actual depths modified by a variability 
factor obtained from a uniform distribution that ranges from 0.5 to 1.5. 

The floor sludge sample results and imputed values are read into arrays for use in the stochastic 
estimate of floor sludge amounts in each key.  The program calculates four items that are derived 
from the information in the data file.  The heat generation rate and inhalation dose factor are 
weighted sums of the activity concentrations.  The weighting factors are listed in Table 3-28.  
The average uranium metal concentration is calculated from half the maximum value shown in 
Table 3-29.  The plutonium weight percent is calculated using the specific activities of Pu-238 
and Pu-241 along with the average specific activity for Pu-239/Pu-240 mixtures shown in 
Table 3-31.  The individual columns are then sorted and printed to the output file as shown in 
Figure 6-6. 

The process for reading the floor sludge sample data is repeated to read the canister sludge 
sample data and imputed values.  The sorted output is shown in Table 6-7. 

The last table read from the data file is the canister sludge inventory estimates of activity per unit 
mass of uranium from Radnuc2A.  These are used in the stochastic calculation of canister sludge 
amounts in each key. 

The next step in preparing for the stochastic analysis is to initialize the arrays used to tally the 
results.  The data file named PDF-11.HDR has the names of the tally arrays and values for the 
minimum and bin widths.  The 46 tally arrays used for the input distributions have 300 bins.  The 
92 tally arrays for the container inventories of up to 4 container volumes have 900 bins.  If a 
stochastic result is found to be outside the allowed range of bins, a message is added to the 
output file. 

Having completed the initialization, the program then enters the stochastic calculation.  The main 
loop is over the number of requested compositions.  For each randomly determined composition 
the amount of the 19 items of interest in floor and canister sludge are calculated.  The resulting 
average concentrations are then tallied. 

There is another loop over the requested number of key retrieval sequences for that sludge 
composition.  The amounts in each key are added to one container until it is full.  Then the 
amounts in that container are tallied.  Any excess is added to the next container.  This is repeated 
until all the sludge associated with keys is retrieved. 

The main calculation takes place in three procedures (subroutines).  The first 
(Create_Sludge_Amounts) generates new floor and canister sludge compositions and tallies the 
averages.  The second (Rearrange_Keys) generates random key retrieval sequences.  The third 
(Fill_One) fills containers and increments the tally arrays according to the results for each 
container. 
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The final sections of the program print the stochastic results to the output file as tables.  The 95th, 
and 99th percentile values are computed while the table is being written.  The program adds the 
number of counts in each bin and compares this with the accumulated total.  If there is a 
difference, the total count for that column will be printed as a negative number. 

6.3 SOFTWARE TESTING 

Testing was carried out using various methods.  The first test method used is running the 
program in the “Debug” mode.  In this mode, the values of the variables of interest can be 
examined while the program is executed line by line.  This is particularly useful for examining 
the flow of execution, namely, what happens at the conditional statements.  It was also utilized to 
verify that the random retrieval sequence used to fill containers would deal with the excess 
material properly. 

The next method was to add tally arrays to check the randomness of the random key retrieval 
sequences.  A 52 by 52 array was used to count the number of times each key was at a particular 
location in the retrieval order.  If the order is truly random, then the numbers accumulated in the 
array should all be about the same.  In addition, the variation between numbers should present a 
distribution that resembles a normal distribution.  The results of one such tally are shown in 
Figure 6-17.  The run used 10,000,000 key retrieval sequences.  The expected number of counts 
in each position is 10,000,000/52 = 192,308.  The tally of the 2,704 bins (52 times 52) is shown 
in Figure 6-17.  It is concluded that the random sequences are effectively random. 

A similar check of the total floor sludge volume reinforces this confidence in the randomness of 
the random number generator.  The floor sludge total should be a uniform distribution from 80% 
to 120% of the mean.  The graph that shows the total amount of floor sludge, Figure 4-11, 
appears uniform.  When the numbers in the bins were sorted and the cumulative distribution 
constructed, the resulting graph is shown in Figure 6-18. 

A final check of the stochastic results occurs in the comparison between hand calculated mean 
values and the stochastically determined mean values.  These comparisons are given in Section 
4.2.  The small differences that exist are readily explained by particular details of the 
calculations, such as using a calculated canister sludge uranium concentration rather than the 
data values. 
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Figure 6-17.  Statistical Variation in the Key Position Index. 
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Figure 6-18.  Statistical Variation in the Total Floor Sludge Counts. 
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7.0 CONCLUSIONS 

The goal of this analysis was to provide a safety basis characterization of the sludge in storage 
containers as it is retrieved from Hanford’s 105-K East Basin.  A stochastic modeling process 
was developed, documented, and implemented, and input data to the stochastic model were 
assembled and documented. 

Input data consisted of measurements of sludge depths in canisters and in cubicles on the floor, 
as well as measurements sets of sludge density, uranium concentration, and 13 important 
radionuclides (60Co, 90Sr, 99Tc, 134Cs, 137Cs, 152Eu, 154Eu, 155Eu, 237Np, 238Pu, 239+240Pu, 241Pu, 
241Am). 

For floor sludge, measurements of volumes and compositions were used directly.  Radionuclide 
concentration results for particular radionuclides that were reported as “less than” values or not 
reported were replaced with imputed values.  Imputed values were based on using linear 
regression to estimate the correlation between isotopes with measurements and those with 
missing or less than values. 

For canister sludge, measurements of density and uranium concentration were used together with 
sludge concentration estimates developed in HNF-8760 (Schwinkendorf 2002).  The HNF-8760 
models include details of fuel composition and exposure for each key.  Comparisons between the 
sludge concentrations estimated using HNF-8760 results and sample measurements show that the 
estimated concentrations are generally higher than the measurements.  The only exception may 
be for Tc-99, for which the measurements were at much higher concentrations than the estimates. 

The stochastic model developed, described, and implemented in this report statistically empties 
the K East Basin 10 million times into 0.5, 2, and 12 m3 containers filled on a key-by-key basis.  
For those containers, this report provides calculated probability distributions of canister-to-total 
volume ratios; sludge density; isotopic composition for 13 radionuclides and uranium; heat 
production; inhalation dose factors (rems per milliliter inhaled); and plutonium weight percents. 

The utility of the probability distributions is to give plausible averages, upper bounds, and 
extreme values of parameters of interest without requiring the postulating and fitting of statistical 
functions to the limited data.  The methods employed in this analysis accommodate the 
possibility of values outside the range of observed values, to the extent plausible, through the 
addition of uncertainty functions to stretch the data above and below observed values. 

It is concluded that stochastic modeling of the compositions and volumes of mixtures of sludge 
yield useful results for a safety basis characterization.  The benefit of the stochastic modeling 
approach is to clearly show all input data used, all assumptions that are made, and to produce 
results expressed in the form of statistical distributions.  All of the variability of the input data 
are retained and contribute to the ranges in the output calculations. 
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APPENDIX A.   

K EAST BASIN FLOOR SLUDGE DEPTHS (CM) 

 

Table A-1.  East Bay (East Half) -- Cubicle 01 01 is the South-East Corner of K East 
Basin.  (3 sheets) 

 1 2 3 4 5 6 7 8 9 10 11 12 
1 2.21 2.08 1.94 1.94 1.71 1.31 1.27* 1.28 1.30 1.10 0.96 0.95*
2 2.22* 2.08 1.91* 1.95 2.02 1.53 1.32 1.35 1.39 1.20 1.00 0.96 
3 2.37 2.24 2.00 2.24 2.48 2.31 1.84 1.65 1.62 1.50 1.26 1.14 
4 2.54* 2.51* 2.38 2.51 2.54* 2.51 2.28 2.00 1.84 1.82 1.73 1.59 
5 2.58 2.63 2.65 2.56 2.54 2.53 2.38 2.08 1.93 1.91 1.90 1.88 
6 3.44 3.68* 3.22 2.59 2.54* 2.53 2.43 2.07 1.92 1.91* 1.91 1.93 
7 4.82 4.96 4.49 2.95 2.59 2.59 2.53 2.18 1.94 1.92 1.92 1.96 
8 5.05 5.08 5.00 4.00 3.05 2.84 2.68 2.30 2.06 1.97 1.98 2.07 
9 5.08 5.07 4.99 4.52 3.78 3.30 3.12 2.73 2.28 2.18 2.15 2.26 

10 5.56 5.41 5.33 5.07 4.55 4.22 3.70 3.22 2.83 2.48 2.38 2.45 
11 6.93 6.97 6.75 6.25 5.83 5.11 4.43 3.85 3.39 3.10 2.75 2.89 
12 7.54 7.59 7.51 7.24 6.67 5.94 5.21 4.57 3.91 3.60 3.37 3.12 
13 7.61 7.62* 7.60 7.46 7.07 6.46 5.77 5.13 4.61 4.06 3.64 3.68 
14 7.61 7.61* 7.60 7.48 7.15 6.71 6.12 5.52 4.75 4.63 4.23 4.05 
15 7.62 7.60* 7.57 7.44 7.21 6.65 6.33 5.68 5.28 4.89 4.80 4.12 
16 7.79 7.67 7.61 7.41 7.16 6.83 6.11 6.02 5.52 4.98 4.84 4.39 
17 8.37 8.04 7.89 7.50 7.11 6.50 6.23 5.28 5.42 5.01 4.53 4.47 
18 9.26 8.60* 8.30 7.63 7.13 7.34 5.63 5.51 4.52 4.65 4.52 4.05 
19 9.86 9.11* 8.67 7.86 7.87 7.37 5.65 4.77 4.53 3.98 4.01 4.10 
20 10.10 9.52* 8.88 8.33 7.76 7.30 5.58 4.24 3.96 3.88 3.95 4.19 
21 10.20 9.83 8.81 7.92 7.37 6.31 5.94 4.22 3.92 3.79 3.81 4.07 
22 10.20* 9.85* 7.83 6.83 5.98 5.77 5.40 4.04 3.81 3.69 3.58 3.29 
23 9.98 8.41 5.64 5.61 5.48 5.48 5.52 4.46 3.85 3.52 3.57 3.34 
24 10.20* 7.64 5.08* 5.13 5.27 5.66 5.22 4.42 3.93 3.80 3.67 3.69 
25 9.61 7.06* 5.37 5.37 5.19 5.05 4.88 4.41 4.20 3.83 3.79 3.70 
26 8.41 7.08 5.08* 5.17 5.31 5.02 4.48 4.27 3.97 3.96 3.93 4.15 
27 8.95 8.89 7.05 5.94 5.90 5.28 4.68 4.26 4.11 4.10 4.35 4.42 
28 11.50 9.48 8.52 7.56 5.95 4.32 3.81 3.62 3.59 4.09 4.36 4.44 
29 12.70* 10.40 8.70 7.82 5.25 3.85 3.01 3.07 3.32 3.88 4.33 4.45 
30 11.10 7.94 8.38 6.50 4.71 2.97 2.88 2.90 3.05 3.58 4.20 4.43 
31 12.10* 12.30 7.41 6.14 3.60 2.91 2.86* 2.87 3.01 3.43 4.03 4.41 
32 12.30 20.00* 3.18* 3.43 3.41 2.98 2.88 2.90 2.97 3.25 3.76 4.24 
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Table A-1.  East Bay (East Half) -- Cubicle 01 01 is the South-East Corner of K East 
Basin.  (3 sheets) 

 1 2 3 4 5 6 7 8 9 10 11 12 
33 6.03* 11.70 6.96 5.72 3.42 3.04 2.91 2.88 2.96 3.21 3.62 4.13 
34 6.67 7.74 6.78 5.50 5.17 2.99 2.84 2.86 2.97 3.17 3.59 4.04 
35 5.76 3.40 2.09 1.94 2.37 4.02 2.81 2.72 3.01 3.16 3.38 3.63 
36 3.92 2.06 1.59* 1.71 1.94 2.34 3.93 2.58 2.75 3.12 3.26 3.42 
37 4.38 4.08 2.35 2.21 2.46 2.63 2.79 2.87 2.98 3.05 3.10 3.45 
38 4.63 4.76 4.47 3.53 3.19 2.99 2.95 2.99 3.00 2.97 2.99 3.04 
39 4.23 4.26 4.18 3.92 3.64 3.45 2.82 2.82 2.79 2.73 2.59 2.36 
40 3.85 3.81 3.85 3.87 3.79 3.65 3.52 3.93 2.77 2.64 2.33 1.90 
41 3.83 3.83 3.83 3.90 3.97 3.59 3.46 3.29 3.42 2.99 2.36 1.73 
42 3.83 3.81 3.82 3.89 3.96 4.00 3.53 3.40 3.16 2.84 2.18 1.50 
43 3.95 3.86 3.91 4.09 4.24 4.24 4.24 3.77 3.35 2.82 2.21 1.46 
44 4.74 4.58 4.51 4.56 4.67 4.70 4.25 4.06 3.49 2.98 2.27 1.51 
45 5.33 4.90 4.91 5.02 5.04 5.01 4.84 4.98 4.43 3.60 2.73 1.67 
46 6.18 4.76 4.92 5.22 5.54 5.20 5.07 4.87 4.59 3.93 2.59 2.04 
47 7.62* 6.22 5.53 5.55 5.53 5.70 5.60 5.48 4.97 3.96 3.38 2.74 
48 7.48 7.11 6.62 6.17 5.49 5.46 5.79 5.42 5.07 3.88 3.52 3.35 
49 7.60 7.52 7.60 6.60 6.47 5.84 5.31 5.65 4.29 3.96 3.82 3.57 
50 7.63* 7.61 7.59 7.53 6.71 6.35 5.63 5.20 4.32 4.12 3.82 3.65 
51 7.62 7.57 7.51 7.46 7.18 6.67 6.27 5.71 4.48 4.15 3.83 3.70 
52 7.42 7.33 7.35 7.27 7.23 7.08 6.37 5.15 4.33 3.88 3.76 3.70 
53 7.32 7.30 7.31 7.35 7.27 7.12 6.88 5.05 4.23 3.81 3.71 3.74 
54 7.31 7.31 7.30 7.37 7.41 6.93 6.17 5.09 4.16 3.77 3.69 3.76 
55 7.41 7.39 7.39 7.44 7.41 7.11 6.19 5.10 4.22 3.75 3.62 3.60 
56 7.90 7.84 7.72 7.74 7.64 7.79 6.33 5.15 4.39 3.82 3.57 3.38 
57 9.48 9.22 9.25 8.76 8.47 7.87 6.81 7.07 5.80 4.08 3.64 3.35 
58 12.70 12.40 12.00 11.60 10.00 9.07 8.34 8.19 5.45 4.48 3.79 3.50 
59 16.20 15.80 15.30 14.40 13.40 11.80 9.89 8.36 6.42 5.23 4.19 3.83 
60 18.30 18.10 17.60 16.60 15.60 14.80 12.00 9.29 7.55 5.59 4.84 4.38 
61 19.10 19.00 18.70 17.80 16.70 15.40 13.60 10.60 8.81 7.35 5.63 5.12 
62 19.30 19.30 19.00 18.20 16.90 16.30 13.50 12.80 9.84 8.41 7.32 5.92 
63 19.40* 19.30 19.00 18.10 16.80 16.80 14.20 12.50 11.20 9.12 8.09 6.32 
64 19.30 19.10 18.60 17.60 16.30 15.00 13.80 12.10 11.10 10.10 8.62 6.81 
65 18.40 17.90 17.40 16.40 15.00 14.00 12.30 11.40 10.70 10.00 7.30 6.80 
66 16.40 17.00 16.90 15.50 13.90 12.00 10.90 10.40 10.00 8.16 7.25 6.70 
67 15.30 17.90 17.60 15.20 11.90 9.92 9.37 9.32 7.80 7.84 7.03 6.74 
68 14.30* 19.10 18.20 13.20 8.81 7.94 7.88 7.10 7.44 7.57 6.82 6.55 
69 15.10 17.50 15.50 8.28 5.93 5.74 6.26 6.65 7.11 7.23 7.13 6.57 
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Table A-1.  East Bay (East Half) -- Cubicle 01 01 is the South-East Corner of K East 
Basin.  (3 sheets) 

 1 2 3 4 5 6 7 8 9 10 11 12 
70 11.50 12.30 10.70 8.25 5.40* 5.48 5.91 6.52 6.70 7.00 6.26 6.25 
71 5.02 6.88 10.30 10.80* 8.13 6.76 6.87 7.00 6.91 6.00 5.70 5.57 
72 4.45* 5.00 9.20 10.40 9.50 8.19 7.39 5.79 6.55 5.45 5.34 5.41 
73 4.60 5.20 7.69 9.11 9.03 8.24 7.61 6.78 6.00 5.43 5.28 5.48 
74 5.22 6.02 7.68 8.63 8.77 8.31 7.63 6.43 5.36 4.95 5.03 5.53 
75 5.16 5.80 8.44 9.11 9.06 8.63 7.70 6.06 4.95 4.58 4.56 5.43 
76 5.08* 5.43 8.86 9.21* 9.15 8.77 7.64 5.87 4.78 4.49 4.45* 4.75 

Asterisks mark locations that were measured in WHC-SD-WM-ANAL-037 (Meling 1994). 
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Table A-2.  East Bay, West Half (Floor Sludge Depths in cm).  
(3 sheets) 

 13 14 15 16 17 18 19 20 21 22 
1 0.96 1.16 1.90 2.98 3.25 3.20 3.18* 3.45 5.01 5.40* 
2 1.01 1.30 2.29 3.16 3.38 3.31 3.27 3.86 4.46 4.13* 
3 1.25 1.66 2.60 3.65 3.77 3.64 3.60 4.20 5.20 4.85 
4 1.70 2.15 2.92 3.56 3.97 3.63 3.49* 4.08 9.32 11.90 
5 2.00 2.49 3.22 3.79 4.35 4.37 4.36 5.36 11.80 13.00* 
6 2.11 2.72 3.50 3.93 4.68 4.99 5.08* 5.36 10.30 12.60 
7 2.20 2.71 3.37 3.79 4.13 4.71 4.92 5.12 7.36 10.00 
8 2.33 2.79 3.26 3.42 3.51 3.08 2.77 3.29 4.76 6.75 
9 2.63 2.91 3.14 3.39 3.07 2.64 2.54* 2.69 3.50 4.80 

10 2.75 2.90 3.20 3.18 3.10 3.04 3.02 3.09 3.37 4.02 
11 2.93 3.23 3.29 3.27 3.31 3.44 3.49* 3.46 3.47 3.80 
12 3.29 3.33 3.35 3.35 3.38 3.44 3.47 3.47 3.53 3.77 
13 3.47 3.44 3.44 3.41 3.37 3.40 3.42 3.50 3.57 3.83 
14 3.86 3.47 3.46 3.42 3.41 3.41 3.41 3.59 3.68 3.89 
15 3.71 3.63 3.79 3.68 3.56 3.52 3.51 3.77 3.89 4.08 
16 3.84 3.78 4.03 3.95 3.87 3.82 3.70 4.07 4.21 4.42 
17 4.03 3.83 4.19 4.16 4.14 3.96 4.04 4.50 4.71 5.03 
18 4.06 4.00 4.24 4.24 4.00 4.07 4.49 4.91 5.48 5.80 
19 4.15 4.04 4.25 3.93 3.91 4.33 4.98 6.08 6.64 7.11 
20 4.32 4.11 3.93 3.92 4.07 4.56 5.67 6.62 7.30 7.64 
21 4.45* 3.96 3.82 3.92 4.09 5.06 5.80 7.03 7.86 8.25 
22 2.86* 3.81* 3.73 3.65 4.01 4.77 6.15 7.59 8.37 8.68 
23 3.28 3.36 3.38 3.49 3.88 4.95 6.82 8.27 8.88 9.04 
24 3.81* 2.86* 3.00 3.29 3.84 5.36 7.41 8.71 9.13 9.19 
25 3.61 3.11 3.12 3.41 4.03 6.33 7.81 8.89 9.18 9.21* 
26 4.15 3.64 3.53 3.90 4.84 6.31 7.94 8.66 8.99 9.12 
27 4.44 4.34 4.28 4.58 5.26 6.45 7.60 8.26 8.36 8.32 
28 4.45* 4.44 4.52 5.00 5.76 6.32 7.30 8.01 8.25 8.26* 
29 4.45 4.46 4.65 5.41 5.95 6.23 6.74 7.68 8.14 8.23 
30 4.49 4.57 5.11 5.74 6.04 6.05 6.23 7.23 7.90 7.95 
31 4.61 4.83 5.47 5.95 6.03 6.03* 6.09 7.08 7.90 7.94* 
32 4.64 4.99 5.65 5.96 6.04 6.05 6.20 7.13 7.80 7.90 
33 4.63 5.03 5.65 6.00 6.10 6.19 6.59 7.31 7.62 7.64 
34 4.54 4.94 5.66 5.97 6.19 6.46 7.00 7.46 7.61 7.62* 
35 4.34 5.02 5.46 5.83 6.17 6.57 7.12 7.47 7.59 7.61 
36 4.03 4.61 4.99 5.39 5.83 6.34 6.95 7.28 7.49 7.55 
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Table A-2.  East Bay, West Half (Floor Sludge Depths in cm).  
(3 sheets) 

 13 14 15 16 17 18 19 20 21 22 
37 3.56 4.09 4.27 4.56 5.01 5.61 6.27 6.84 7.18 7.33 
38 2.92 2.78 3.09 3.19 3.52 3.76 4.96 5.80 6.42 6.77 
39 2.15 1.85 1.82 1.75 1.64 2.01 3.06 4.07 5.03 5.72 
40 1.48 1.16 0.96 0.75 0.74 0.89 1.47 2.31 3.36 4.33 
41 1.17 0.76 0.53 0.42 0.40 0.45 0.70 1.22 2.06 3.04 
42 0.94 0.58 0.40 0.34 0.33 0.34 0.45 0.75 1.33 2.14 
43 0.85 0.52 0.36 0.32 0.32* 0.33 0.39 0.59 1.02 1.66 
44 0.90 0.56 0.39 0.33 0.32 0.33 0.40 0.59 0.94 1.47 
45 1.12 0.72 0.48 0.39 0.36 0.39 0.46 0.67 1.00 1.45 
46 1.51 1.08 0.73 0.57 0.51 0.55 0.64 0.81 1.17 1.56 
47 2.20 1.74 1.27 1.04 0.91 0.92 0.99 1.15 1.45 1.77 
48 2.93 2.55 2.11 1.80 1.59 1.52 1.52 1.64 1.82 2.04 
49 3.36 3.12 2.83 2.58 2.36 2.25 2.14 2.15 2.25 2.39 
50 3.54 3.42 3.24 3.08 2.91 2.81 2.68 2.63 2.65 2.73 
51 3.62 3.51 3.41 3.29 3.17 3.10 3.01 2.96 2.95 2.99 
52 3.66 3.57 3.43 3.33 3.27 3.19 3.17 3.16 3.18 3.24 
53 3.76 3.59 3.34 3.25 3.23 3.23 3.27 3.31 3.38 3.44 
54 3.81* 3.34 3.08 3.12 3.17 3.23 3.32 3.41 3.63 3.67 
55 3.34 2.86* 2.91 3.03 3.13 3.22 3.36 3.50 3.68 3.87 
56 3.09 2.92 2.94 3.03 3.15 3.29 3.50 3.73 3.97 4.06 
57 3.16 3.05 3.05 3.12 3.24 3.41 3.69 3.84 4.11 4.38 
58 3.32 3.24 3.22 3.29 3.43 3.55 3.89 4.20 4.51 4.79 
59 3.62 3.62 3.51 3.61 3.65 4.03 4.38 4.72 5.03 5.31 
60 4.13 4.22 4.02 3.97 4.19 4.67 5.16 5.38 5.65 5.86 
61 4.86 5.07 4.48 4.70 4.97 5.52 5.91 6.15 6.25 6.62 
62 5.69 5.30 5.31 5.58 5.84 6.09 6.56 6.87 6.95 6.95 
63 6.02 6.01 6.49 6.36 6.56 6.71 7.10 7.15 7.19 7.22 
64 6.67 6.83 7.08 7.18 7.10 7.17 7.34 7.36 7.39 7.42 
65 6.75 6.74 7.22 7.32 7.40 7.37 7.43 7.44 7.48 7.40 
66 6.72 6.81 7.03 7.39 7.48 7.52 7.50 7.50 7.47 7.56 
67 6.63 6.78 7.02 7.29 7.55 7.59 7.55 7.44 7.62 7.76 
68 6.72 6.64 6.88 7.19 7.53 7.62* 7.53 7.42 7.80 7.91 
69 6.65 7.01 6.59 6.76 6.92 6.96 6.94 7.22 7.86 7.94* 
70 6.36 6.86 6.83 6.25 6.32 6.35* 6.35 6.74 7.56 7.80 
71 5.52 5.86 5.89 5.67 5.42 5.43 5.51 6.28 6.64 6.51 
72 5.47 5.56 5.41 5.09 4.61 4.45* 4.71 6.11 6.43 6.35* 
73 5.62 5.65 5.62 5.24 4.80 4.62 5.23 7.00 6.97 6.58 
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Table A-2.  East Bay, West Half (Floor Sludge Depths in cm).  
(3 sheets) 

 13 14 15 16 17 18 19 20 21 22 
74 5.69 5.70 5.73 5.73 6.01 6.52 8.46 10.20 10.50 10.40 
75 5.72* 5.71 5.77 6.32 8.08 9.95 11.60 12.00 13.00 14.20 
76 5.62 5.69 5.97 7.18 9.30 11.30 12.00 12.10* 13.30 14.60* 

Asterisks mark locations that were measured in WHC-SD-WM-ANAL-037 
(Meling 1994). 
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Table A-3.  Middle Bay, East Half.  (3 sheets) 

 23 24 25 26 27 28 29 30 31 32 33 34 
1 9.03 2.75 0.64* 0.82 0.98 0.41 0.32* 1.08 2.54* 2.46 2.76 4.21 
2 9.84* 7.65 1.42 1.33 1.37 0.83 0.51 0.32* 1.46 2.20 2.96 4.94 
3 9.18 7.65 4.18 2.65 2.20 2.15 2.17 0.96 1.60 2.82 3.72 5.53 
4 5.11 5.29 4.76 3.39 2.80 2.85 2.86* 2.77 3.64 4.31 4.37 5.05 
5 4.76* 4.81 4.75 4.01 3.41 3.20 3.08 3.60 4.38 4.45* 4.45 4.54 
6 4.78 4.75 4.54 4.04 3.85 4.21 5.14 5.73 5.14 4.51 4.53 4.49 
7 4.63 4.38 4.02 3.91 4.06 5.00 5.91 6.03* 5.91 5.14 4.82 4.72 
8 3.91 3.69 3.74 3.79 3.86 4.63 5.88 5.99 5.90 5.44 5.21 5.29 
9 2.99 3.01 3.63 3.81* 3.78 4.35 5.41 5.71 5.71 5.55 5.62 5.67 

10 2.20 1.82 1.89 3.24 3.45 3.77 4.47 5.08 5.38 5.49 5.78 6.04 
11 1.87 1.41 1.27* 1.55 2.62 3.38 4.56 5.03 5.52 5.59 5.50 5.45 
12 2.64 1.81 1.54 2.13 2.92 3.70 4.31 5.66 5.66 5.70 5.65 5.44 
13 4.12 3.27 3.46 3.92 3.85 3.80 4.36 5.36 5.85 5.72* 5.85 5.32 
14 6.02 3.68 3.39 4.13* 3.99 3.79 4.70 5.78 6.19 6.35* 6.19 5.85 
15 8.80 4.11 2.54* 3.35 3.59 3.20 3.74 5.54 6.22 6.32 6.25 5.75 
16 9.83* 7.76 3.12 2.83 2.41 2.52 3.22 4.48 5.75 6.10 5.95 5.45 
17 9.26 7.77 4.15 2.42 2.22* 2.28 2.65 3.67 4.91 5.56 5.46 5.04 
18 7.81 6.04 3.88 2.74 2.35 2.42 2.71 3.35 4.12 4.77 4.89 5.05 
19 5.79 4.38 3.58 3.45 3.26 3.03 3.11 3.35 3.85 4.27 4.78 4.75 
20 4.59 3.81 3.51 3.49* 3.48 3.41 3.40 3.66 3.78 4.11 4.29 4.56 
21 4.25 3.74 3.54 3.50 3.47 3.45 3.42 3.42 3.51 4.00 4.33 4.60 
22 3.93 3.88 3.72 3.68 3.67 3.63 3.57 3.46 3.40 3.51 3.96 4.04 
23 3.84 3.86 3.98 4.08 4.07 3.96 3.69 3.39 3.22 3.22 3.09 3.42 
24 3.97 3.78 3.86 4.23 4.36 4.21 3.58 3.14 2.84 2.81 2.34 2.70 
25 4.01 3.72 3.65 3.94 4.45* 4.21 3.01 2.47 2.30 1.90 2.18 2.61 
26 3.87 3.62 3.51 3.49* 3.82 2.99 1.79 1.77 1.94 2.17 2.41 2.79 
27 4.15 3.59 3.34 3.18 2.37 1.87 1.59* 1.63 1.79 2.03 2.35 2.70 
28 5.54 4.16 2.99 2.11 1.91* 1.90 1.67 1.65 1.67 1.79 2.00 2.35 
29 7.34 6.15 3.71 2.21 1.96 1.96 1.87 1.78 1.86 2.08 2.40 2.84 
30 8.19 7.87 5.89 3.37 2.38 2.21 2.15 2.05 2.11 2.26 2.66 3.04 
31 8.26* 8.19 7.31 5.03 3.24 2.70 2.53 2.40 2.42 2.52 2.70 2.79 
32 8.23 8.11 7.32 5.43 3.69 2.97 2.72 2.62 2.62 2.37 2.50 2.75 
33 8.02 7.68 6.63 4.68 3.29 2.70 2.59 2.58 2.60 2.66 2.57 2.83 
34 7.39 6.72 5.41 3.70 2.79 2.57 2.54 2.54 2.55 2.60 2.77 2.89 
35 6.41 5.53 4.23 3.12 2.62 2.54 2.54* 2.54 2.51 2.52 2.73 3.13 
36 5.45 4.56 3.54 2.80 2.51 2.50 2.52 2.48 2.37 2.37 2.68 3.16 
37 4.92 4.06 3.15 2.48 2.14 1.99 1.96 1.95 2.02 2.20 2.68 3.30 
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Table A-3.  Middle Bay, East Half.  (3 sheets) 

 23 24 25 26 27 28 29 30 31 32 33 34 
38 4.92 3.98 3.02 2.21 1.66 1.38 1.31 1.36 1.59 2.02 2.69 3.42 
39 5.43 4.46 3.30 2.20 1.52 1.29 1.27* 1.28 1.43 1.91 2.76 3.48 
40 6.30 5.46 4.15 2.65 1.68 1.34 1.29 1.32 1.50 2.04 2.86 3.52 
41 7.16 6.65 5.55 3.84 2.36 1.61 1.46 1.50 1.75 2.30 3.07 3.55 
42 7.68 7.48 6.89 5.58 3.99 2.70 2.17 1.99 2.24 2.73 3.28 3.69 
43 7.89 7.83 7.60 7.03 5.77 4.35 3.44 3.05 2.92 3.21 3.53 3.73 
44 7.94 7.92 7.86 7.57 6.85 5.78 4.78 4.11 3.84 3.71 3.86 3.88 
45 7.94* 7.94 7.91 7.77 7.38 6.69 5.88 5.15 4.38 4.16 4.03 3.94 
46 7.94 7.93 7.93 7.85 7.61 7.15 6.52 5.93 5.19 4.69 4.34 4.14 
47 7.91 7.88 7.82 7.94 7.79 7.46 7.74 6.56 5.75 5.15 4.74 4.54 
48 7.76 7.71 7.65 7.55 8.06 8.94 8.15 7.08 6.28 5.65 5.37 4.92 
49 7.47 7.45 7.45 7.42 7.87 9.11 8.45 7.51 6.77 6.34 5.71 5.60 
50 7.33 7.33 7.34 7.55 7.59 7.54 8.64 7.77 7.23 6.36 6.22 6.04 
51 7.31 7.31 7.35 7.41 7.48 7.47 7.37 8.07 6.96 6.87 6.57 6.40 
52 7.31* 7.31 7.33 7.38 7.43 7.48 7.51 6.83 7.47 7.07 6.82 6.67 
53 7.30 7.29 7.34 7.40 7.45 7.57 8.06 8.26 7.77 7.13 6.97 6.86 
54 7.24 7.21 7.13 7.49 7.56 7.94 8.77 8.31 7.68 7.39 7.12 7.05 
55 7.02 6.97 6.84 6.70 7.40 8.93 8.57 8.13 7.75 7.36 7.27 7.20 
56 7.17 6.95 6.58 6.33 6.56 8.66 8.32 7.90 7.56 7.38 7.25 7.27 
57 7.97 7.34 6.40 6.05 5.99 6.19 8.18 7.80 7.51 7.36 7.31 7.29 
58 8.57* 6.90 5.67 5.43 5.50 5.82 6.25 7.75 7.49 7.37 7.31 7.30 
59 1.27* 2.95 4.27 4.75 5.05 5.52 6.04 6.58 6.95 7.19 7.27 7.29 
60 1.87 2.50 3.58 4.31 4.85 5.35 5.94 6.55 6.98 7.17 7.23 7.24 
61 2.73 3.00 3.54 4.24 4.80 5.31 5.96 6.55 7.00 7.20 7.17 7.25 
62 3.35 3.52 3.80 4.19 4.59 5.40 5.99 6.63 7.11 7.19 7.54 7.59 
63 3.90 4.06 4.12 4.39 4.70 4.94 6.04 5.97 6.88 7.88 8.29 8.30 
64 4.45 4.59 4.39 4.53 4.71 4.84 5.26 5.88 7.34 8.45 8.91 9.26 
65 4.96 4.15 4.23 4.32 4.43 4.70 5.02 6.48 7.52 8.28 9.47 9.91 
66 5.19 4.51 4.45 4.45 4.48 4.44 4.81 5.45 6.89 8.48 9.65 10.10
67 5.33 4.57 4.52 4.52 4.55 4.51 4.57 5.01 6.39 8.57 9.63 10.10
68 5.17 4.79 4.50 4.60 4.69 4.59 4.36 4.61 5.65 7.65 8.94 9.74 
69 5.40 5.08 4.43 4.58 4.76* 4.57 4.04 3.96 4.90 6.02 6.61 6.71 
70 5.54 5.38 4.26 3.15 3.03 3.05 3.12 3.48 4.23 4.95 4.58 3.96 
71 5.56* 5.49 4.14 1.65 1.27* 1.51 2.31 3.25 4.20 4.42 4.19 3.65 
72 5.52 5.30 3.97 1.85 1.40 1.56 2.23 3.19 4.13 4.53 4.59 4.56 
73 5.15 4.33 3.09 2.81 2.47 2.55 3.03 3.52 4.15 4.66 5.00 5.52 
74 5.76 4.01 1.88 2.98 4.05 4.11 4.10 4.18 4.28 4.54 4.84 5.10 
75 5.72* 4.24 1.27 4.47 5.93 5.77 5.12 4.62 4.31 4.35 4.19 3.80 
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Table A-3.  Middle Bay, East Half.  (3 sheets) 

 23 24 25 26 27 28 29 30 31 32 33 34 
76 9.21* 5.77 3.49 7.94* 7.22 6.13 5.36 4.72 4.32 4.05 3.78 3.31 

Asterisks mark locations that were measured in WHC-SD-WM-ANAL-037 (Meling 1994). 
 



SNF-10293, REV 0 

 A-10  

 

Table A-4.  Middle Bay, West Half.  (3 sheets) 

 35 36 37 38 39 40 41 42 43 44 45 
1 5.69 5.99 5.25 4.07 3.32 3.75 4.13* 0.95* 3.49* 2.22* 5.72* 
2 6.51 6.81 5.88 3.76 2.98 2.96 3.12 1.61 2.62 3.24 5.40 
3 6.80 6.99* 5.83 2.88 2.86 2.86* 2.86* 0.95* 2.22* 3.12 6.67* 
4 6.32 6.43 3.43 2.54* 2.58 2.74 2.85 2.16 1.71 0.64* 4.24 
5 4.85 3.97 2.27 1.84 2.04 2.31 2.89 3.18* 2.20 1.59* 6.35* 
6 4.03 1.90 1.20 0.95* 1.66 2.22* 2.45 3.08 3.34 3.52 4.32 
7 4.21 2.58 1.51 1.20 1.86 2.20 2.34 3.35 4.33 4.76* 3.18* 
8 5.19 4.80 3.39 2.49 2.26 2.22* 2.31 3.02 4.01 4.30 3.53 
9 6.16 6.25 5.66 3.96 2.90 2.53 2.79 2.67 2.52 2.99 3.28 

10 6.22 6.35* 5.97 4.67 5.11 5.58 4.66 1.75 0.87 1.23 1.91 
11 5.70 5.47 3.46 3.81 5.22 6.03* 5.03 1.26 0.64* 0.92 1.54 
12 4.30 2.96 2.54* 3.05 3.87 3.18* 3.70 1.93 0.97 0.95* 2.34 
13 4.19 3.16 3.34 4.93 4.41 3.99 3.77 2.91 1.75 2.36 3.81* 
14 4.87 4.49 5.38 5.72* 5.14 4.76* 4.62 3.70 2.73 2.74 3.42 
15 4.88 4.70 4.96 4.93 5.15 5.34 5.22 3.98 2.73 2.54* 3.18 
16 4.90 4.58 4.23 4.13* 5.09 6.03* 5.87 4.57 3.08 3.19 3.81* 
17 4.88 4.51 4.26 4.26 5.09 5.88 5.74 4.76 3.64 3.58 3.74 
18 4.76 4.56 4.50 4.12 5.09 5.48 5.35 4.75 4.04 3.77 3.71 
19 4.75 4.70 4.23 4.17 5.06 5.33 5.17 4.84 4.50 4.28 4.21 
20 4.71 4.34 4.35 4.16 5.24 5.46 5.29 5.35 5.39 5.51 5.57 
21 4.30 4.39 4.51 4.53 5.42 5.92 6.27 6.36 6.93 7.35 7.54 
22 4.21 4.49 4.88 5.20 5.96 6.35 7.08 7.80 8.15 8.54 8.64 
23 3.97 4.52 5.03 5.85 6.40 6.93 7.69 8.34 8.69 8.84 8.88 
24 3.75 4.40 5.35 6.03 6.56 7.33 8.03 8.55 8.80 8.88 8.89* 
25 3.27 4.30 5.29 6.11 6.75 7.52 8.15 8.58 8.79 8.87 8.88 
26 3.30 3.90 4.75 6.08 6.81 7.53 8.11 8.51 8.73 8.83 8.84 
27 3.23 3.92 4.64 5.73 6.65 7.47 8.02 8.40 8.62 8.73 8.76 
28 2.81 3.51 4.45 5.50 6.43 7.28 7.86 8.25 8.49 8.63 8.66 
29 3.41 3.71 4.55 5.82 6.33 7.13 7.81 8.22 8.49 8.65 8.70 
30 3.15 3.79 4.54 5.69 6.34 7.15 7.85 8.39 8.72 8.95 9.04 
31 3.24 3.82 4.54 5.43 6.37 7.35 8.03 8.71 9.09 9.31 9.40 
32 3.29 3.83 4.52 5.35 6.43 7.40 8.32 8.99 9.39 9.59 9.66 
33 3.21 3.83 4.40 5.16 6.23 7.35 8.44 9.21 9.60 9.75 9.79 
34 3.31 3.73 4.23 4.96 5.83 7.08 8.42 9.32 9.71 9.82 9.84 
35 3.41 3.74 4.01 4.52 5.23 6.53 8.14 9.27 9.73 9.83 9.84* 
36 3.59 3.78 3.89 4.08 4.57 5.68 7.47 9.00 9.64 9.81 9.83 
37 3.69 3.80 3.83 3.89 4.13 4.92 6.62 8.35 9.32 9.66 9.75 
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Table A-4.  Middle Bay, West Half.  (3 sheets) 

 35 36 37 38 39 40 41 42 43 44 45 
38 3.74 3.81 3.81 3.82 3.93 4.48 5.74 7.30 8.55 9.19 9.40 
39 3.76 3.81 3.81* 3.82 3.88 4.28 5.11 6.38 7.59 8.29 8.62 
40 3.77 3.81 3.81 3.83 3.94 4.25 4.94 5.86 6.74 7.29 7.62 
41 3.77 3.82 3.83 3.88 4.00 4.33 4.93 5.70 6.40 6.76 6.93 
42 3.79 3.82 3.83 3.89 4.03 4.40 5.05 5.87 6.39 6.61 6.70 
43 3.83 3.81 3.81 3.84 3.98 4.43 5.23 6.08 6.51 6.64 6.67 
44 3.81 3.81 3.81* 3.82 3.89 4.56 5.50 6.28 6.60 6.66 6.67 
45 3.88 3.83 3.82 3.87 4.19 5.04 5.96 6.48 6.65 6.67 6.67* 
46 4.05 3.97 3.97 4.19 4.93 5.99 6.58 6.73 6.70 6.67 6.67 
47 4.37 4.41 4.60 5.24 6.27 6.94 7.12 7.09 6.90 6.74 6.69 
48 4.92 5.13 5.56 6.35 6.99 7.25 7.29 7.26 7.14 6.92 6.79 
49 5.46 5.79 6.22 6.81 7.17 7.29 7.30* 7.29 7.22 7.07 6.94 
50 6.03 6.26 6.55 6.92 7.16 7.27 7.29 7.27 7.20 7.10 7.04 
51 6.35 6.35 6.61 6.82 6.98 7.11 7.16 7.14 7.09 7.12 7.21 
52 6.57 6.44 6.42 6.57 6.56 6.57 6.61 6.69 6.93 7.26 7.50 
53 6.75 6.52 6.53 6.26 6.12 5.98 5.97 6.19 6.85 7.54 7.77 
54 6.96 6.82 6.51 6.13 5.88 5.77 5.74 5.86 6.83 7.80 7.92 
55 7.14 7.01 6.67 6.15 5.84 5.73 5.72* 5.77 6.83 7.90 7.94* 
56 7.25 7.20 6.93 6.36 5.90 5.76 5.74 5.85 6.81 7.80 7.92 
57 7.30 7.28 7.14 6.63 6.07 5.86 5.84 6.05 6.76 7.52 7.76 
58 7.30* 7.29 7.20 6.78 6.19 5.89 5.87 6.10 6.56 7.10 7.38 
59 7.30 7.28 7.13 6.63 5.94 5.50 5.40 5.58 5.96 6.41 6.80 
60 7.25 7.18 6.86 6.15 5.21 4.61 4.42 4.58 4.97 5.55 6.00 
61 7.22 6.95 6.36 5.27 4.36 3.86 3.73 3.82 4.19 4.83 5.54 
62 7.37 6.90 5.98 4.76 3.87 3.57 3.51 3.57 3.87 4.60 5.51 
63 8.18 7.53 6.15 4.76 3.79 3.51 3.49* 3.52 3.86 4.90 6.09 
64 9.33 8.75 7.43 5.40 4.01 3.58 3.52 3.63 4.39 6.09 7.30 
65 9.96 9.71 8.81 6.62 4.73 3.98 3.88 4.41 6.06 7.82 8.40 
66 10.10 10.10 9.39 7.75 5.81 4.86 4.92 6.02 7.74 8.68 8.84 
67 10.20* 10.10 9.45 8.04 6.51 5.72 5.64 6.76 8.11 8.81 8.89* 
68 9.99 9.70 8.74 7.32 5.93 5.18 5.12 6.20 7.38 8.40 8.72 
69 6.75 6.68 6.48 5.87 4.99 4.22 4.12 4.97 5.48 5.64 5.66 
70 3.67 3.85 4.56 4.68 3.91 3.50 3.38 3.98 4.19 3.26 2.56 
71 3.49* 3.65 4.14 4.19 3.63 3.23 3.23 3.44 4.23 3.39 1.91* 
72 4.58 4.52 4.39 4.04 3.48 3.21 3.18* 3.28 4.80 6.75 8.26* 
73 5.72* 5.36 4.31 3.87 3.56 3.27 3.22 3.45 5.05 6.99 7.71 
74 4.96 3.27 3.12 3.39 3.54 3.47 3.48 3.88 5.00 6.31 6.82 
75 2.80 2.54* 2.63 3.02 3.43 3.65 3.77 4.17 4.94 5.69 6.13 
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Table A-4.  Middle Bay, West Half.  (3 sheets) 

 35 36 37 38 39 40 41 42 43 44 45 
76 2.76 2.60 2.67 2.95 3.35 3.67 4.18 4.34 4.86 5.36 5.63 

Asterisks mark locations that were measured in WHC-SD-WM-ANAL-037 (Meling 
1994). 
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Table A-5.  West Bay, East Half.  (3 sheets) 

 46 47 48 49 50 51 52 53 54 55 56 57 
1 6.99* 5.07 3.18* 3.21 2.63 2.54* 2.53 2.28 2.19 2.22* 2.09 1.33 
2 6.73 5.05 3.39 3.28 2.75 2.57 2.50 2.19 2.03 2.06 1.65 1.28 
3 5.75 4.96 4.06 3.58 3.12 2.60 2.36 2.04 1.37 1.00 0.76 0.88 
4 5.13 4.96 4.62 3.72 3.70 3.09 2.39 1.76 1.09 0.82 0.64* 0.69 
5 5.08 5.04 4.90 4.24 3.66 3.57 2.61 1.72 1.06 0.69 0.66 0.73 
6 5.08* 5.06 4.85 4.31 3.80 3.36 2.40 1.50 1.03 0.88 0.87 0.93 
7 5.02 4.83 4.37 3.95 4.05 3.53 3.09 2.46 1.39 1.10 1.01 1.06 
8 3.94 3.44 3.50 3.72 3.48 3.32 3.19 2.85 2.26 1.45 1.27 1.27 
9 3.45 3.18* 3.34 3.41 3.20 3.20 3.21 3.06 2.67 2.17 1.53 1.49 

10 5.04 3.71 3.82 3.24 3.18* 3.18 3.15 3.00 2.67 2.37 1.98 1.60 
11 7.94 7.33 5.62 3.67 3.22 3.23 3.27 3.22 3.05 2.71 1.75 2.02 
12 8.09* 8.01 7.08 5.01 3.88 3.41 3.37 3.32 3.12 2.80 2.38 1.63 
13 8.07 7.98 7.34 6.06 4.87 3.83 3.68 3.51 3.02 2.84 2.52 1.89 
14 7.65 7.47 7.12 6.28 4.69 4.17 3.79 3.58 3.37 3.13 2.91 1.85 
15 6.30 6.33 6.39 5.82 4.82 4.41 3.61 3.30 3.30 3.27 3.15 2.53 
16 5.89 5.92 5.89 5.80 5.51 4.41 3.88 3.19 3.23 3.45 3.46 3.25 
17 5.88* 5.88 5.87 5.79 5.53 5.13 3.86 3.55 3.13 3.40 3.49* 3.33 
18 5.87 5.86 5.84 5.68 5.24 4.50 3.39 2.79 2.72 2.69 2.70 2.64 
19 5.85 5.82 5.77 5.57 5.08 4.36 3.40 2.58 2.30 2.00 1.91* 2.01 
20 5.73 5.76 5.54 5.26 5.01 4.45 3.09 2.54 2.25 1.93 1.92 1.94 
21 5.37 5.57 5.50 4.96 4.61 4.54 3.61 2.74 2.14 2.04 2.00 2.12 
22 4.58 5.20 5.26 5.28 4.65 4.37 3.72 3.03 2.49 2.23 2.43 2.56 
23 3.51 4.68 5.03 5.35 5.43 5.20 4.32 3.79 3.13 2.91 2.73 3.01 
24 3.62 4.04 4.83 5.52 5.87 5.80 5.52 4.51 4.28 3.59 3.20 2.94 
25 2.66 3.23 4.68 5.90 6.19 6.17 5.99 5.37 4.76 4.02 3.35 2.92 
26 1.84 2.40 4.82 6.20 6.33 6.32 6.12 5.70 4.99 4.12 3.41 2.90 
27 1.59* 2.50 5.20 6.31 6.35* 6.33 6.17 5.76 4.88 3.93 3.13 2.76 
28 6.78 6.77 6.54 6.37 6.35 6.34 6.40 6.20 5.56 4.31 3.55 3.00 
29 9.13 8.11 6.97 6.48 6.36 6.24 6.19 5.47 4.49 3.44 3.38 9.37* 
30 9.36 9.32 8.47 7.54 7.38 6.92 6.62 6.20 4.30 3.89 3.62 3.04 
31 9.30 9.18 8.89 7.65 7.04 7.10 6.63 5.46 5.09 4.01 3.55 3.26 
32 8.92 8.71 8.41 7.93 6.85 6.96 6.44 5.60 5.07 4.42 3.46 2.76 
33 7.58 7.42 7.21 6.92 6.58 6.27 5.43 4.66 4.10 3.27 2.91 2.69 
34 4.95 5.07 5.23 5.37 5.45 5.25 4.84 4.85 3.64 3.04 2.59 2.34 
35 2.57 2.81 3.26 3.79 4.66 4.80 4.07 3.73 3.35 2.92 2.57 2.62 
36 1.47 1.67 2.15 3.49 4.17 4.50 3.39 2.88 3.12 2.84 2.75 2.34 
37 1.05 1.23 2.34 3.35 4.09 3.08 3.19 2.85 2.52 2.87 2.52 2.33 
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Table A-5.  West Bay, East Half.  (3 sheets) 

 46 47 48 49 50 51 52 53 54 55 56 57 
38 0.95* 1.35 2.73 3.81 2.96 3.07 3.20 3.13 2.85 2.49 2.53 2.35 
39 3.35 3.73 4.41 3.12 3.23 3.17 3.21 3.23 2.83 2.71 2.57 2.28 
40 5.08* 6.15 6.37 3.68 3.49 3.25 3.21 3.10 3.03 3.62 2.77 2.57 
41 10.80* 9.36 7.79 6.62 6.32 5.36 4.83 4.51 4.21 3.29 2.99 2.95 
42 10.30 9.71 7.96 6.05 4.66 4.20 4.03 3.99 4.00 3.58 3.36 3.29 
43 9.34 8.63 6.57 4.17 3.38 3.22 3.38 3.61 3.50 3.47 3.37 3.34 
44 8.04 6.66 4.34 3.09 2.90 2.92 3.07 3.18 3.32 3.38 3.39 3.45 
45 6.99 5.44 3.62 2.92 2.86* 2.88 2.95 3.03 3.21 3.30 3.36 3.47 
46 7.07 5.73 3.97 3.05 2.90 2.92 3.02 3.03 3.10 3.22 3.29 3.43 
47 7.83 7.16 5.50 3.93 3.35 3.25 3.37 3.19 3.11 3.09 3.14 3.39 
48 8.30 8.10 7.37 5.88 4.64 4.15 4.03 3.46 3.10 2.92 2.92 3.26 
49 8.41 8.37 8.17 7.19 5.85 4.87 3.98 3.63 3.22 2.77 3.10 3.11 
50 8.42* 8.40 8.31 7.49 6.02 4.89 3.52 3.35 2.64 2.85 2.97 3.16 
51 8.41 8.36 8.15 8.01 5.51 3.73 3.00 3.12 2.43 2.70 2.53 2.75 
52 8.33 8.13 7.55 6.72 4.94 3.10 2.36 2.10 2.81 2.53 2.55 2.62 
53 8.07 7.77 6.95 6.39 5.21 2.63 1.76 2.00 2.48 2.61 2.54* 2.67 
54 7.61 7.37 7.29 7.31 7.28 2.98 1.59* 1.66 2.67 3.31 2.96 3.51 
55 6.89 7.17 7.10 7.71 7.94* 5.51 1.73 1.85 3.36 6.26 7.12 6.64 
56 6.68 6.56 6.76 7.26 7.24 2.76 1.27* 1.53 4.10 7.32 7.62* 7.48 
57 6.96 6.82 6.32 6.03 4.97 2.42 1.49 1.86 4.05 7.07 7.55 7.45 
58 7.08 6.92 6.43 5.60 4.21 2.75 2.17 2.11 4.17 5.96 6.84 6.98 
59 7.14 7.09 6.78 6.04 3.36 2.11 1.71 2.00 2.83 4.72 5.57 6.12 
60 7.15* 7.13 6.93 5.25 2.49 1.29 1.02 1.18 1.94 3.36 4.65 5.25 
61 7.14 7.10 6.80 5.02 2.25 1.05 0.95* 1.03 1.86 3.53 4.79 5.44 
62 7.07 6.93 6.48 5.29 3.24 1.50 1.08 1.34 2.77 4.92 5.67 5.82 
63 6.85 6.77 6.62 6.56 6.12 4.46 2.82 2.98 4.75 5.85 6.00 6.00 
64 6.38 6.52 7.00 7.44 7.54 7.21 5.98 5.06 5.65 6.01 6.03* 6.02 
65 5.54 6.07 7.06 7.57 7.62* 7.56 7.02 6.04 6.04 6.01 6.03 6.03 
66 4.42 5.02 6.52 7.44 7.58 7.46 6.92 6.23 6.10 6.43 6.23 6.29 
67 3.68 4.06 5.44 6.79 7.15 6.93 6.43 6.13 6.47 6.90 7.52 6.77 
68 3.49* 3.95 5.38 6.23 6.20 5.65 5.38 5.70 6.79 7.43 4.56 7.73 
69 7.30 7.28 7.13 6.48 5.22 4.18 3.92 4.63 6.62 7.56 7.62* 7.47 
70 11.10* 10.60 8.89 6.64 4.35 3.39 3.24 3.52 5.44 7.30 7.62 7.00 
71 10.90 10.50 9.02 6.29 3.95 3.24 3.18* 3.26 4.38 6.38 7.59 7.80 
72 10.20 9.64 8.09 5.81 4.07 3.36 3.24 3.44 4.55 6.35 7.47 7.79 
73 8.94 8.11 6.65 5.31 4.47 3.94 3.79 4.32 5.55 6.70 7.42 7.69 
74 7.43 6.43 5.36 4.76 4.57 4.55 4.87 5.84 6.93 7.40 7.16 7.76 
75 6.23 5.38 4.74 4.50 4.47 4.53 5.13 6.68 7.50 7.59 7.54 7.66 
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Table A-5.  West Bay, East Half.  (3 sheets) 

 46 47 48 49 50 51 52 53 54 55 56 57 
76 5.58 4.97 4.59 4.46 4.45* 4.48 5.09 6.94 7.58 7.62* 7.60 7.61 

Asterisks mark locations that were measured in WHC-SD-WM-ANAL-037 (Meling 1994). 
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Table A-6.  West Bay, West Half -- Cubicle 67 76 is the North-West 
Corner of K East Basin.  (3 sheets) 

 58 59 60 61 62 63 64 65 66 67 
1 1.27* 1.28 1.46 1.58 1.59* 1.59 1.63 1.76 1.84 1.87 
2 1.27 1.29 1.43 1.57 1.59 1.60 1.69 1.84 1.89* 1.90 
3 1.13 1.34 1.48 1.54 1.59 1.66 1.81 1.89 1.91 1.91 
4 1.11 1.49 1.58 1.57 1.60 1.71 1.86 1.91 1.91 1.91* 
5 1.24 1.57 1.59* 1.59 1.60 1.72 1.86 1.90 1.91 1.91 
6 1.24 1.53 1.58 1.58 1.63 1.75 1.86 1.90 1.91 1.90 
7 1.28 1.47 1.54 1.57 1.64 1.75 1.86 1.91 1.92 1.89 
8 1.36 1.43 1.50 1.57 1.69 1.79 1.88 1.94 1.97 1.98 
9 1.47 1.49 1.47 1.66 1.67 1.78 1.91 2.04 2.07* 2.13 

10 1.48 1.42 1.38 1.50 1.66 1.78 2.00 2.12 2.29* 2.45 
11 1.46 1.35 1.30 1.39 1.54 1.80 1.99 2.32 2.64* 3.02 
12 1.62 1.28 1.25 1.29 1.43 1.69 2.10 2.63 3.28 4.87 
13 1.34 1.25 1.25 1.26 1.34 1.65 2.24 3.91 5.35 6.25 
14 1.33 1.21 1.27* 1.21 1.31 1.71 3.18 5.21 6.90 7.90 
15 1.47 1.09 0.95* 1.08 1.37 2.18 3.97 6.33 8.12 9.07 
16 1.95 1.43 1.32 1.42 1.74 2.50 4.75 8.77 10.20 10.70 
17 2.27 1.72 1.59* 1.72 2.15 3.81 8.01 10.70 11.50 11.60 
18 2.24 2.08 2.22* 2.10 2.41 5.19 9.76 11.80 12.00 12.00 
19 2.21 2.17 2.19 2.22 3.03 8.48 11.50 12.10 12.10 12.10 
20 2.33 2.51 2.57 3.16 5.48 9.52 12.10 12.40 12.40 12.40 
21 2.40 2.85 3.28 4.36 6.87 10.10 12.50 12.80 12.70 12.80 
22 2.91 3.41 4.16 5.79 8.74 12.00 13.60 14.10 14.20 14.20 
23 3.17 3.37 3.82 5.06 8.34 12.00 14.40 15.60 15.90 15.70 
24 2.84 2.73 2.92 3.65 6.03 10.50 14.10 15.50 15.80 15.60 
25 2.70 2.59 2.56 2.74 4.00 7.95 12.30 14.60 15.20 15.10 
26 2.65 2.55 2.54* 2.58 3.19 5.70 9.56 12.50 13.70 14.00 
27 2.60 2.58 2.56 2.64 3.15 4.71 7.18 9.84 11.00* 11.70 
28 2.90 2.73 2.70 2.86 3.29 4.12 5.34 6.67 7.88 8.87 
29 3.15 3.04 2.94 3.03 3.20 3.50 3.82 4.46 5.22 6.12 
30 3.18 2.92 2.95 2.95 2.87 2.88 2.77 3.09 3.52 4.19 
31 2.88 3.01 3.10 3.00 2.79 2.49 2.37 2.40 2.55 3.11 
32 2.79 2.96 3.18* 2.95 2.64 2.29 2.23 2.25 2.37 2.62 
33 2.61 2.44 2.22* 2.44 2.47 2.24 2.22* 2.23 2.28 2.35 
34 2.51 2.38 2.30 2.37 2.38 2.25 2.22 2.22 2.21 2.21 
35 2.24 2.20 2.37 2.37 2.29 2.19 2.16 2.13 2.09 2.02 
36 2.22 2.16 2.07 2.20 1.96 1.74 1.63 1.61 1.64 1.59 
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Table A-6.  West Bay, West Half -- Cubicle 67 76 is the North-West 
Corner of K East Basin.  (3 sheets) 

 58 59 60 61 62 63 64 65 66 67 
37 2.18 2.04 2.05 1.71 1.29 0.97 0.86 0.91 1.07 1.19 
38 2.18 2.11 1.72 1.29 0.88 0.69 0.65 0.67 0.79 0.94 
39 2.27 1.99 1.57 1.12 0.77 0.65 0.64* 0.65 0.71 0.85 
40 2.46 2.21 1.78 1.25 0.84 0.68 0.65 0.66 0.74 0.84 
41 2.87 2.72 2.37 1.82 1.20 0.85 0.75 0.76 0.85 0.94 
42 3.21 3.18 3.07 2.73 2.10 1.46 1.14 1.09 1.15 1.15 
43 3.37 3.41 3.40 3.30 2.97 2.38 1.87 1.67 1.62 1.48 
44 3.44 3.48 3.48 3.46 3.33 2.95 2.46 2.24 2.10 1.80 
45 3.47 3.49 3.49* 3.48 3.39 3.09 2.65 2.48 2.35 2.16 
46 3.46 3.48 3.48 3.46 3.33 2.95 2.59 2.34 2.29 2.19 
47 3.42 3.43 3.41 3.32 2.98 2.47 2.14 2.03 2.14 2.18 
48 3.53 3.37 3.26 2.90 2.37 1.90 1.75 1.77 1.91 2.12 
49 3.39 3.35 3.09 2.61 1.96 1.66 1.61 1.64 1.77 2.06 
50 3.39 3.52 3.25 2.65 1.89 1.61 1.59* 1.61 1.76 2.15 
51 3.12 4.04 4.08 3.27 2.21 1.71 1.62 1.68 1.97 2.56 
52 3.45 4.57 5.05 4.59 3.35 2.38 2.05 2.22 2.83 3.70 
53 3.80 5.44 5.90 5.79 5.07 4.07 3.77 4.21 5.10 5.87 
54 4.94 6.17 6.32 6.25 5.98 5.70 6.16 7.14 7.97 8.21 
55 6.12 6.32 6.35* 6.33 6.18 6.34 7.68 9.14 9.82 9.73 
56 6.68 6.30 6.34 6.27 6.00 6.13 8.01 10.10 10.70 10.50 
57 6.70 6.32 6.18 5.90 4.96 4.43 6.26 10.20 10.80 10.60 
58 6.64 6.12 5.69 4.85 3.44 2.51 2.43 6.29 10.20 9.80 
59 6.06 5.73 5.08 3.97 2.72 2.03 1.91* 2.43 5.47 5.54 
60 5.32 4.97 4.20 3.36 2.32 2.17 2.04 2.51 3.17 2.98 
61 5.25 4.93 4.49 3.50 3.14 2.66 2.59 2.90 2.90 2.86* 
62 5.76 5.47 4.79 4.78 3.58 3.31 3.15 3.07 2.94 2.88 
63 5.90 5.70 5.95 5.33 4.21 3.90 3.64 3.30 3.10 3.02 
64 5.97 5.78 6.63 6.26 5.85 4.32 3.87 3.78 3.46 3.55 
65 6.08 6.00 7.42 6.92 6.56 5.28 4.89 4.47 4.75 3.77 
66 6.08 5.98 7.91 6.88 6.48 5.73 5.44 5.92 4.57 4.23 
67 6.36 5.96 8.48 6.51 6.13 5.93 6.36 5.26 4.82 4.43 
68 6.10 5.60 9.14 6.48 6.03* 6.10 5.67 5.28 4.92 4.59 
69 7.43 5.16 15.40 6.79 6.03 6.22 6.38 6.38 6.17 4.22 
70 5.23 5.08* 19.10* 3.49* 4.85 6.21 6.37 6.23 4.33 3.96 
71 7.38 5.02 13.40 6.85 5.76 6.04 6.01 5.58 4.05 3.59 
72 8.20 9.86 9.13 6.15 4.78 5.03 5.70 4.86 4.12 3.33 
73 8.62 8.72 6.67 4.76 4.45* 4.74 5.82 5.24 3.67 2.70 
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Table A-6.  West Bay, West Half -- Cubicle 67 76 is the North-West 
Corner of K East Basin.  (3 sheets) 

 58 59 60 61 62 63 64 65 66 67 
74 8.05 7.72 6.27 5.18 4.88 6.07 6.82 5.97 2.96 2.26 
75 7.75 7.54 7.06 6.89 7.70 7.81 6.99* 6.44 2.42 2.22* 
76 7.68 6.80 7.53 7.96 8.64 8.89* 7.80 5.81 1.86 1.27* 

Asterisks mark locations that were measured in WHC-SD-WM-ANAL-037 
(Meling 1994). 

 
 

 



SNF-10293, REV 0 

APPENDIX B 

 

EAST BASIN KEY LOCATIONS FROM 1994 

 

 B-i  



SNF-10293, REV 0 

This page intentionally left blank. 

 B-ii  



SNF-10293, REV 0 

 B-1  

APPENDIX B 

EAST BASIN KEY LOCATIONS FROM 1994 

 

Table B-1.  East Bay (East Half) -- Cubicle 01 01 is the South-East Corner of K East 
Basin.  (3 sheets) 

 1 2 3 4 5 6 7 8 9 10 11 12 
1    F9621 F9621 F9621  G5460     
2   G2639     G5460     
3   G2639     G5460     
4   G2639     G5460     
5 G2565  G2639  F0770  F0770 G5460     
6 F2565  G2639 G2480    G5460     
7 G2565  G2639 F2480    G5460     
8 G2565  G2639 F2480 F0770  F0770 G5460     
9 G2565  G2639 G2480   F0770 G5460     

10 G2565  G2639  F0770   G5460     
11 G2565  G2639 G2480 F0770 F2285 G0770 G5460     
12 G2565  G2639 G2480  G2285  G5460     
13 F2565  F2639 G2480  F2285 F0770 G5460     
14 G2565  G2639 G2480 F0770   G5460     
15   P2639 F2480  F2285  G5460     
16 F2565  G2639 G2480 P0770 F2285 G0770 G5460     
17 G2565  G2639  F0770 G2285  G5460 P0742 G2639 G0679 G2639
18   F2201 F2480  G2285 F0770 G5460 P0742 G2639   
19 G2565  F2201 G2480  F2285  G5460 F0742 G2639  F2639
20 G2565  F2201 F2480 F0770 G2285  G5460 P0742  G0679 G2639
21 G2565  G2639 G2480 F0770 G2285 G0770 G5460  F2639  F2639
22 G2565  G2639 G2480    G5460 F0742 F2639   
23 G2565     G2285  G5460 P0742 G2639 F0679  
24 G2565   G2480 G0770 G2285 P0770 G5460 F0742 G2639  F0679
25 G2565   G2480  G2285  G5460 P0742 G2639 F0679  
26 G2565   G2480  G2285  G5460 G0742 F2639  G0679
27 G2565   G2480 F0770 P2285  G5460  G1979 F0679 G0679
28 G2565   G2480  G2285 F0770 G5460 P0742 G1979   
29 F2565   G2480    G5460 G0742  F0679  
30 G2565    F0770 G2285 F0770 G5460 F0742 G1979  F0679
31 G2565   G2480  G2285  G5460 P0742 G1979 F0679 G0679
32 G2565   G2480 F0770 G2285  G5460 F0742   G0679
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Table B-1.  East Bay (East Half) -- Cubicle 01 01 is the South-East Corner of K East 
Basin.  (3 sheets) 

 1 2 3 4 5 6 7 8 9 10 11 12 
33    F2480  G2285 F0770 G5460 F0742  F0679  
34 G2565   G2480 F0770  F0770 F2201  P1979  P0679
35 G2565   G2480  F2285  P4356 F0742 F1979 F0679  
36 G2565   G2480 G0770 F2285  F0385 F0742 F1979 F0679 B0679
37 G2565  F0832 G2480  G2285  F0385 F0742 G1979   
38 G2565  F0832 F2480  F2285  G0385 F0742  F4356  
39 G2565  G1540 G2480 P0770 G2285  G0385    G0679
40 F2565  P0832 F2480  G2285  P0385 F0742 G1979 G0679 F0679
41   F0832 F2480 P0770 G2285 F0742 P0385 F0742 F1979 F0679  
42 G2565  F0832   F2285 F0742 F0385 F0742    
43 F2565  F0832 F2480 F0770 G2285  G0385 F0742 G1979 F0679 P0679
44 F2565  F0832 F2480   G0742 G0385  F1979 G0679 F0679
45 F2565  F0832 F2480 G0770 G2285 F0742  G0742    
46 G2565  G0832 F2480  G2285  F0385 G0742    
47   G1540 G2480 F0770 F2285 F0742 F0385 F0742 F1979 F0679 F0679
48 G2565  G0832 F2480  G2285 G0742 G0385 F0742   G0679
49 F2565  F0832    G0742 F0385 F0742 G1979   
50 G2565  G0832 F2285 B0770 F2285  G0385 F0742 G1979  F0679
51 F2565  P0832 F2285 G0770 F2285 G0742 F0385  F1979   
52 F2565  G0832 G2285  G2285 F0742 F0385 F0742   P0679
53 G2565  G0832 F2285 G0770 F2285  F0385 P0742 F1979   
54   G0832   F2285 F0742 G0385 F0742    
55 G2565  G0832 P2285  F2285 F0742 F0385    G0679
56 F2565  F0832 F2285 G0770  F0742 F0385 F0742 F1979 F4355 F0679
57 F2565  G0832 G2285  G2285 F0742 G0385 F0742 G1979 G4355  
58 G2565  P0832 F2285 F0770 F2285 G0742 G2480 F0742  F4355  
59 G2565  G0832 F2285  G2285  G2480 G0742 F1979  F0679
60 G2565  G1540 G2285 P0770 F2285 F0742 F2480  G1979 P4355 F0679
61 G2565  G0832 G2285 F0770 G2285 G0742 F2480     
62   G0832   G2285 F0742  G0770   F0679
63 G2565  F0832 F2285 F0770 G2285 G0742 G2480  G2639   
64   F0832 F2285   G0742 G2480  G2639 F4355  
65 G2565  F0770 G2285 F0770 F2285 F0742 G2480 F0770   F0679
66 G2565  F1540 G2285 G0770 G2285 F0742 G2480  G2639   
67 G2565  F1540 G2285  F2285   G0770 G2639 F0742 P0679
68   G0770 G2285  B2285 G0742 G2480  G2639 P0742  
69 G2565  G1540  G0770 G2285  G2480  F2639 B0742  
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Table B-1.  East Bay (East Half) -- Cubicle 01 01 is the South-East Corner of K East 
Basin.  (3 sheets) 

 1 2 3 4 5 6 7 8 9 10 11 12 
70   G1540 G2285  P2285 F0742 F2480 F0770  G0742  
71   G0770 G2285   G0742 G2480  F2639  G0679
72 G2565  F0832 G2285  F2285 G0742 G2480 F0770 F2639   
73   G0770 G2285 G0770 F2285  G2480  G2639   
74 G2565      F2285  F2285  G2285 F2285
75      F2285 F2285 G2480 G2285 G2285 G2285 G2285
76        F2285 G2285 G2285 F2285  

Keys are identified using the notation CXXXX, where C is the fuel condition (G, F, P, or B for 
Good, Fair, Poor, or Bad), and XXXX is the last four digits of the key number. 

Fuel condition identifiers are from WHC-SD-SNF-TI-012. 
Key locations are from private communication with Karen Morris, K Basins Operations, 1995, 

"K East Basin Storage Map", MAC Version 3.1, Rev. 163, Updated 1/11/94, Report 5/02/94, 124 
pages. 
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Table B-2.  East Bay, West Half (Floor Sludge Depths in cm).  
(3 sheets) 

 13 14 15 16 17 18 19 20 21 22 
1           
2      G2480 F2480  G2480 G2480 
3      G2480 F2480 G2480 F2480 G2480 
4     F0770 F0602  G1183 F1183 F0602 
5      F0602 P0602 G1183 F1183 F0602 
6      G0602  F1183 F1183 F0602 
7      G0602 G0602 F1183 P1183 G0576 
8     F0770 F0602  G1183 F1183 F0602 
9     F0770 F0602  F1183 G1183 F0602 

10      F0602 G0602 F1183 F1183 F0602 
11     B0770 F0602  F1183 F1183 B0456 
12      G2285  F1183 F1183 F0602 
13      G5461 G0602 G1183 F1183 F0602 
14     P0770 G5461 G0602 F1183 F1183 B0602 
15      G5461  G1183 G1183 B0602 
16     F0770 G5461 F0602 F1183 F1183 P0456 
17  F2201 G2639  F0679 G5461 F0602 F1183 F1183 F0602 
18 F0679 G2639 G2639  B0679 G5461 F0602 G1183 F1183 F0602 
19 G0679 G2639 F2639 F2201  G5461  F1183 F1183 G0602 
20 F0679  G2639 F2201  G5461 F0602 F1183 F1183 F0602 
21  F2201 G2639   G5461 F0602 G1183 P1183 F0602 
22   G2639   G5461 G0602 G1183 F1183 F0602 
23 G0679 G2201 G2639 G2201 F0679 G5461  G1183 P1183 F0602 
24   G2639 F2201 F0679 G5461 G0602 P1183 F1183 F0602 
25 F0679 F2201 F2639   G5461 F0602 F1183 F1183 F0602 
26 F0679 G2201 G2639  G0679 G5461 F0602 F1183 F1183 G0456 
27   F2201   G5461 G0602 F1183 F1183 G0602 
28   G2201 F2201  G5461 F0602 F1183 F1183 F0602 
29 F0679 G2201 F2201 G2201 F0679 G5461  G1183 F1183 B0456 
30  F2201 G2201  F0679 G5461 G0602 P1183 F1183 F0456 
31 P0679  G2201   G5461 F0602 F1183 F1183 G0576 
32  F2201 G2639 F2201  G5461 F0602 F1183 F1183 G0456 
33 P0679 F2201 G2639  F0679 G5461 G0602 F1183 G1183 G0576 
34 G0679  G2639 F2201 B4356 G5461 P0602 G1183 F1183 F0576 
35  G2201 G2639  G0679 G5461 F0602 G1183 F1183 F0456 
36 B4356  G2201   G5461  G1183 G1183 G0576 
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Table B-2.  East Bay, West Half (Floor Sludge Depths in cm).  
(3 sheets) 

 13 14 15 16 17 18 19 20 21 22 
37 F0679 G2201  G2201  G5461 G0602 G1183 F1183 G0576 
38  F2201  G2201 F0679 G5461 F0602 F1183 G1183 F2285 
39 B4356    G0679 G5240 G0602 G1183 G1183 F0576 
40 P0679  G2201  F0679 G5240 F0602 G1183 F1183 G2285 
41  F2201   B0679 G5204  F1183 F1183 F0576 
42 P4356  P1183 F2201  G0764 F0602 F1183 G1183 G0576 
43  G2201 F1183   G0764 P0602 G1183 F1183 P1806 
44 F0679 G2201 G1183   G0764 F0602 F1183 F1183 G1183 
45 F0679  F1183 F2201 F0679 G0764 F0602 F1183 G1183 G1540 
46  G2201 G1183 G2201 F0679 G0764 F0602 F1183 F1183 G4722 
47 F0679 G2201 F1183   G0764 G0602 F1183 G1183 G4065 
48   G1183 G2201 F0679 G0764  G1183 F1183 G2240 
49 P0679 G2201 G1183   G0764 F0602 F1183 G1183 G2639 
50 G4356  G1183 G2201  G0764 F0602 F1183 F1183 F2639 
51   G1183 G2201  G5461 B0602 F1183 F1183 G2639 
52  G2201 F1183  F0679 G5461  G1183 F1183 G2639 
53 G0679  G1183   G5461 F0602 F1183 G1183 G2639 
54  G2201 G1183  F0679 G5461 F0602 F1183  F2639 
55 G0679  F1183 F2201  G5461 F0602 F1183  F2639 
56  G2201 F1183 F2201 F0679 G5461 B0602 F1183  F2639 
57  F2201 G1183   G5461  G1183  G2639 
58   G1183   F0742 P0602 G2480  F2639 
59 G0679 G2201 F1183 G2201 F0679 F2639 P0602   F2639 
60 F0679  G1183 F2201 F0602 G2639 F0602 F2480  F2639 
61 F0679 G2201 G1183 F2201 F0602 G2639 P0602 G2480  F2639 
62   F1183   G2639  G2480  G2639 
63 F0679  F1183   G2639 P0602 F2480 F1372 F2639 
64   P1183   G2639 F0602 F2480 F1372 G2639 
65  F2201 G1183 F2201  F2639 P0602   F2639 
66 F0679  G1183   F2639 P0602 F2480  G2639 
67 P0679 F2201  P2201 P0602 G2639  G2480 F1372 G2639 
68      G2639 F0602 F2480 F1372 F2639 
69 P0679   G2201  G2639 G0602 F2480  G5460 
70  F2201    G2639 B0602  B1372 G5460 
71  F2201    G2639  G2480  G5461 
72 B0679 F2201   G0602 F2639 F0602 F2480  G5461 
73 P0679   F2201  G2639 F0602 F2480 F1372 G5461 
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Table B-2.  East Bay, West Half (Floor Sludge Depths in cm).  
(3 sheets) 

 13 14 15 16 17 18 19 20 21 22 
74 F2285 G2285 G2285 G2285 G2285 F2639 G2285 F2285 F2285 G5461 
75 F2285 G2285  G2285 G2285 G2639 G2285 F2285 G2285 G5461 
76      G2639    G5461 
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Table B-3.  Middle Bay, East Half  (3 sheets) 

 23 24 25 26 27 28 29 30 31 32 33 34 
1 G5458 G5458           
2 G5458 G5458 G2480 G2480 G2480 F2480 G2480  G2480    
3 G5458 G5458 G2480  F2480 F2480 F2480 G2480 G2480    
4 G5458 G5458    F0456 B4356  G1183    
5 G5458 F5458  G1372  P0456 F0832 G2127 G1183    
6 F5458 G5458  P1372  G0456 F0832 F2127 G1183    
7 G5458 F5458 F1372   G0456 P0832  G1183    
8 G5458 G5458 G1372 F1372  F0456 F0832 F2127 P4356    
9 G5458 G5458   F1449 G0456  G2127 G1183    

10 G5458 G5458 F1372   F0456 P0832 G2127 F1183    
11 G5458 G5458   F1372 F0456  F2127 F1183    
12 G5458 G5458 F1372 F1979  F0456 G0832 F2127 F1183    
13 G5458 G5458 F1372 P1979 P1372 G0456 F0832      
14 G5458 G5458 G1372  F1372 G0456 G0832 G2127 F1183    
15 G5458 G5458  G1979 F1372 F0456 G0832 F2127 F1183    
16 G5458 G5458    F0456  F2127 F1183    
17 G5458 G5458  G1979  G0456 G0832 G2127 F1183 F0832 F0832 F1979
18 G5458 G5458 F1372 F1979 F1372 F0456 P0832 F2127 P1183 F0832 G0832 F1979
19 G5458 G5458 F1372   F0456 F0832 F2127 F1183 F0832 F0832 G2639
20 G5458 G5458 F1372   F0456 F0832 F2127 F1183 F0832 F0832 F1979
21 G5458 G5458 F1372 F1979 F1372 F0456  F2127 F1183 F0832 G0832 G2480
22 G5458 G5458  G1979 B4356 F0456 F0832 G2127 F1183 F2127 F0832 G1979
23 G5458 G5458 F1372  F1372 F0456 P0832  F1183 F0832 F0832 G1979
24 G5458 G5458 F1372 F1979 B4356 B4356 F0832 F2127  F0832 G0832 G5458
25 G5458 G5458    F0456 G0832 F2127 F1372 G0832 P0832 F5458
26 G5458 G5458 F1372   F2285  F2127 F1372 G0832 F0832 F1979
27 G5458 G5458 F1372  F1372 G5458 F0832 F2127  F0832 F0832 G1979
28 G5458 G5458 F1372   G5458 F0832 G2127  F0832 G0832 F1979
29 G5458 G5458  F2201 F1372 G5458 F0832  F1372 F2127 F0832 G5458
30 G5458 G5458 F1372 P2201  G5458 F0832 F2127 F1372 G0832 F0832 G1979
31 G5458 G5458   F1372 G5458 G0832 F2127 F1372 F0832 F0832 F1979
32 G5458 G5458 F1372 G2201  G5458  F2127  F0832 F0832 G5458
33 G5458 G5458  G2201 F1372 G5458 P0832 F2127 F1372 F0832 F0832 F1979
34 G5458 G5458 G1372  P1372 G5458 F0832 F2127  G2127 F0832 F1979
35 G5458 G5458    G5458  F2127 F1372 F0832 F0832 G5458
36 G5458 G5458 F1372 F2201  G5458 F0832 F2127 P1372 F0832 F0832 F1979
37 G5458 G5458  G2127 F1372 G5458 F0832   F0832 G0832 F1979
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Table B-3.  Middle Bay, East Half  (3 sheets) 
 23 24 25 26 27 28 29 30 31 32 33 34 

38 G5458 G5458 F1372  F1372 G5458 F0832 G2127  G2127 G0832 G5458
39 G5458 G5458 F1372 G2127  G5458  G2127 F1372 F0832 G0832 G5458
40 G5458 G5458 P1372 G2127  G5458 F0832 G2127 F1372 P0832 F0832 F1979
41 G5458 G5458 F1372 G2127 F1372 G5458 G0832 G2127 F1372 F0832 F0832 F1979
42 G5458 G5458  G2127  G5458 F0832 F2127 F1372 B0832 F0832 G5458
43 G5458 F0456  G2127 F1372 G5458 P0832 G2127  G2127 F0832 F1979
44 P0456 F2480 P1372 F2127 F1372 G5458 F0832 F2127 F1372 G0832 F0832 F1979
45 G2480 G0456  G2127  G5458 F0832 G2127  F0832 F0832 G5458
46 F0456 G2480 F1372 F2127 F1372 G5458 P0832 F4356  F0832 F2480 F1979
47 F0456 F0456    G5458   F1372 F0832 P2480 F1979
48 F0456 G0576  G2127  G5458 F0832 F2127 F1372 P0832 F2480 G5458
49 F0456 P0456 P1372 G2127 F1372 G5458 F0832 F2127  F0832 F2480 G5458
50 B0456 F0576 F1372 G2127  G5458 F0832 G2127 G1372 F0832 F2480 G1979
51 F0456 F0456 F1372 G2127 F1372 G5458 F0832 G2127 F1372 F0832 F2480 G1979
52 F0456 F0576   F1372 G5458 P0832 F2127 F1372 F0832 F2480 G1979
53 F0456 F0456  F2127 F1372 F5458 P0832 F2127  F0832 F2480 G1979
54 F0456 F0456 F1372   G5458    F0832 F2480  
55 P0456 F0456 F2480 G2127  G5458 F0832 G2127 F4355 F0832 G2480 G1979
56 F0456 F0456 F2480 F2127 P1372 G5458 G0832   F0832 F2480 G5458
57 G0456 F0456 F2480 G2127 F1372 G5458 P0832 F2127  G0832 G2480 G5458
58 F0456 F0456 G2480 F2127  G5458 P0832 G2127  F0832 F2480 G1979
59 F0456 F0456 G2480 F2127  G5458  F2127  G0832 G2480 G1979
60 F0456 F0456 G2480 G2127 F1372 G5458 P0832 F2127  F0832 F2480 P1979
61 F0456 F0456    G5458 G0832 F2127  G0832 G2480 F2480
62 F0456 F0456 F2480 G2127 F1372 G5458 F0832  F4355 F0832 G2480 G2480
63 F0456 G0456 G2480 F2127 F1372 G5458 F0832 F2127 G4355 F0832  G1979
64 G0456 G0456 G2480 F2127  G5458 F0832 F2127 G4355 F0832 F2480 G1979
65 G0456 F0456 F2480 G2127  G5458  G2127 G4355 F0832 G2480 F0832
66 G0456 F0456  F2127 F1372 G5458 F0832 F2127 F4355 F0832 F2480 F1979
67 G0456 F0456 G2480 F2127 F1372 G5458 F0832 G2127 G4355 G0832 G2480 F0832
68 G0456 G0456 F2480 G2127 F1372 G5458 F0832  P4355 F0832 F2480 G1979
69 F0456 G0456 F2480 F2127  G5458 F0832 G2127 G4355 G0832 F2480 F1979
70 F0456 F0456 F2480  F1372 G5458 P0832 F2127 F4355 F0832 F2127 F0832
71 G0456 F0456 G2480 G2127  G5458  G2127 F4355 F0832 F2480 G1979
72 G0456 G0456 F2480 G2127  G5458 F0832 F2127 F4355 G0832 P2480 G0832
73 F0456 G0456 G2480 F2127 F1372 G5458 P4356 F2127 F4355 F0832 F2480 F1979
74 F0456 F2285 F2285 F2285 G2285 G5458 F2285 G2285  F2285 G2285 F0832
75 F2285 F2285  F2285 F2285 G5458 G2285 G2285  F2285 G2285 G2285
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Table B-3.  Middle Bay, East Half  (3 sheets) 
 23 24 25 26 27 28 29 30 31 32 33 34 

76      G5458       
Keys are identified using the notation CXXXX, where C is the fuel condition (G, F, P, or B for 

Good, Fair, Poor, or Bad), and XXXX is the last four digits of the key number. 
Fuel condition identifiers are from WHC-SD-SNF-TI-012. 
Key locations are from private communication with Karen Morris, K Basins Operations, 1995, 

"K East Basin Storage Map", MAC Version 3.1, Rev. 163, Updated 1/11/94, Report 5/02/94, 124 
pages.  
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Table B-4.  Middle Bay, West Half.  (3 sheets) 

 35 36 37 38 39 40 41 42 43 44 45 
1            
2            
3            
4            
5            
6            
7            
8            
9            

10     G4356       
11            
12            
13            
14            
15            
16            
17 F2639 F0385 G0982 G0385 G2852 G5458 G0982 G5458 G1897 G5458 G5458
18 G2639 F0385 F0982 G0385 F1979 G5458 G5458 G5458 G1449 F1897 G5458
19 F2639 F0385 F0982 F0385 F1979 G5458 F0982 G5458 F1449 F1897 G5458
20 G5458 F0385  F0385 F1979 G5458 F5458 G5458 G4355 G5458 G5458
21 G2639 F0385 F0982 F0385 F1979 G5458 F0982 G5458 P1449 G1897 G5458
22 F2639 F0385 G5458 P0385 F1979 G5460 G0982 G5458 F2852 F1897 G5458
23 G2639 G0385 G5458 G0385 F1979 G5460 F0982 F1540 F1449 G1897 G5458
24 G5458 F0385 G5458 F0385 F1979 G5460 G5458 F1449 G2852 G5458 G5458
25 F2639 F0385 G5458 G5458 F1979 G5460 F0982 G5458 F1449 G1897 G5458
26 P2639 F0385 F0982 F0385 F1979 G5460 F0982 G5458 F1449 G5458 G5458
27 G2639 G0385 F0982 F0385 F1979 G5460 G0982 F1540 F2565 G1897 G5458
28 G2639 F0385 G5458 F0982 G1979 G5460 G5458 G5458 F2285 G1897 G5458
29 F2639 F0385 F0982 F0982 F1979 G5460 F0982 G5458 G1449 G1897 G5458
30 F2639 F0385 G5458 G5458 F1979 G5460 G5458 G5458 G1449 G1897 G5458
31 F2639 F0385 F0982 F0982 F1979 G5460 P0982 F1540 G2285 G1897 G5458
32 G5458 F0385 F0982 G5458 F1979 G5460 F0982 G5458 F1449 G1897 G5458
33 F2639 F0385 F0982 P0982 F1979 G5460 G5458 G5458 G5458 G1897 G5458
34 F2480 F0385 G2852 G5458 F1979 G5460 F0982 G5458 G5458 G1897 G5458
35 F2480 F0385 F0982 G5458 F1979 G5460 G5458 G1540 G5458 G1897 G5458
36 F2639 F0385 G0982 G0982 G5458 G5460 F0982 G1897 G5458 F1036 G5458
37 G2480 F0385 G2852 F0982 P1979 G5460 G5458 G5458 G5458 F1897 G5458
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Table B-4.  Middle Bay, West Half.  (3 sheets) 

 35 36 37 38 39 40 41 42 43 44 45 
38 G2480 F0385 F0982 F0982 F1979 G5460 F0982 G1897 G5458 F1036 F5458
39 G2480 F0385 F0982 G5458 F1979 G5460 G5458 G5458 G5458 F1897 G5458
40 G2480 F0385 F2852 F0982 G5458 G5460 G5458 F1897 G5458 F1036 G5458
41 G2480 G0385 F0982 F0982 G5458 G5460 F0982 G5458 G5458 G1897 G5458
42 G2480 P0385 F2480 G5458 G1979 G5460 F0982 F1897 G5460 F1036 G5458
43 G2639 G0385 F0982 F0982 F1979 G5460 B0982 G5458 G5460 G1897 G5458
44 F2480 B0385 F0982 F0982 G1979 G5460 G5458 F1897 G5458 F1036 G5458
45 F2480 F0385 F2480 F0982 F5458 G5460 G4356  G5458 G1449 G5458
46 G2639 F0385 G5458 F0982 G1979 F1449 F0982  G5458 G1036 G5458
47 F2480 G0385 F0982 B4356 F5458 F1372 G0982 G1897 G5458 G1036 G5458
48 G2480 F0385 G5458 G5458 G5458 F1449 F0982  G5458 F1449 G5458
49 G2480 F0385 F0982 G5458 F1979 G1372 F0982 F1897 G5458 G1449 G5458
50 G2480 F0385 F0982 G5458 G1979 F1372 F0982 F1897 G5458 F1036 G5458
51 F2639 F0385 F0982 G5458 G5458 F1449 G0982 G5458 G5458 F1036 G5458
52 G2480 G5458 G5458 G5458 G1979 F1449 F0982 G1897 G5458 F1036 G5458
53 F1979 G5458 F0982 G5458 G1979 F1372 F0982 G1897 G5458 F1036 G5458
54 G1979 G5458 P0982 G5458 G1979 F1449 F0982 G1897 G5458 G1449 G5458
55 F2639 F4355 F0982 G5458 G5458 F1372 F0982 G5458 G5458 G1449 G1540
56 F2639 G5458 G5458 G5458 G1979 F1449 G0982 G5458 G5458 F4355 F1449
57 F1979 G5458 F0982 G5458 G5458 F1372 F0982 F1897 G5458 G4355 F1449
58 G1979 G4355  G5458 F1979 F1449 F0982 F1897 G5458 F4355 F1540
59 G2639 G5458 F0982 G5458 F1979 F1372 F0982  F5458 F1897 F1540
60 G1979 G5458 G5458 G5458 G5458 P1449 G0982 F1897 G5458 F4355 F1540
61 G2639 G5458 F0982 G5458 G1979 P1372 F0982 F1897 G5458 G1449 G1540
62 G1979 G5458 F0982 G5458 G5458 F1449 F1806 G1897 G5458 F4355 G1449
63 G1979 G5458 G5458 G5458 G5458 F1449 F0982  G5458 G1897 G4356
64 G1979 G5458 G5458 G5458 F1979 F1372 F0982 G5458 G5458 F1449 B4356
65 G2639 G5458 G5458 G5458 F1979 P1449 G0001 F1897 G5458 G1449 F4356
66 G1979 G5458 G5458 G5458 F1979 P1449 F1806 G1897 G5458 F1897 F4356
67 F1979 G5458 G5458 G5458 G5458 F1449 F1806  G5458 F0982 F4356
68 G1979 G5458 G5458 G5458 F1979 F1449 F0001  G5458 F1897 F4356
69 G2639 G5458 G5458 G5458 G5458 F1449 P1806 G1897 G5458 F1449 B0350
70 G1979 G5458 G5458 G5458 F1979 F1449 F0764  G5458 F1449 G1733
71 F2639 G5458 G5458 G5458 P1979 F1449  F1897 G5458 F0982 P4356
72 G1979 G5458 G5458 G5458 G5458 F1449   G5458 G0982 F1733
73 F1979 G5458 G5458 G5458 F1979 G1449  F1897 G5458 F0982 B0350
74 G2285 F2285 G2285 G2285 F2285 G2285  G2285 G5458 F1449 F2285
75 F2285 F2285 G2285 F2285 G2285 G2285 F2285 G2285 G5458 F2285 F2285
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Table B-4.  Middle Bay, West Half.  (3 sheets) 

 35 36 37 38 39 40 41 42 43 44 45 
76         G5458   
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Table B-5.  West Bay, East Half.  (3 sheets) 

 46 47 48 49 50 51 52 53 54 55 56 57 
1             
2 G2480 G2480  G2480 G2480  F2480 G2480  G2565 F2565 G2565
3 G2480 G2480 G2480 G2480 F2480 F2480 F2480 F2480 F2480 F2565  F2565
4 G1183 F1109 F1897   F1449  G0294  F0294  F0259
5 G2285  F1897 F1109  G1449 F1897 G0294 F1540 G0294 G1540 F0259
6 F2285    F1540 P1449 F1897 P0294  G0294 G1540 P4356
7 G1183 F1109  F1109  G1449  G0294  F0294 F1540 F0259
8 G1183 G1109 F1897 F1109  F1449 F1897 F0294 F1540 F0294 F1540 F0259
9 F1183  F1897 F1109  F1449  F0294  F0294 G3015 G0259

10 F1183 F1109 P1897 F1109  F1449 F1897 F0294  F0294 F3015 B4356
11 G1109 F1109 G1540 F1109 F1540 F1449 F1897 B0294  B0294 G1183 F0259
12 F1183 F1036    F1449 F1897 P0294 F1540 G0294 F2852 G4356
13 F1183   G1109  F1449  B0294  F0294 G2852 F0259
14 F1183 F1036    F1449 G1897 F0294 F1540 F0294 F3015 G0259
15 F1183   G1109 F1540 F1449 F1897 F0294  F0294  G0259
16 F1109 G1036 G1897   F1449  P4356  F0294 G1449 F0259
17 F1109  G1897 F1109  G1449 F1897 F0294  B0294  F0259
18 F4356 P1036 G1897 F1109 F1540 F1449 P1897 F0294  F0294 F1449 F4356
19 F1109 F1036 G5204   F1449  G0294 F1540 P0294  G0259
20 F1109  G5204 F1109  F1449 F1897 P0294  F0294 F1449 F4356
21 F4356 F1036 G5204 F1109 F0294 F1449 G1897 F0294  F0294 F1449 P0259
22 G1109 F1036 G5204 F1109 F0294 P1449  F0294 F1540 F0294  F0259
23 F1109 F1036 G5204 P1109  G1449 P1897 F0294  F0294  F0259
24 F1109 F1036 G5204  F0294 F1449  P0294 G1540 F0294 F1449 P4356
25 F4356 F1036 G5316 F1109 F0294 G1449 F1897 F0294  F0294  F0259
26 G1109  G5316 F1109 P0294 G1449 F1897 G0294  F0294 F1449 G0259
27 F1109 F1036 G5316 P1109 F0294 F1449 F1897 F0294 P0385 B0294 F1449 G0259
28 F4356 F1036 G5316  F0294 F1449 F1897 F0294 F0385 G0294  F0259
29 F1109 F1036 G5316 F1109 F0294 F1449  F0294 F0385 F0294 F1449 B0259
30 P1109 F1036 G5316   F2639  G0294 G0385 F0294  F0259
31 F1109 F1036 G5316  F0294 F1449 F1897 F0294 F0385 G0294 F1449 F0259
32 G1109 F1036 G5316 F1109  G5451 G1897 P0294 F0385 G0294 F4356 F0259
33 F1109  G5316 G1109  G5451 F1897 F0294  F0294  F0259
34 F1109 G1036 G5316   G5458  F0294 G0385 G0294  F0259
35 G1109 F1036 G5316 F1109 F0294 G5458  B0294 F0385 G0294  F0259
36 G1109 F1036 G5316  F0294 G5458 F1897 G0294 F0385 F0294  G0259
37 F1109 G1036 G5316 F1109  G5458 F1897 F0294 F0385 G0294  F0259
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Table B-5.  West Bay, East Half.  (3 sheets) 

 46 47 48 49 50 51 52 53 54 55 56 57 
38  F1036 G5316 F1109 F0294 G5458 F1897 F0294 G0385 F0294 G1897 P0259
39 F1109 F1036 G5316 F1109  G5458  F0294 G0385 F0294  F0259
40 P1109  G5316 F1109 F0294 G5458 F1897 P0294 F0385 F0294 P1897 F0259
41 F1109 F1036 G5316  G0294 G5458 F1897 B0294 F0385 F0294  F0259
42 F1109 F1036 G5316 P1109  G5458 F4356 F0294 F0385 F0294 G1897 G0259
43 F5451 F1036 G5316 F1109 B0294 G5458  F0294 F0385 F0294 F1897 F0259
44 G5451 F1036 G5316 F1109 G0294 G5458  G0294 F0385 G0294  F0259
45 G5451 F1036 G5316   G5458 F1449 G5204 P0385 F0294  F0259
46 G5451 F1036 G5316 G1109 F0294 G5458 P1449 G5204 F0385 F4356 F1897 F0259
47 G5451 F1036 F5316   G5458  G5204 F0385 G5204 F1897 G0259
48 G5451 F1036 G5316 F1109  G5458  G5204 F0385 G5204  F0259
49 G5444  G5316 F1109  G5458  G5204 F0385 G5204 G1897 F0259
50 G5457 F1897 P1109 F1109  G5458  G5204 F0385 G5204 F1897 G0259
51 G5457 F1897 F1109 F1109 F0294 G5458  G5204 F0385 G5204  F0259
52 G5451 F1897   F0294 G5458 F1449 G5204 F0385 G5204 F1897 F0259
53 G5451   G1109 F0294 G5458  G5204 P0385 G5204  G0259
54 G5451  F1109  F0294 G5458 F1449 G5204 G0385 G5204 F1897 F0259
55 G5451 P1897 F1109 F1109 B0294 G5458 F1449 G5204 F0385 G5204  F0259
56 G5451 F1897  F1109 F0294 G5458  G5204 F0385 G5204 G1897 G0259
57 G5451  F1109 G5316 F0294 G5458  G5204 F0385 G5204  G0259
58 G5451 F1897  G5316 F4356 G5458  G5204 F0385 G5204 G1897 F0259
59 G5451  F1109 G5316 P0294 G5458  G5204 F0385 G5204  G0259
60 G5451 F1897 F1109 G5316 F0294 G5458 F1449 G5204 F0385 G5204 G1897 F0259
61 G5458   G5316 F0294 G5458  G5204 F0385 G5204 G1897 F0259
62 G5458 G1897 F1109 G5316 P0294 G5458 G2240 G5204 P0385 G5204  G0259
63 G5458 F1897  G5316 F0294 G5458 F1449 G5204 P0385 G5204  G0259
64 G5458   G5316 F4356 G5458 G2240 G5204 G0385 G5204 F1897 F0259
65 G5458 F1897 F1109 G5316 G0294 G5458  G5204 B0385 G5204  F0259
66 G5458 F1897 F1109 G5316 G0294 G5458 F1449 G5204 G0385 G5204 G1897 F0259
67 G5458   G5316 F0294 G5458  G5204 F0385 G5204 G1897 F0259
68 G5458 G1897 F1109 F5316 G0294 G5458 G1449 G5204 F0385 G5204  F0259
69 G5458  F1109 G5316 F0294 G5458  G5204 F0385 G5204 G1897 G0259
70 G5455 F1897 F1109 G5316 F0294 G5458 F1449 G5204 F0385 G5204 F1897 F0259
71 G5455 F1897 F1109 G5316 F0294 G5458  G5204 F0385 G5204  G0259
72 G5458  F1109 F5399 F0294 G5458 G1449 G5204 F0385 G5204 F1897 F0259
73 G5455 F1897 F1109 F5399 F0294 G5458 F1449 G5204  F5204   
74 G5455 G2285  G5451 G2285 G5458 G2639 G2639 G2639 G2639 G2639  
75 G5455 G2285 G2285 G2285 G2285  G2639 G2639  G2639 G2639 G2639
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Table B-5.  West Bay, East Half.  (3 sheets) 

 46 47 48 49 50 51 52 53 54 55 56 57 
76             

Keys are identified using the notation CXXXX, where C is the fuel condition (G, F, P, or B for 
Good, Fair, Poor, or Bad), and XXXX is the last four digits of the key number. 

Fuel condition identifiers are from WHC-SD-SNF-TI-012. 
Key locations are from private communication with Karen Morris, K Basins Operations, 1995, 

"K East Basin Storage Map", MAC Version 3.1, Rev. 163, Updated 1/11/94, Report 5/02/94, 124 
pages. 
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Table B-6.  West Bay, West Half -- Cubicle 67 76 is the North-West 

Corner of K East Basin.  (3 sheets) 
 58 59 60 61 62 63 64 65 66 67 

1           
2 G5204 F2565 F2565  G5204 F2565 G2565 G2565   
3 G5204 F2565 G2565 F2565 G5204 G5316 F2565 G2565   
4 G5204 G0259 F1897 G5451 G5204 G5316 G1806 G5204   
5 G5204 F0259  G5451 G5204 G5316  G5204  G2565 
6 G5204  F1897 G5451 G5204 F5316  G5204  G2565 
7 G5204 G0259 F1897 G5451 G5204 G5316 F1806 G5204   
8 G5204 G5458 F1897 G5451 G5204 G5316 F1806 G5204  G2565 
9 G5204 G5458 F1897 G5204 G5204 G5316  G5204  G2565 

10 G5204 G5458 F1897 G5204 G5204 G5316 F1806 G5204  G2565 
11 G5204 G5458  G5204 G5204 G5316  G5204  G2565 
12 G5204 G5458 F1897 G5316 G5204 G5316  G5204  G2565 
13 G5204 G5458 F1806 F5316 G5204 F5451 F1806 F5204  G2565 
14 G5204 G5458  G5316 G5204 G5316 F1806 G5204  G2565 
15 G5204 G5458  G5316 G5204 G5316  G5204   
16 G5204 G5458 F1806 G5316 G5204 G5451 F1806 G5204  G2565 
17 G5204 G5458  G5316 G5204 G5451 F1806 F5204  F2565 
18 G5204 G5458  G5316 G5204 G5451 F1806 G5204   
19 G5204 G2285  G5316 G5204 G5451  G5204  F2565 
20 G5204 F2285 F1806 G5204 G5204 G5451 G1806 F5204  G2565 
21 G5204 G2285 F1806 G5204 G5204 G5451  G5204  G2565 
22 G5204 F2285 G1806 G5204 G5204 G5316  G5204  G2565 
23 G5204 F2285  G5204 G5204 G5316 G1806 G5204  G2565 
24 G5204  F1806 G5204 G5204 G5316 F1806 G5204  F2565 
25 G5204 F2285 G1806 G5204 G5204 G5316 F1806 G5204  G2565 
26 G5204 F2285  G5204 G5204 G5316  G5204  F2565 
27 G5204 F2285 F1806 G5204 G5204 G5204  G5204  P2565 
28 G5204 G2285 F1806 G5204 G5204 G5204 G1806 G5204  G2565 
29 G5204 F2285  G5204 G5204 F5204 G1806 G5204  F2565 
30 G5204   F5204 G5204 G5204 G1806 G5204   
31 G5204 F2285 G1806 G5204 G5204 G5204  F5204  F2565 
32 G5204 G2285  G5204 G5204 G5204 F1806 G5204  F2565 
33 G5204 G2285  F5204 G5204 G5204  G5204   
34 G5204 F2285 F1806 G5204 G5204 G5204 F1806 G5204  G2565 
35 G5204 F2285 F1806 G5204 G5204 G5204 F1806 G5204  G2565 
36 G5204   G5204 G5204 G5204  G5204   
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Table B-6.  West Bay, West Half -- Cubicle 67 76 is the North-West 
Corner of K East Basin.  (3 sheets) 

 58 59 60 61 62 63 64 65 66 67 
37 G5204 F2285 F1806 F5204 G5204 G5204 G1806 G5204  G2565 
38 G5204 G2285  G5204 G2565 G5204 G1806 G5204  G2565 
39 G5204 G2285 F1806 G5204 G2565 G5204  G5204   
40 G5204 G2285 F1806 G5204 F1806 G5204 G1806 G5204   
41 G5204 G2285 F1806 G5204 G1540 G5204  G5204  F2565 
42 G5204 G2285  G5204 F1806 G5204 F1806 G5204   
43 G5204 F2285  F5204 F1540 G5204  G5204  F2565 
44 G5204 F2285 F1806 G5204 G1806 G5204 G1806 G5204  G2565 
45 G5204 F2285  G5204 F1806 G5204 G1806 F5204   
46 G5204   G5204 F1806 G5204  G5204   
47 G5204 G2285 F1806 G5204 F1540 G5204  G5204  G2565 
48 G5204 G2285 F1806 G5204 F4355 G5204 F1806 F5204   
49 G5204 G2285 G1806 F5204 G1540 G5204  F5204  G2565 
50 G5204 G2285  G5204 G4355 G5204  G5204  G2565 
51 G5204 G2285 F1806 G5204 F1540 F5204 F1806 G5204   
52 G5204  G1806 G5204 G4355 G5204 P1806 G5204   
53 G5204 G2285  G5204 F1540 G5204  G5204  G2565 
54 G5204  F1806 G5204 F1540 G5204 G1806 G5204  G2565 
55 G5204 G2285 F1806 G5204 G4355 G5204 G1806 G5204   
56 G5204 G2285  G5204 G3649 G5204  G5204   
57 G5204 G2285 F1806 G5204 F3649 G5204 F1806 G5204  F2565 
58 G5204 F2285  G5204 G3649 F5204 G1806 G5204   
59 G5204 F2285  G5204 F3649 G5204  G5204  F2565 
60 G5204  G1806 G5204 G3649 G5204 F1806 G5204  F2565 
61 G5204 F2285 G1806 G5204 F3649 G5204 F1806 G5204   
62 G5204 F2285  P4356 G3649 G5204  G5204  G2565 
63 G5204 G2285 F1806 B0201 F3649 G5204 G1806 G5204   
64 G5204 G2285 F1806 B4356 F3649 G5204  G5204   
65 G5204  F4356 B0201 F3649 G5204 G1806 G5204  G2565 
66 G5204 F2285 G4356 B0201 F3649 G5204 F1806 G5204   
67 G2565 F2285 G4356 P0201 G3649 P0201  G5204  G2565 
68 G1806 F2285 P4356 G4356 F3649 B0201  G3685  F2565 
69 G1806 F2285 F4356 B4356 F3649 B0201  G3685   
70 F1806 F2285 P4356 F4356 F3649 B0201 F1806 F3685  G2565 
71 F1806  P4356 B4356 G3649 B0201  G3685  F2565 
72 F1806 G2285 F1806 F4356 F1540 B0201  G3685   
73 G1806 G2285  B4356 F1540 B0201 G1806 G3685   
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Table B-6.  West Bay, West Half -- Cubicle 67 76 is the North-West 
Corner of K East Basin.  (3 sheets) 

 58 59 60 61 62 63 64 65 66 67 
74 G2639 G2639 F1806 F2639 G2639 F2639  G3685   
75 G2639 G2639 G2639 G2639 F2639 F2639  G3685   
76           
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APPENDIX C 

SUMMARY OF DAMAGE CONDITION CATEGORIES 
 

Table C-1 summarizes the equivalence of fuel damage category terms used for individual 
fuel elements as well as fuel in a storage canister.  The first two columns indicate the primary 
terms used, the third column relates the fuel condition terms used in the 1999 sludge sampling 
initiatives and referred to in Table 3-26 of the main text. 

Categories of Fuel Element Damage  

The fuel element damage categories are based on those derived in HNF-8760, Rev. 1 
(Schwinkendorf and Wittekind 2002) that are linked to visual assessments made by Pitner (1998, 
HNF-2586).   The authors of HNF-8760 interrelated Pitner’s observation definitions into 
mathematical model parameters (see HNF-8760 Table 5).   The basic qualitative fuel element 
damage categories used include: 

Intact: No evident of breach or deposited sludge 

Breached: Minor cladding rupture with no reacted fuel or deposited sludge visibly present  

Defected: Definite evidence of cladding breach with reacted fuel egressing from element.  
Amount of exposed fuel may be significant, but there is no gross cladding splitting, 
element dilation, or fuel voiding. 

Bad: Gross failure is evident with substantial element dilation, cladding splitting, fuel 
“mushrooming” or fuel voiding. 

Categories of Damage for a Group of Fuel Assemblies in a Storage Canister 

In Section 3.4.4.4 specific validation cases for canister sludge are presented.  Here for the 
most accurate predictions of resulting sludge characteristics, the damage category for each fuel 
element in each canister barrel that was sampled for sludge at KE Basin is defined. There are 
only a limited number of canister barrels that have been sampled for sludge hence this detailed 
approach could be used. These fuel damage assessments per barrel (i.e., Table 3-26 of the main 
text) were then used in the models to predict the sludge characteristics for each barrel sampled.  
The resulting refined predictions for the parameters of interest (e.g., radioisotope concentrations) 
were then compared to the laboratory measurements for validation of the modeling methods 
being used in HNF-8067 and SNF-10293. 

In addition to the assessment of fuel damage per element noted above, in 1995 Pitner also 
performed a survey of the general condition of fuel in each canister visible (1995, WHC-SD-TI-
012).  Here fuel damage categories used (“Good, Fair, Poor and Bad”) were primarily associated 
with the condition of the worst fuel elements in the group of fuel elements contained in the 
double-barreled canister (up to 14 fuel assemblies).  Where the specific damage categories 
(Pitner, 1995) were: 
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Good: All fuel elements in canister are basically intact.  May have elements with minor 
cladding ruptures. 

Fair: At least one fuel element in canister has a significant area of exposed fuel, such as a 
lose end cap, extruded fuel at the rupture point, or split cladding. 

Poor: Contains one element with badly split or peeled cladding and substantial fuel 
missing, or reacted fuel has mushroomed and dilated end of element.  

Very Bad (or Bad): Multiple instances of “poor” elements in canister.  

These survey terms and results are used with a simplifying assumption.  The specific 
damage category terms used by Pitner for the canisters were retained, but in application to 
modeling the definitions were modified somewhat to simplify handling the data.  Table C-1 
provides an assumed equivalence between the fuel element damage categories used in HNF-8760 
and overall damage categories for groups of fuel elements in a canister from earlier survey work 
(Pitner 1995 and 1998).  Also, all fuel elements in a canister (up to 14 assemblies) are assumed 
to be at a single damage condition (i.e., a “good” canister having all “intact” fuel elements, a 
“fair” canister all “breached” elements, a “poor” canister all “defected” elements, and a “bad” 
canister all “bad” elements).  These assumptions are judged to be 1) conservative for calculating 
the total amount of uranium fuel predicted to be converted from fuel to sludge and 2) reasonable 
approximations for calculating the other parameters being modeled (it is noted that location on a 
fuel element where the sludge comes from, as well as the overall volume of sludge coming from 
the element, has impact on the predicted parameters because of end/surface peaking factors 
present during irradiation, see HNF-8760). 

 
Table C-1.  Equivalence of Terms Used to Describe Degrees of Damaged Fuel 

Fuel Element 
Damage 

Categories 

Overall Damage 
Categories for Group of 

Fuel Elements in a 
Canister 

General Fuel Condition 
Terms from the 1999 Sludge 

Sampling Campaign and 
in Table 3-25 of Main Text 

Intact Good Good 
Breached Fair Moderately Damaged 
Defected Poor* Moderately Damaged 

Bad Bad Highly Damaged 
* In some Spent Nuclear Fuel Project reports the “poor” category has been combined with the 

“Bad” category.  An example is shown in Appendix D. 
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APPENDIX D 

CANISTER SLUDGE DEPTH MEASUREMENTS 

 

Canister Sludge Depth Measurements.  (14 sheets) 

Canister Sludge Depth (inch) Canister 
Metal Fuel Type 

Barrel 
Location 

Position in 
Barrel Data Mean=0 Negative=0 

AL Bad 0455W 1 1.19 1.19 1.19 
AL Bad 0455W 2 1.16 1.16 1.16 
AL Bad 0455W 3 1.81 1.81 1.81 
AL Bad 0455W 4 3.03 3.03 3.03 
AL Bad 0455W 5 2.66 2.66 2.66 
AL Bad 0455W 6 1.98 1.98 1.98 

 0455W Average 1.9717 1.9717 1.9717 
AL Bad 0627W 1 0.63 0.63 0.63 
AL Bad 0627W 2 0.82 0.82 0.82 
AL Bad 0627W 3 1.14 1.14 1.14 
AL Bad 0627W 5 2.23 2.23 2.23 
AL Bad 0627W 6 0.74 0.74 0.74 
AL Bad 0627W 11 1.04 1.04 1.04 
AL Bad 0627W 12 0.43 0.43 0.43 

  0627W Average 1.0043 1.0043 1.0043 
AL Bad 0668E 1 2.74 2.74 2.74 
AL Bad 0668E 2 2.83 2.83 2.83 
AL Bad 0668E 3 2.13 2.13 2.13 
AL Bad 0668E 6 5.23 5.23 5.23 

  0668E Average 3.2325 3.2325 3.2325 
AL Bad 0668W 1 0.93 0.93 0.93 
AL Bad 0668W 2 1.64 1.64 1.64 
AL Bad 0668W 3 2.87 2.87 2.87 

  0668W Average 1.8133 1.8133 1.8133 
AL Bad 1236W 1 4.03 4.03 4.03 
AL Bad 1236W 2 4.63 4.63 4.63 
AL Bad 1236W 7 4.43 4.43 4.43 
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Canister Sludge Depth Measurements.  (14 sheets) 

Canister Sludge Depth (inch) Canister 
Metal Fuel Type 

Barrel 
Location 

Position in 
Barrel Data Mean=0 Negative=0 

  1236W Average 4.3633 4.3633 4.3633 
AL Bad 1243W 1 2.83 2.83 2.83 
AL Bad 1243W 3 2.02 2.02 2.02 
AL Bad 1243W 4 2.33 2.33 2.33 
AL Bad 1243W 5 2.54 2.54 2.54 
AL Bad 1243W 6 2.42 2.42 2.42 
AL Bad 1243W 9 1.63 1.63 1.63 
AL Bad 1243W 10 2.13 2.13 2.13 

  1243W Average 2.2714 2.2714 2.2714 
AL Bad 1267E 1 2.79 2.79 2.79 
AL Bad 1267E 2 2.19 2.19 2.19 
AL Bad 1267E 3 2.79 2.79 2.79 
AL Bad 1267E 4 6.68 6.68 6.68 
AL Bad 1267E 5 6.78 6.78 6.78 
AL Bad 1267E 6 7.38 7.38 7.38 

  1267E Average 4.7683 4.7683 4.7683 
AL Bad 2024E 1 0.42 0.42 0.42 
AL Bad 2024E 2 0.26 0.26 0.26 
AL Bad 2024E 3 0.13 0.13 0.13 
AL Bad 2024E 4 2.15 2.15 2.15 
AL Bad 2024E 5 2.34 2.34 2.34 
AL Bad 2024E 6 1.72 1.72 1.72 

  2024E Average 1.1700 1.1700 1.1700 
AL Bad 2031W 1 0.41 0.41 0.41 
AL Bad 2031W 2 0.57 0.57 0.57 
AL Bad 2031W 3 0.23 0.23 0.23 
AL Bad 2031W 4 1.4 1.4 1.4 
AL Bad 2031W 5 3.03 3.03 3.03 
AL Bad 2031W 6 3 3 3 

  2031W Average 1.4400 1.4400 1.4400 
AL Bad 2211W 1 3.87 3.87 3.87 
AL Bad 2211W 2 2.92 2.92 2.92 
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Canister Sludge Depth Measurements.  (14 sheets) 

Canister Sludge Depth (inch) Canister 
Metal Fuel Type 

Barrel 
Location 

Position in 
Barrel Data Mean=0 Negative=0 

AL Bad 2211W 5 5.65 5.65 5.65 
AL Bad 2211W 6 1.55 1.55 1.55 
AL Bad 2211W 9 6.83 6.83 6.83 
AL Bad 2211W 12 3.31 3.31 3.31 

  2211W Average 4.0217 4.0217 4.0217 
AL Bad 2214E 1 1.63 1.63 1.63 
AL Bad 2214E 2 1.84 1.84 1.84 
AL Bad 2214E 3 1.44 1.44 1.44 
AL Bad 2214E 4 4.57 4.57 4.57 
AL Bad 2214E 5 2.78 2.78 2.78 
AL Bad 2214E 6 1.6 1.6 1.6 
AL Bad 2214E 8 1.98 1.98 1.98 

  2214E Average 2.2629 2.2629 2.2629 
AL Bad 2229E 1 2.32 2.32 2.32 
AL Bad 2229E 2 2.23 2.23 2.23 
AL Bad 2229E 3 2.76 2.76 2.76 
AL Bad 2229E 6 5.91 5.91 5.91 

  2229E Average 3.3050 3.3050 3.3050 
AL Bad 2350E 1 3.18 3.18 3.18 
AL Bad 2350E 2 5.92 5.92 5.92 
AL Bad 2350E 3 4.12 4.12 4.12 
AL Bad 2350E 4 2.8 2.8 2.8 
AL Bad 2350E 5 2.66 2.66 2.66 
AL Bad 2350E 6 3.13 3.13 3.13 
AL Bad 2350E 7 2.29 2.29 2.29 

  2350E Average 3.4429 3.4429 3.4429 
AL Bad 2355W 1 1.26 1.26 1.26 
AL Bad 2355W 2 1.74 1.74 1.74 
AL Bad 2355W 3 2.74 2.74 2.74 
AL Bad 2355W 4 1.87 1.87 1.87 
AL Bad 2355W 5 1.26 1.26 1.26 
AL Bad 2355W 6 1.22 1.22 1.22 
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Canister Sludge Depth Measurements.  (14 sheets) 

Canister Sludge Depth (inch) Canister 
Metal Fuel Type 

Barrel 
Location 

Position in 
Barrel Data Mean=0 Negative=0 

  2355W Average 1.6817 1.6817 1.6817 
AL Bad 2540E 1 0.72 0.72 0.72 
AL Bad 2540E 2 0.93 0.93 0.93 
AL Bad 2540E 3 0.82 0.82 0.82 
AL Bad 2540E 4 2.03 2.03 2.03 
AL Bad 2540E 5 1.4 1.4 1.4 
AL Bad 2540E 6 0.42 0.42 0.42 
AL Bad 2540E 9 1.77 1.77 1.77 

  2540E Average 1.1557 1.1557 1.1557 
AL Bad 2722E 1 1.21 1.21 1.21 
AL Bad 2722E 2 2.69 2.69 2.69 
AL Bad 2722E 4 2.06 2.06 2.06 
AL Bad 2722E 5 1.44 1.44 1.44 
AL Bad 2722E 6 1.58 1.58 1.58 

  2722E Average 1.7960 1.7960 1.7960 
AL Bad 2756E 1 0.9 0.9 0.9 
AL Bad 2756E 2 0.47 0.47 0.47 
AL Bad 2756E 3 0.79 0.79 0.79 
AL Bad 2756E 4 2.35 2.35 2.35 
AL Bad 2756E 5 2.13 2.13 2.13 
AL Bad 2756E 6 1.68 1.68 1.68 
AL Bad 2756E 8 1.21 1.21 1.21 

  2756E Average 1.3614 1.3614 1.3614 
AL Bad 3128W 2 1.12 1.12 1.12 
AL Bad 3128W 3 1.18 1.18 1.18 
AL Bad 3128W 4 3.32 3.32 3.32 
AL Bad 3128W 5 6.31 6.31 6.31 
AL Bad 3128W 9 4.79 4.79 4.79 

  3128W Average 3.3440 3.3440 3.3440 
AL Bad 3971W 1 1.08 1.08 1.08 
AL Bad 3971W 2 1.2 1.2 1.2 
AL Bad 3971W 3 1.31 1.31 1.31 
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Canister Sludge Depth Measurements.  (14 sheets) 

Canister Sludge Depth (inch) Canister 
Metal Fuel Type 

Barrel 
Location 

Position in 
Barrel Data Mean=0 Negative=0 

AL Bad 3971W 4 0.81 0.81 0.81 
AL Bad 3971W 5 1.18 1.18 1.18 
AL Bad 3971W 6 1.88 1.88 1.88 

  3971W Average 1.2433 1.2433 1.2433 
AL Bad 4143W 1 1.25 1.25 1.25 
AL Bad 4143W 2 1.45 1.45 1.45 
AL Bad 4143W 3 1.7 1.7 1.7 
AL Bad 4143W 4 1.7 1.7 1.7 
AL Bad 4143W 5 5.74 5.74 5.74 
AL Bad 4143W 8 1.92 1.92 1.92 

  4143W Average 2.2933 2.2933 2.2933 
AL Bad 4564E 1 1.74 1.74 1.74 
AL Bad 4564E 2 2.28 2.28 2.28 

  4564E Average 2.0100 2.0100 2.0100 
AL Bad 4564W 1 2.08 2.08 2.08 
AL Bad 4564W 2 7.46 7.46 7.46 
AL Bad 4564W 5 8.24 8.24 8.24 

  4564W Average 5.9267 5.9267 5.9267 
AL Bad 4569E 3 3.42 3.42 3.42 

  4569E Average 3.4200 3.4200 3.4200 
AL Bad 4569W 3 10.59 10.59 10.59 

  4569W Average 10.5900 10.5900 10.5900 
AL Bad 4571E 2 9.39 9.39 9.39 
AL Bad 4571E 3 8.46 8.46 8.46 
AL Bad 4571E 4 5 5 5 
AL Bad 4571E 5 7.82 7.82 7.82 
AL Bad 4571E 6 6.4 6.4 6.4 

  4571E Average 7.4140 7.4140 7.4140 
AL Bad 4850W 1 2.99 2.99 2.99 
AL Bad 4850W 2 3.84 3.84 3.84 
AL Bad 4850W 3 2.56 2.56 2.56 
AL Bad 4850W 4 1.32 1.32 1.32 
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Canister Sludge Depth Measurements.  (14 sheets) 

Canister Sludge Depth (inch) Canister 
Metal Fuel Type 

Barrel 
Location 

Position in 
Barrel Data Mean=0 Negative=0 

AL Bad 4850W 5 1.44 1.44 1.44 
AL Bad 4850W 6 1.4 1.4 1.4 
AL Bad 4850W 11 1.74 1.74 1.74 
AL Bad 4850W 12 1.49 1.49 1.49 

  4850W Average 2.0975 2.0975 2.0975 
AL Bad 5043W 2 17.0 17.0 17.0 

  5043W Average 17.000 17.000 17.000 
AL Bad 5055W 1 7.1 7.1 7.1 
AL Bad 5055W 2 3.78 3.78 3.78 
AL Bad 5055W 3 3.66 3.66 3.66 
AL Bad 5055W 4 2.54 2.54 2.54 
AL Bad 5055W 5 6.14 6.14 6.14 
AL Bad 5055W 6 7.5 7.5 7.5 
AL Bad 5055W 9 7.29 7.29 7.29 
AL Bad 5055W 10 7.25 7.25 7.25 

  5055W Average 5.6575 5.6575 5.6575 
AL Bad 5427W 1 6.7 6.7 6.7 
AL Bad 5427W 2 5.78 5.78 5.78 
AL Bad 5427W 3 6.97 6.97 6.97 
AL Bad 5427W 4 0.91 0.91 0.91 
AL Bad 5427W 6 0.93 0.93 0.93 
AL Bad 5427W 10 0.68 0.68 0.68 
AL Bad 5427W 12 0.74 0.74 0.74 

  5427W Average 3.2443 3.2443 3.2443 
AL Bad 5445E 1 3.75 3.75 3.75 
AL Bad 5445E 2 8.45 8.45 8.45 
AL Bad 5445E 3 11.74 11.74 11.74 
AL Bad 5445E 4 6.15 6.15 6.15 

  5445E Average 7.5225 7.5225 7.5225 
AL Bad 5465E 2 6.84 6.84 6.84 

  5465E Average 6.8400 6.8400 6.8400 
AL Bad 5465W 1 10.03 10.03 10.03 
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Canister Sludge Depth Measurements.  (14 sheets) 

Canister Sludge Depth (inch) Canister 
Metal Fuel Type 

Barrel 
Location 

Position in 
Barrel Data Mean=0 Negative=0 

AL Bad 5465W 3 8.79 8.79 8.79 
AL Bad 5465W 5 9.27 9.27 9.27 
AL Bad 5465W 6 9.59 9.59 9.59 
AL Bad 5465W 7 5.09 5.09 5.09 

  5465W Average 8.5540 8.5540 8.5540 
AL Bad 6070W  18 18 18 

  6070W Average 18.000 18.000 18.000 
AL Bad 6071W 1 11.12 11.12 11.12 
AL Bad 6071W 2 8.68 8.68 8.68 
AL Bad 6071W 2 7.8 7.8 7.8 
AL Bad 6071W 3 5.26 5.26 5.26 
AL Bad 6071W 3 10.69 10.69 10.69 
AL Bad 6071W 4 8.91 8.91 8.91 

  6071W Average 8.7433 8.7433 8.7433 
AL Fair 0450E 1 1.69 1.69 1.69 
AL Fair 0450E 2 1.11 1.11 1.11 
AL Fair 0450E 3 2.68 2.68 2.68 
AL Fair 0450E 4 4.5 4.5 4.5 
AL Fair 0450E 5 4.05 4.05 4.05 
AL Fair 0450E 6 3.55 3.55 3.55 

  0450E Average 2.9300 2.9300 2.9300 
AL Fair 1858E 1 0.63 0.63 0.63 
AL Fair 1858E 2 0.03 0.03 0.03 
AL Fair 1858E 4 1.14 1.14 1.14 
AL Fair 1858E 5 2.42 2.42 2.42 
AL Fair 1858E 9 -0.16 -0.16 0 

  1858E Average 0.8120 0.8120 0.8440 
AL Fair 2210E 1 0.55 0.55 0.55 
AL Fair 2210E 2 0.78 0.78 0.78 
AL Fair 2210E 3 0.89 0.89 0.89 
AL Fair 2210E 4 1.66 1.66 1.66 
AL Fair 2210E 5 1.87 1.87 1.87 
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Canister Sludge Depth Measurements.  (14 sheets) 

Canister Sludge Depth (inch) Canister 
Metal Fuel Type 

Barrel 
Location 

Position in 
Barrel Data Mean=0 Negative=0 

AL Fair 2210E 6 1.05 1.05 1.05 
AL Fair 2210E 8 0.65 0.65 0.65 

 2210E Average 1.0643 1.0643 1.0643 
AL Fair 2353E 1 1.09 1.09 1.09 
AL Fair 2353E 2 1.02 1.02 1.02 
AL Fair 2353E 4 1.57 1.57 1.57 
AL Fair 2353E 5 1.35 1.35 1.35 
AL Fair 2353E 6 1.16 1.16 1.16 
AL Fair 2353E 10 3.12 3.12 3.12 
AL Fair 2353E 11 3.25 3.25 3.25 

 2353E Average 1.7943 1.7943 1.7943 
AL Fair 2711E 1 0.31 0.31 0.31 
AL Fair 2711E 2 0.58 0.58 0.58 
AL Fair 2711E 3 0.54 0.54 0.54 
AL Fair 2711E 4 2.44 2.44 2.44 
AL Fair 2711E 5 3.9 3.9 3.9 
AL Fair 2711E 6 2.41 2.41 2.41 

 2711E Average 1.6967 1.6967 1.6967 
AL Fair 2905E 2 1.83 1.83 1.83 
AL Fair 2905E 3 1.62 1.62 1.62 
AL Fair 2905E 4 1.9 1.9 1.9 
AL Fair 2905E 5 0.74 0.74 0.74 
AL Fair 2905E 6 2.16 2.16 2.16 

 2905E Average 1.6500 1.6500 1.6500 
AL Fair 3727W 1 4.06 4.06 4.06 
AL Fair 3727W 2 7.2 7.2 7.2 
AL Fair 3727W 3 2.63 2.63 2.63 
AL Fair 3727W 4 2.17 2.17 2.17 
AL Fair 3727W 5 1.64 1.64 1.64 
AL Fair 3727W 6 1.69 1.69 1.69 
AL Fair 3727W 11 1.77 1.77 1.77 

 3727W Average 3.0229 3.0229 3.0229 
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Canister Sludge Depth Measurements.  (14 sheets) 

Canister Sludge Depth (inch) Canister 
Metal Fuel Type 

Barrel 
Location 

Position in 
Barrel Data Mean=0 Negative=0 

AL Fair 4138W 2 4.21 4.21 4.21 
AL Fair 4138W 3 2.69 2.69 2.69 
AL Fair 4138W 4 1.98 1.98 1.98 
AL Fair 4138W 5 3.18 3.18 3.18 
AL Fair 4138W 6 3.61 3.61 3.61 
AL Fair 4138W 7 3.46 3.46 3.46 
AL Fair 4138W 8 4.08 4.08 4.08 

 4138W Average 3.3157 3.3157 3.3157 
AL Fair 4168E 3 0.48 0.48 0.48 
AL Fair 4168E 4 0.21 0.21 0.21 
AL Fair 4168E 6 0.44 0.44 0.44 

 4168E Average 0.3767 0.3767 0.3767 
AL Fair 4168W 1 0.48 0.48 0.48 
AL Fair 4168W 3 0.51 0.51 0.51 
AL Fair 4168W 6 0.29 0.29 0.29 

 4168W Average 0.4267 0.4267 0.4267 
AL Fair 4620W 1 2.01 2.01 2.01 
AL Fair 4620W 2 2.33 2.33 2.33 
AL Fair 4620W 3 2.57 2.57 2.57 
AL Fair 4620W 4 2.91 2.91 2.91 
AL Fair 4620W 5 4.53 4.53 4.53 
AL Fair 4620W 6 2.54 2.54 2.54 
AL Fair 4620W 8 1.79 1.79 1.79 

 4620W Average 2.6686 2.6686 2.6686 
AL Fair 4627W 1 2.44 2.44 2.44 
AL Fair 4627W 2 2.37 2.37 2.37 
AL Fair 4627W 3 1.37 1.37 1.37 
AL Fair 4627W 4 0.7 0.7 0.7 
AL Fair 4627W 5 0.68 0.68 0.68 
AL Fair 4627W 6 0.96 0.96 0.96 
AL Fair 4627W 9 1.23 1.23 1.23 
AL Fair 4627W 10 1.04 1.04 1.04 
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Canister Sludge Depth Measurements.  (14 sheets) 

Canister Sludge Depth (inch) Canister 
Metal Fuel Type 

Barrel 
Location 

Position in 
Barrel Data Mean=0 Negative=0 

AL Fair 4627W 11 0.96 0.96 0.96 
 4627W Average 1.3056 1.3056 1.3056 

AL Fair 4865W 1 1.21 1.21 1.21 
AL Fair 4865W 2 1.36 1.36 1.36 
AL Fair 4865W 3 1.62 1.62 1.62 
AL Fair 4865W 4 3.08 3.08 3.08 
AL Fair 4865W 5 2.92 2.92 2.92 
AL Fair 4865W 6 2.87 2.87 2.87 
AL Fair 4865W 8 1.95 1.95 1.95 
AL Fair 4865W 9 1.37 1.37 1.37 

 4865W Average 2.0475 2.0475 2.0475 
AL Fair 4869E 1 2.26 2.26 2.26 
AL Fair 4869E 2 2.14 2.14 2.14 
AL Fair 4869E 3 1.56 1.56 1.56 
AL Fair 4869E 4 2.94 2.94 2.94 
AL Fair 4869E 5 3.63 3.63 3.63 
AL Fair 4869E 6 2.98 2.98 2.98 

 4869E Average 2.5850 2.5850 2.5850 
AL Fair 5069E 1 4.16 4.16 4.16 
AL Fair 5069E 2 2.92 2.92 2.92 
AL Fair 5069E 3 4.06 4.06 4.06 
AL Fair 5069E 4 4.81 4.81 4.81 
AL Fair 5069E 5 1.12 1.12 1.12 
AL Fair 5069E 6 1.49 1.49 1.49 
AL Fair 5069E 9 0.89 0.89 0.89 
AL Fair 5069E 10 2.49 2.49 2.49 

 5069E Average 2.7425 2.7425 2.7425 
AL Fair 5254E 2 0.82 0.82 0.82 
AL Fair 5254E 3 2.22 2.22 2.22 
AL Fair 5254E 4 0.98 0.98 0.98 
AL Fair 5254E 5 1.19 1.19 1.19 
AL Fair 5254E 6 1.5 1.5 1.5 
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Canister Sludge Depth Measurements.  (14 sheets) 

Canister Sludge Depth (inch) Canister 
Metal Fuel Type 

Barrel 
Location 

Position in 
Barrel Data Mean=0 Negative=0 

AL Fair 5254E 10 1.22 1.22 1.22 
  5254E Average 1.3217 1.3217 1.3217 

AL Fair 5427E 1 1.81 1.81 1.81 
AL Fair 5427E 2 1.87 1.87 1.87 
AL Fair 5427E 3 2.24 2.24 2.24 
AL Fair 5427E 4 1.32 1.32 1.32 
AL Fair 5427E 5 0.74 0.74 0.74 
AL Fair 5427E 6 1.41 1.41 1.41 
AL Fair 5427E 10 1.67 1.67 1.67 

 5427E Average 1.5800 1.5800 1.5800 
AL Fair 6069W 13 0.07 0.07 0.07 

 6069W Average 0.0700 0.0700 0.0700 
SS Fair 0418E 1 0.74 0.74 0.74 
SS Fair 0418E 2 0.63 0.63 0.63 
SS Fair 0418E 3 1.14 1.14 1.14 
SS Fair 0418E 4 0.74 0.74 0.74 
SS Fair 0418E 5 0.43 0.43 0.43 
SS Fair 0418E 6 0.55 0.55 0.55 
SS Fair 0418E 10 1.14 1.14 1.14 
SS Fair 0418E 11 0.22 0.22 0.22 
SS Fair 0418E 12 0.34 0.34 0.34 

 0418E Average 0.6589 0.6589 0.6589 
SS Fair 3125W 1 1.09 1.09 1.09 
SS Fair 3125W 2 1.48 1.48 1.48 
SS Fair 3125W 3 1.46 1.46 1.46 
SS Fair 3125W 4 1.68 1.68 1.68 
SS Fair 3125W 5 1.44 1.44 1.44 
SS Fair 3125W 6 1.39 1.39 1.39 

 3125W Average 1.4233 1.4233 1.4233 
SS Fair 4359W 1 0.25 0.25 0.25 
SS Fair 4359W 3 0.4 0.4 0.4 
SS Fair 4359W 4 -0.11 -0.11 0 
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Canister Sludge Depth Measurements.  (14 sheets) 

Canister Sludge Depth (inch) Canister 
Metal Fuel Type Location 

Position in 
Barrel Data Mean=0 Negative=0 

Barrel 

SS Fair 4359W 5 0.4 0.4 0.4 
SS Fair 4359W 6 0.19 0.19 0.19 
SS Fair 4359W 8 0.21 0.21 0.21 
SS Fair 4359W 9 0.38 0.38 0.38 
SS Fair 4359W 10 0.21 0.21 0.21 
SS Fair 4359W 11 0.43 0.43 0.43 
SS Fair 4359W 12 0.47 0.47 0.47 

 4359W Average 0.2830 0.2830 0.2940 
SS Fair 5238W 1 0.06 0.06 0.06 
SS Fair 5238W 2 0.72 0.72 0.72 
SS Fair 5238W 3 0.68 0.68 0.68 
SS Fair 5238W 4 0.77 0.77 0.77 
SS Fair 5238W 5 1.1 1.1 1.1 
SS Fair 5238W 6 1.9 1.9 1.9 
SS Fair 5238W 9 1.02 1.02 1.02 
SS Fair 5238W 10 3.7 3.7 3.7 

 5238W Average 1.2438 1.2438 1.2438 
SS Fair 5608E 1 -0.32 -0.2600 0 
SS Fair 5608E 2 -0.06 0.0000 0 
SS Fair 5608E 3 0 0.0600 0 
SS Fair 5608E 7 0.07 0.1300 0.07 
SS Fair 5608E 8 0.01 0.0700 0.01 

 5608E Average -0.0600 0.0000 0.0160 
SS Fair 5618E 2 1.12 1.12 1.12 
SS Fair 5618E 3 0.84 0.84 0.84 
SS Fair 5618E 4 0.84 0.84 0.84 
SS Fair 5618E 5 0.74 0.74 0.74 
SS Fair 5618E 6 0.7 0.7 0.7 
SS Fair 5618E 11 0.87 0.87 0.87 

 5618E Average 0.8517 0.8517 0.8517 
SS Fair 5618W 1 1.4 1.4 1.4 
SS Fair 5618W 2 2.14 2.14 2.14 
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Canister Sludge Depth Measurements.  (14 sheets) 

Canister Sludge Depth (inch) Canister 
Metal Fuel Type Location 

Position in 
Barrel Data Mean=0 Negative=0 

Barrel 

SS Fair 5618W 3 1.42 1.42 1.42 
SS Fair 5618W 4 1.69 1.69 1.69 
SS Fair 5618W 5 1.26 1.26 1.26 
SS Fair 5618W 6 1.6 1.6 1.6 
SS Fair 5618W 11 1.17 1.17 1.17 

 5618W Average 1.5257 1.5257 1.5257 
SS Fair 6057E 1 0.68 0.68 0.68 
SS Fair 6057E 2 0.74 0.74 0.74 
SS Fair 6057E 3 0.68 0.68 0.68 
SS Fair 6057E 4 3.45 3.45 3.45 
SS Fair 6057E 5 2.83 2.83 2.83 
SS Fair 6057E 6 3.81 3.81 3.81 
SS Fair 6057E 8 1.16 1.16 1.16 

 6057E Average 1.9071 1.9071 1.9071 
SS Fair 6413E 1 1.7 1.7 1.7 
SS Fair 6413E 2 1.53 1.53 1.53 
SS Fair 6413E 3 2.08 2.08 2.08 
SS Fair 6413E 4 1.38 1.38 1.38 
SS Fair 6413E 5 1.24 1.24 1.24 
SS Fair 6413E 6 1.1 1.1 1.1 
SS Fair 6413E 11 1.37 1.37 1.37 
SS Fair 6413E 12 1.24 1.24 1.24 

 6413E Average 1.4550 1.4550 1.4550 
SS Fair 6413W 3 2.04 2.04 2.04 
SS Fair 6413W 4 2.04 2.04 2.04 
SS Fair 6413W 5 1.61 1.61 1.61 
SS Fair 6413W 6 2 2 2 
SS Fair 6413W 11 1.46 1.46 1.46 

 6413W Average 1.8300 1.8300 1.8300 
SS Good 1845E 1 2.45 2.45 2.45 
SS Good 1845E 2 2.75 2.75 2.75 
SS Good 1845E 3 1.95 1.95 1.95 
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Canister Sludge Depth Measurements.  (14 sheets) 

Canister Sludge Depth (inch) Canister 
Metal Fuel Type Location 

Position in 
Barrel Data Mean=0 Negative=0 

Barrel 

SS Good 1845E 4 2.15 2.15 2.15 
  1845E Average 2.3250 2.3250 2.3250 

SS Good 2244E 1 -0.14 -0.0720 0 
SS Good 2244E 2 -0.06 0.0080 0 
SS Good 2244E 3 0.05 0.1180 0.05 
SS Good 2244E 4 0.26 0.3280 0.26 
SS Good 2244E 13 -0.45 -0.3820 0 

 2244E Average -0.0680 0.0000 0.0620 
SS Good 2244W 1 -0.33 -0.1700 0 
SS Good 2244W 2 -0.06 0.1000 0 
SS Good 2244W 3 -0.06 0.1000 0 
SS Good 2244W 4 0.05 0.2100 0.05 
SS Good 2244W 5 -0.33 -0.1700 0 
SS Good 2244W 6 -0.33 -0.1700 0 
SS Good 2244W 13 -0.06 0.1000 0 

 2244W Average -0.1600 0.0000 0.0071 
SS Good 2248W 1 -0.14 -0.0583 0 
SS Good 2248W 2 -0.14 -0.0583 0 
SS Good 2248W 3 -0.06 0.0217 0 
SS Good 2248W 4 0.05 0.1317 0.05 
SS Good 2248W 6 -0.14 -0.0583 0 
SS Good 2248W 13 -0.06 0.0217 0 

 2248W Average -0.0817 0.0000 0.0083 
SS Good 4661E 1 -0.12 -0.0960 0 
SS Good 4661E 2 0.14 0.1640 0.14 
SS Good 4661E 3 -0.12 -0.0960 0 
SS Good 4661E 4 -0.25 -0.2260 0 
SS Good 4661E 8 0.23 0.2540 0.23 

 4661E Average -0.0240 0.0000 0.0740 
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APPENDIX E 

COMPARISON OF THE CANISTER SLUDGE SAMPLES WITH RADNUC2A 
PREDICTIONS 

 

The canister sludge sample measurements and imputed values are shown in Table E-1.  
The values in this table are the values shown in Table 3-16 divided by the uranium concentration 
reported for each sample.  This gives concentrations that are largely independent of the presence 
of non-fuel materials in sludge. 

The segregated fuel sludge compositions output from HNF-8760 are shown in Table E-2 
and Table E-3.  The predicted canister sample concentrations based on the isotope concentrations 
from HNF-8760 were calculated using the following approach.  Tables 3-24 and 3-25 list the 
number of fuel assemblies of each fuel model representing the fuel in the KE Basin location for 
each sample.  Since the identity of the fuel assemblies (i.e. fuel models) that have corroded in 
these locations is not known, it is assumed that each fuel assembly of a given fuel model has 
contributed equally to the canister sludge in these locations.  Thus the activity concentrations in 
the sludge can be calculated using the key and fuel model identifiers in Tables 3-24 and 3-25 to 
select one or more rows from Tables E-2 and E-3 to represent this sample. 

For samples 96-04, 96-05, 96-15, and KC-1, the estimated canister sludge concentration 
is calculated in two steps.  First, locate the key and fuel model in Tables E-2 and E-3.  The 
identifier shown in Tables E-2 and E-3 is abbreviated by showing just the first and last letters.  
The abbreviations are used in Tables 3-24 and 3-25.  The second step is to divide the activity by 
the uranium mass shown in Table E-2 for that key and fuel model.  This gives the Ci/MTU 
shown in Table E-5. 

For samples 96-06, 96-08, and 96-13, the estimated canister sludge concentration is 
calculated in three steps.  The first step is to find the key and fuel model rows in Tables E-2 and 
E-3.  The second step is to divide the activities by the uranium mass to convert to Ci/MTU.  The 
third step is to combine the key models for that sample according to the number of canisters in 
the key.  For example, sample 96-08 is from key 10456 which has 10 BE canisters and 4 BS 
canisters.  The BE and BS rows are converted to Ci/MTU and then added using the factor 10/14 
on the BE concentrations and 4/14 on the BS concentrations. 

For sample KC-2/3 the same three steps are followed, but the weighting factors are a little 
different.  This sample was a composite of several canisters.  Table E-4 shows the estimated 
fraction of the total sludge mass that went into the sample.  These fractions must be further 
divided according to the relative number of canisters of the different fuel types.  The resulting 
weighting factors are shown in the last column of Table E-4.  These weighting factors are then 
multiplied by the Ci/MTU of a given isotope.  The sum is the estimated concentration for the 
isotope as shown in Table E-5. 
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The canister sludge sample measurements and imputed values are compared with 
predictions using the HNF-8760 methods in Figure E-1 through Figure E-13.  The Radnuc2A 
predictions generally overestimate the sludge concentrations.  The notable exception is Tc-99, 
for which the predictions are an order of magnitude lower than the reported values. 
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Table E-1. Canister Sample Data with Imputed Values (Ci/MTU). 
Sample Identity 

Measured Quantity 
96-05 96-08 96-13 96-15 96-04 

Co-60 1.10E+00 1.76E+00 * 7.58E-01 * 8.27E-01 4.09E+00 
Sr-90 2.69E+03 2.38E+03 2.27E+03 2.14E+03 1.98E+03 
Tc-99 7.93E+00 8.67E+01 1.30E+01 1.66E+00 7.06E+01 

Cs-134 2.96E-01 * 1.33E+00 * 3.69E-01 * 4.79E-01 * 1.37E+00 
Cs-137 1.41E+03 2.99E+03 8.27E+02 1.07E+03 3.07E+03 
Eu-152 * 1.83E-01 * 2.15E-01 * 9.30E-02 * 1.01E-01 * 3.62E-01 
Eu-154 2.28E+01 2.69E+01 1.16E+01 1.27E+01 4.53E+01 
Eu-155 1.50E+01 1.33E+01 * 6.15E+00 * 6.71E+00 2.09E+01 
Np-237 9.75E-03 * 1.78E-02 2.31E-02 1.69E-02 2.73E-02 
Pu-238 1.99E+01 4.41E+01 * 2.11E+01 1.11E+01 6.59E+01 

Pu-239/240 1.87E+02 2.37E+02 1.41E+02 1.29E+02 3.06E+02 
Pu-241 * 1.12E+03 * 2.48E+03 * 1.19E+03 * 6.22E+02 * 3.70E+03 
Am-241 1.14E+02 1.96E+02 * 1.13E+02 8.03E+01 3.40E+02 

Sample Identity 
Measured Quantity 

96-06 KC-1 KC-2/3 
Mean Standard 

Deviation 

Co-60 * 8.92E-01 3.03E-01 7.43E-01 1.31E+00 1.20E+00 
Sr-90 2.40E+03 * 2.36E+03 * 2.36E+03 2.32E+03 2.07E+02 
Tc-99 * 7.12E+00 * 1.84E+01 * 3.24E+01 2.97E+01 3.19E+01 

Cs-134 * 3.31E-01 * 2.54E-01 * 6.46E-01 6.35E-01 4.60E-01 
Cs-137 7.41E+02 5.70E+02 1.45E+03 1.52E+03 9.84E+02 
Eu-152 * 1.09E-01 * 1.00E-01 * 1.09E-01 1.59E-01 9.32E-02 
Eu-154 1.37E+01 1.25E+01 1.37E+01 1.99E+01 1.17E+01 
Eu-155 * 7.24E+00 4.30E+00 6.92E+00 1.01E+01 5.74E+00 
Np-237 1.91E-02 * 1.78E-02 * 1.78E-02 1.87E-02 5.06E-03 
Pu-238 2.16E+01 3.12E+01 2.72E+01 3.03E+01 1.73E+01 

Pu-239/240 1.23E+02 2.06E+02 1.92E+02 1.90E+02 6.15E+01 
Pu-241 * 1.21E+03 * 1.75E+03 * 1.53E+03 1.70E+03 9.74E+02 
Am-241 9.88E+01 1.77E+02 1.52E+02 1.59E+02 8.33E+01 

All values are the canister sludge concentration divided by the appropriate uranium concentration. 
Imputed values are indicated with asterisks. 
The mean and standard deviation are based on both measured and imputed values. 
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Table E-2. Composition of Segregated Fuel Sludge by Key and Fuel Model (1st Part).  (5 sheets)

Key ID 
Fuel 

Model 
Exposure 

(MWd/MTU) 
Uranium 
(MTU) 

Co-60 
(Ci) 

Sr-90  
(Ci) 

Tc-99  
(Ci) 

Cs-134 
(Ci) 

Cs-137 
(Ci) 

Eu-152 
(Ci) 

10001 B09X09A 2.16E+03 3.32E-05 1.93E-05 1.06E-01 3.41E-05 1.19E-05 1.35E-01 6.75E-06

10001 B09X09C 2.16E+03 2.61E-04 1.52E-04 8.35E-01 2.67E-04 9.33E-05 1.06E+00 5.30E-05

10001 B09X09S 2.16E+03 2.51E-04 1.46E-04 8.04E-01 2.57E-04 8.98E-05 1.02E+00 5.10E-05

10001 B09X09E 2.16E+03 1.50E-04 8.72E-05 4.80E-01 1.54E-04 5.36E-05 6.09E-01 3.05E-05

10201 B09X09A 2.20E+03 2.33E-01 1.48E-01 7.68E+02 2.43E-01 1.04E-01 9.76E+02 5.03E-02

10201 B09X09S 2.76E+03 6.68E-02 5.32E-02 2.73E+02 8.85E-02 4.73E-02 3.56E+02 2.18E-02

10201 B09X09E 2.78E+03 7.11E-02 5.71E-02 2.92E+02 9.49E-02 5.12E-02 3.83E+02 2.35E-02

10259 B09X09A 2.59E+03 9.87E-04 7.56E-04 3.83E+00 1.23E-03 6.54E-04 4.96E+00 2.96E-04

10259 B09X09C 1.99E+03 2.42E-02 1.42E-02 7.29E+01 2.28E-02 9.28E-03 9.16E+01 4.35E-03

10259 B09X09E 2.22E+03 2.00E-01 1.31E-01 6.69E+02 2.11E-01 9.63E-02 8.51E+02 4.46E-02

10294 B09X09A 2.53E+03 2.17E-03 1.65E-03 8.26E+00 2.64E-03 1.42E-03 1.07E+01 6.30E-04

10294 B09X09C 2.03E+03 2.69E-02 1.64E-02 8.29E+01 2.59E-02 1.11E-02 1.04E+02 5.06E-03

10294 B09X09S 2.36E+03 2.49E-02 1.76E-02 8.87E+01 2.81E-02 1.40E-02 1.14E+02 6.29E-03

10294 B09X09E 2.21E+03 8.00E-01 5.30E-01 2.68E+03 8.42E-01 3.94E-01 3.40E+03 1.78E-01

10350 B09X09C 3.30E+03 6.98E-03 6.98E-03 3.38E+01 1.11E-02 8.07E-03 4.52E+01 3.06E-03

10350 B09X09S 2.83E+03 1.98E-02 1.71E-02 8.35E+01 2.69E-02 1.69E-02 1.09E+02 6.86E-03

10350 B09X09E 2.93E+03 5.27E-02 4.68E-02 2.29E+02 7.40E-02 4.79E-02 3.01E+02 1.92E-02

10385 B09X09A 3.33E+03 6.44E-03 6.59E-03 3.15E+01 1.03E-02 7.84E-03 4.22E+01 2.89E-03

10385 B09X09S 2.59E+03 6.32E-03 5.06E-03 2.47E+01 7.86E-03 4.70E-03 3.20E+01 1.93E-03

10385 B09X09E 2.54E+03 4.87E-01 3.84E-01 1.88E+03 5.96E-01 3.50E-01 2.42E+03 1.44E-01

10456 B09X09A 3.23E+03 6.36E-03 6.47E-03 3.03E+01 9.87E-03 7.76E-03 4.05E+01 2.74E-03

10456 B09X09C 2.41E+03 2.09E-02 1.60E-02 7.68E+01 2.42E-02 1.44E-02 9.86E+01 5.65E-03

10456 B09X09S 3.19E+03 4.88E-02 4.92E-02 2.31E+02 7.50E-02 5.84E-02 3.08E+02 2.07E-02

10456 B09X09E 3.33E+03 3.29E-01 3.46E-01 1.62E+03 5.28E-01 4.29E-01 2.17E+03 1.49E-01

10576 B09X09S 3.80E+03 1.85E-04 2.34E-04 1.04E+00 3.43E-04 3.58E-04 1.43E+00 1.06E-04

10576 B09X09E 2.66E+03 1.63E-02 1.44E-02 6.62E+01 2.09E-02 1.52E-02 8.60E+01 5.32E-03

10602 B09X09A 3.31E+03 1.40E-02 1.54E-02 6.92E+01 2.24E-02 2.06E-02 9.27E+01 6.42E-03

10602 B09X09C 3.78E+03 6.55E-04 8.28E-04 3.67E+00 1.21E-03 1.28E-03 5.01E+00 3.73E-04

10602 B09X09S 3.79E+03 2.60E-02 3.30E-02 1.46E+02 4.80E-02 5.09E-02 2.00E+02 1.49E-02

10602 B09X09E 3.34E+03 5.25E-01 5.83E-01 2.61E+03 8.46E-01 7.88E-01 3.51E+03 2.44E-01

10679 B09X09A 3.89E+03 1.06E-02 1.42E-02 6.13E+01 2.01E-02 2.36E-02 8.41E+01 6.41E-03

10679 B09X09C 2.51E+03 2.49E-02 2.15E-02 9.64E+01 3.00E-02 2.28E-02 1.24E+02 7.51E-03

10679 B09X09S 2.84E+03 2.57E-02 2.50E-02 1.11E+02 3.50E-02 2.98E-02 1.45E+02 9.35E-03
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Table E-2. Composition of Segregated Fuel Sludge by Key and Fuel Model (1st Part).  (5 sheets)

Key ID 
Fuel 

Model 
Exposure 

(MWd/MTU) 
Uranium 
(MTU) 

Co-60 
(Ci) 

Sr-90  
(Ci) 

Tc-99  
(Ci) 

Cs-134 
(Ci) 

Cs-137 
(Ci) 

Eu-152 
(Ci) 

10679 B09X09E 3.64E+03 4.56E-01 5.70E-01 2.48E+03 8.07E-01 8.82E-01 3.37E+03 2.47E-01

10742 B09X09C 2.74E+03 2.74E-02 2.63E-02 1.15E+02 3.60E-02 3.14E-02 1.50E+02 9.52E-03

10742 B09X09S 2.93E+03 1.10E-02 1.12E-02 4.88E+01 1.54E-02 1.43E-02 6.42E+01 4.21E-03

10742 B09X09E 3.32E+03 2.90E-01 3.36E-01 1.45E+03 4.63E-01 4.87E-01 1.94E+03 1.36E-01

10764 B09X09A 2.16E+03 4.64E-04 3.55E-04 1.56E+00 4.76E-04 3.35E-04 1.98E+00 1.05E-04

10764 B09X09S 2.16E+03 7.42E-04 5.68E-04 2.50E+00 7.61E-04 5.36E-04 3.17E+00 1.68E-04

10764 B09X09E 2.16E+03 3.90E-04 2.98E-04 1.31E+00 4.00E-04 2.82E-04 1.66E+00 8.81E-05

10764 B09X09R 2.16E+03 3.80E-04 2.91E-04 1.28E+00 3.90E-04 2.74E-04 1.62E+00 8.59E-05

10764 B07X07E 2.16E+03 4.68E-05 3.58E-05 1.58E-01 4.80E-05 3.38E-05 2.00E-01 1.06E-05

10770 B09X09C 3.02E+03 1.07E-02 1.14E-02 4.92E+01 1.55E-02 1.53E-02 6.50E+01 4.35E-03

10770 B09X09S 3.66E+03 6.98E-02 9.07E-02 3.84E+02 1.24E-01 1.49E-01 5.21E+02 3.87E-02

10770 B09X09E 3.70E+03 2.22E-01 2.92E-01 1.23E+03 4.00E-01 4.84E-01 1.68E+03 1.25E-01

10832 B09X09A 2.58E+03 5.05E-03 4.74E-03 2.03E+01 6.27E-03 5.64E-03 2.63E+01 1.63E-03

10832 B09X09C 2.66E+03 2.76E-02 2.67E-02 1.14E+02 3.53E-02 3.25E-02 1.48E+02 9.31E-03

10832 B09X09S 3.31E+03 4.25E-02 5.09E-02 2.13E+02 6.79E-02 7.75E-02 2.85E+02 2.01E-02

10832 B09X09E 3.01E+03 6.41E-01 6.96E-01 2.94E+03 9.25E-01 9.61E-01 3.89E+03 2.61E-01

10982 B09X09A 3.30E+03 6.02E-03 7.58E-03 3.04E+01 9.58E-03 1.25E-02 4.07E+01 2.90E-03

10982 B09X09C 2.97E+03 1.21E-02 1.36E-02 5.52E+01 1.72E-02 2.02E-02 7.27E+01 4.90E-03

10982 B09X09S 3.67E+03 1.67E-02 2.36E-02 9.36E+01 2.99E-02 4.36E-02 1.27E+02 9.61E-03

10982 B09X09E 3.86E+03 2.59E-01 3.85E-01 1.52E+03 4.89E-01 7.52E-01 2.08E+03 1.62E-01

11036 B09X09A 3.40E+03 1.26E-04 1.67E-04 6.57E-01 2.07E-04 2.93E-04 8.83E-01 6.41E-05

11036 B09X09C 3.47E+03 4.43E-03 5.99E-03 2.35E+01 7.43E-03 1.07E-02 3.17E+01 2.33E-03

11036 B09X09S 3.66E+03 9.69E-03 1.39E-02 5.42E+01 1.73E-02 2.64E-02 7.37E+01 5.58E-03

11036 B09X09E 3.63E+03 1.10E-01 1.55E-01 6.08E+02 1.93E-01 2.92E-01 8.24E+02 6.21E-02

11109 B09X09A 4.42E+03 2.92E-03 5.27E-03 1.98E+01 6.44E-03 1.29E-02 2.77E+01 2.35E-03

11109 B09X09C 3.37E+03 1.18E-02 1.59E-02 6.12E+01 1.92E-02 2.87E-02 8.21E+01 5.97E-03

11109 B09X09S 3.97E+03 2.13E-02 3.41E-02 1.30E+02 4.15E-02 7.38E-02 1.78E+02 1.42E-02

11109 B09X09E 3.85E+03 2.61E-01 4.03E-01 1.54E+03 4.90E-01 8.42E-01 2.10E+03 1.65E-01

11183 B09X09A 2.29E+03 4.82E-03 4.56E-03 1.77E+01 5.27E-03 5.80E-03 2.25E+01 1.30E-03

11183 B09X09C 3.24E+03 2.64E-03 3.50E-03 1.33E+01 4.11E-03 6.33E-03 1.77E+01 1.27E-03

11183 B09X09S 3.18E+03 1.32E-02 1.72E-02 6.53E+01 2.02E-02 3.05E-02 8.68E+01 6.15E-03

11183 B09X09E 3.36E+03 4.14E-01 5.71E-01 2.15E+03 6.71E-01 1.07E+00 2.89E+03 2.11E-01

11372 B09X09A 4.17E+03 4.39E-03 8.17E-03 2.86E+01 9.06E-03 2.17E-02 3.96E+01 3.31E-03

11372 B09X09C 3.02E+03 8.65E-03 1.15E-02 4.13E+01 1.25E-02 2.15E-02 5.45E+01 3.82E-03
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Table E-2. Composition of Segregated Fuel Sludge by Key and Fuel Model (1st Part).  (5 sheets)

Key ID 
Fuel 

Model 
Exposure 

(MWd/MTU) 
Uranium 
(MTU) 

Co-60 
(Ci) 

Sr-90  
(Ci) 

Tc-99  
(Ci) 

Cs-134 
(Ci) 

Cs-137 
(Ci) 

Eu-152 
(Ci) 

11372 B09X09S 3.77E+03 1.44E-02 2.40E-02 8.46E+01 2.64E-02 5.67E-02 1.15E+02 9.11E-03

11372 B09X09E 3.79E+03 4.24E-01 7.08E-01 2.50E+03 7.82E-01 1.68E+00 3.41E+03 2.70E-01

11449 B09X09A 3.99E+03 3.15E-03 5.75E-03 1.97E+01 6.19E-03 1.52E-02 2.72E+01 2.23E-03

11449 B09X09C 4.39E+02 1.50E-03 3.39E-04 1.26E+00 3.44E-04 2.02E-04 1.48E+00 3.75E-05

11449 B09X09S 3.70E+03 5.54E-02 9.29E-02 3.21E+02 9.96E-02 2.25E-01 4.37E+02 3.43E-02

11449 B09X09E 3.84E+03 2.66E-01 4.65E-01 1.60E+03 5.00E-01 1.17E+00 2.19E+03 1.76E-01

11540 B09X09A 3.18E+03 3.23E-03 4.79E-03 1.63E+01 4.94E-03 1.04E-02 2.17E+01 1.58E-03

11540 B09X09C 3.23E+03 4.29E-04 6.46E-04 2.20E+00 6.67E-04 1.42E-03 2.93E+00 2.15E-04

11540 B09X09S 4.49E+03 5.59E-03 1.20E-02 3.97E+01 1.26E-02 3.81E-02 5.56E+01 4.93E-03

11540 B09X09E 4.24E+03 7.79E-02 1.57E-01 5.22E+02 1.64E-01 4.66E-01 7.24E+02 6.20E-02

11733 B09X09S 2.89E+03 6.96E-04 1.00E-03 3.26E+00 9.63E-04 2.20E-03 4.28E+00 3.01E-04

11733 B09X09E 3.59E+03 2.54E-03 4.57E-03 1.46E+01 4.42E-03 1.25E-02 1.97E+01 1.55E-03

11806 B09X09A 2.86E+03 3.29E-03 4.82E-03 1.54E+01 4.51E-03 1.09E-02 2.01E+01 1.42E-03

11806 B09X09C 3.41E+03 2.45E-04 4.29E-04 1.35E+00 4.04E-04 1.16E-03 1.81E+00 1.39E-04

11806 B09X09S 4.04E+03 3.13E-03 6.58E-03 2.03E+01 6.22E-03 2.14E-02 2.79E+01 2.37E-03

11806 B09X09E 3.87E+03 2.15E-01 4.31E-01 1.34E+03 4.08E-01 1.34E+00 1.83E+03 1.51E-01

11897 B09X09A 3.40E+03 5.32E-05 9.59E-05 2.93E-01 8.73E-05 2.72E-04 3.93E-01 3.05E-05

11897 B09X09C 3.27E+03 3.59E-02 6.20E-02 1.90E+02 5.64E-02 1.69E-01 2.54E+02 1.93E-02

11897 B09X09S 3.94E+03 1.90E-02 4.01E-02 1.21E+02 3.67E-02 1.34E-01 1.66E+02 1.40E-02

11897 B09X09E 4.06E+03 2.41E-01 5.25E-01 1.58E+03 4.81E-01 1.81E+00 2.17E+03 1.86E-01

11979 B09X09A 3.40E+03 7.79E-04 1.45E-03 4.31E+00 1.28E-03 4.30E-03 5.78E+00 4.51E-04

11979 B09X09C 3.55E+03 2.35E-02 4.55E-02 1.35E+02 4.03E-02 1.42E-01 1.82E+02 1.46E-02

11979 B09X09S 3.85E+03 2.47E-02 5.23E-02 1.54E+02 4.64E-02 1.78E-01 2.11E+02 1.76E-02

11979 B09X09E 4.04E+03 2.30E-01 5.14E-01 1.51E+03 4.58E-01 1.85E+00 2.08E+03 1.79E-01

12127 B09X09A 3.16E+03 3.77E-03 6.86E-03 1.97E+01 5.73E-03 2.06E-02 2.61E+01 1.99E-03

12127 B09X09C 2.48E+03 1.88E-03 2.70E-03 7.90E+00 2.23E-03 6.35E-03 1.02E+01 6.77E-04

12127 B09X09S 4.07E+03 1.84E-02 4.38E-02 1.23E+02 3.69E-02 1.72E-01 1.69E+02 1.48E-02

12127 B09X09E 3.45E+03 1.45E-01 2.87E-01 8.19E+02 2.41E-01 9.41E-01 1.10E+03 8.75E-02

12201 B09X09A 3.40E+03 1.10E-03 2.21E-03 6.16E+00 1.80E-03 7.42E-03 8.25E+00 6.55E-04

12201 B09X09C 3.30E+03 3.04E-03 5.93E-03 1.66E+01 4.84E-03 1.94E-02 2.22E+01 1.73E-03

12201 B09X09S 3.96E+03 3.75E-02 8.88E-02 2.44E+02 7.28E-02 3.53E-01 3.35E+02 2.90E-02

12201 B09X09E 3.90E+03 1.06E-01 2.46E-01 6.78E+02 2.02E-01 9.63E-01 9.28E+02 7.97E-02

12285 B09X09A 3.33E+03 9.74E-05 1.97E-04 5.39E-01 1.56E-04 6.81E-04 7.20E-01 5.68E-05

12285 B09X09C 2.73E+03 5.28E-03 8.80E-03 2.44E+01 6.91E-03 2.49E-02 3.18E+01 2.26E-03
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Table E-2. Composition of Segregated Fuel Sludge by Key and Fuel Model (1st Part).  (5 sheets)

Key ID 
Fuel 

Model 
Exposure 

(MWd/MTU) 
Uranium 
(MTU) 

Co-60 
(Ci) 

Sr-90  
(Ci) 

Tc-99  
(Ci) 

Cs-134 
(Ci) 

Cs-137 
(Ci) 

Eu-152 
(Ci) 

12285 B09X09S 3.77E+03 4.22E-02 9.76E-02 2.63E+02 7.76E-02 3.85E-01 3.59E+02 3.03E-02

12285 B09X09E 3.22E+03 4.00E-01 7.83E-01 2.14E+03 6.18E-01 2.61E+00 2.85E+03 2.21E-01

12480 B09X09A 3.56E+03 2.79E-03 6.52E-03 1.67E+01 4.82E-03 2.70E-02 2.25E+01 1.88E-03

12480 B09X09C 2.91E+03 1.19E-03 2.27E-03 5.91E+00 1.66E-03 7.62E-03 7.75E+00 5.79E-04

12480 B09X09S 3.58E+03 1.80E-02 4.22E-02 1.08E+02 3.12E-02 1.76E-01 1.46E+02 1.22E-02

12480 B09X09E 3.27E+03 2.39E-01 5.10E-01 1.32E+03 3.76E-01 1.93E+00 1.75E+03 1.39E-01

12565 B09X09A 3.30E+03 1.02E-03 2.27E-03 5.70E+00 1.62E-03 9.07E-03 7.60E+00 6.11E-04

12565 B09X09C 3.15E+03 4.89E-04 1.04E-03 2.62E+00 7.41E-04 3.96E-03 3.47E+00 2.72E-04

12565 B09X09S 3.11E+03 1.28E-02 2.68E-02 6.78E+01 1.91E-02 1.01E-01 8.96E+01 6.98E-03

12565 B09X09E 3.61E+03 1.22E-01 2.98E-01 7.43E+02 2.14E-01 1.31E+00 1.00E+03 8.47E-02

12639 B09X09S 3.64E+03 2.00E-02 5.07E-02 1.24E+02 3.54E-02 2.35E-01 1.67E+02 1.43E-02

12639 B09X09E 3.09E+03 1.50E-01 3.19E-01 7.90E+02 2.22E-01 1.24E+00 1.04E+03 8.14E-02

12639 B07X07E 3.03E+03 8.66E-05 1.82E-04 4.50E-01 1.26E-04 6.93E-04 5.93E-01 4.58E-05

12852 B09X09E 4.77E+03 9.62E-03 3.56E-02 7.93E+01 2.33E-02 2.53E-01 1.12E+02 1.14E-02

13015 B09X09C 2.12E+03 1.46E-03 2.46E-03 5.59E+00 1.47E-03 8.06E-03 7.03E+00 4.36E-04

13015 B09X09E 2.96E+03 4.40E-03 1.03E-02 2.29E+01 6.24E-03 4.74E-02 3.00E+01 2.36E-03

13016 B09X09S 2.16E+03 1.48E-04 2.54E-04 5.75E-01 1.51E-04 8.46E-04 7.26E-01 4.57E-05

13371 B09X09E 1.03E+03 1.57E-04 1.49E-04 3.13E-01 7.57E-05 2.60E-04 3.69E-01 1.08E-05

13649 B09X09C 2.14E+03 3.71E-03 7.96E-03 1.50E+01 3.77E-03 3.74E-02 1.88E+01 1.23E-03

13649 B09X09E 2.85E+03 2.51E-02 7.12E-02 1.32E+02 3.42E-02 4.50E-01 1.72E+02 1.39E-02

13649 B07X07E 1.92E+03 2.36E-03 4.57E-03 8.62E+00 2.15E-03 1.92E-02 1.07E+01 6.40E-04

13685 B09X09E 3.01E+03 3.41E-03 1.03E-02 1.89E+01 4.92E-03 7.05E-02 2.48E+01 2.06E-03

14355 B09X09C 3.40E+03 1.23E-03 5.37E-03 7.94E+00 2.02E-03 6.04E-02 1.06E+01 9.92E-04

14355 B09X09S 3.40E+03 4.07E-03 1.78E-02 2.63E+01 6.67E-03 2.00E-01 3.51E+01 3.28E-03

14355 B09X09E 3.40E+03 8.04E-02 3.51E-01 5.19E+02 1.32E-01 3.95E+00 6.93E+02 6.49E-02

14356 B09X09A 3.33E+03 6.28E-01 2.68E+00 3.97E+03 1.01E+00 2.95E+01 5.29E+03 4.89E-01

14356 B09X09S 3.33E+03 2.11E-02 9.03E-02 1.34E+02 3.39E-02 9.93E-01 1.78E+02 1.65E-02

14356 B09X09E 3.33E+03 7.22E-02 3.09E-01 4.57E+02 1.16E-01 3.40E+00 6.09E+02 5.63E-02

15204 B09X09A 9.10E+02 7.16E-03 1.19E-02 1.46E+01 3.13E-03 5.81E-02 1.71E+01 5.75E-04

15204 B09X09C 6.89E+02 1.58E-03 2.08E-03 2.54E+00 5.46E-04 1.01E-02 2.98E+00 1.00E-04

15204 B09X09S 1.02E+03 1.01E-02 1.83E-02 2.24E+01 4.82E-03 8.94E-02 2.63E+01 8.86E-04

15204 B09X09E 1.02E+03 2.98E-02 5.43E-02 6.64E+01 1.43E-02 2.65E-01 7.80E+01 2.62E-03

15204 B07X07E 7.33E+02 1.76E-04 2.43E-04 2.98E-01 6.40E-05 1.19E-03 3.50E-01 1.18E-05

15316 B09X09A 9.84E+02 6.03E-03 1.11E-02 1.32E+01 2.81E-03 5.78E-02 1.55E+01 5.25E-04
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Table E-2. Composition of Segregated Fuel Sludge by Key and Fuel Model (1st Part).  (5 sheets)

Key ID 
Fuel 

Model 
Exposure 

(MWd/MTU) 
Uranium 
(MTU) 

Co-60 
(Ci) 

Sr-90  
(Ci) 

Tc-99  
(Ci) 

Cs-134 
(Ci) 

Cs-137 
(Ci) 

Eu-152 
(Ci) 

15316 B09X09C 7.76E+02 1.12E-04 1.69E-04 2.01E-01 4.27E-05 8.80E-04 2.35E-01 7.98E-06

15316 B09X09S 9.50E+02 2.60E-03 4.67E-03 5.53E+00 1.18E-03 2.43E-02 6.49E+00 2.20E-04

15316 B09X09E 1.03E+03 2.99E-03 5.71E-03 6.76E+00 1.44E-03 2.97E-02 7.94E+00 2.69E-04

15399 B09X09E 1.69E+00 3.75E-03 2.45E-05 2.84E-02 6.01E-06 1.34E-04 3.33E-02 1.14E-06

15451 B09X09A 1.30E+03 4.77E-03 1.19E-02 1.34E+01 2.88E-03 8.61E-02 1.60E+01 7.06E-04

15451 B09X09C 1.33E+03 6.52E-05 1.67E-04 1.88E-01 4.05E-05 1.25E-03 2.25E-01 1.03E-05

15451 B09X09S 4.57E+02 3.08E-05 3.06E-05 3.49E-02 7.36E-06 1.72E-04 4.09E-02 1.40E-06

15451 B07X07E 5.61E+02 1.05E-03 1.26E-03 1.43E+00 3.02E-04 7.04E-03 1.68E+00 5.75E-05

15458 B09X09A 7.34E+02 4.26E-03 6.49E-03 7.37E+00 1.56E-03 3.65E-02 8.64E+00 2.96E-04

15458 B09X09C 4.44E+02 5.21E-04 5.04E-04 5.72E-01 1.21E-04 2.83E-03 6.71E-01 2.30E-05

15458 B09X09S 6.11E+02 8.08E-03 1.05E-02 1.19E+01 2.51E-03 5.88E-02 1.39E+01 4.78E-04

15458 B09X09E 5.99E+02 1.35E-02 1.72E-02 1.95E+01 4.12E-03 9.67E-02 2.29E+01 7.85E-04

15458 B09X09R 4.13E+02 7.47E-05 6.77E-05 7.69E-02 1.62E-05 3.81E-04 9.02E-02 3.09E-06

15458 B07X07E 4.20E+02 7.49E-05 6.89E-05 7.83E-02 1.65E-05 3.88E-04 9.18E-02 3.15E-06
Values were generated using the methods described in HNF-8760.  The effective date of these numbers is 

May 31, 1998. 
The shortened form of the fuel model identifier uses only the first and last characters. 
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Table E-3. Composition of Segregated Fuel Sludge by Key and Fuel Model (2nd Part).  
(5 sheets) 

Key ID 
Fuel 

Model 
Eu-154 

(Ci) 
Eu-155 

(Ci) 
Np-237 

(Ci) 
Pu-238 

(Ci) 
Pu-239 

(Ci) 
Pu-240 

(Ci) 
Pu-241 

(Ci) 
Am-241 

(Ci) 

10001 B09X09A 5.26E-04 1.07E-04 6.97E-07 9.11E-04 3.49E-03 1.52E-03 4.47E-02 3.74E-03

10001 B09X09C 4.13E-03 8.41E-04 5.47E-06 7.15E-03 2.74E-02 1.20E-02 3.51E-01 2.93E-02

10001 B09X09S 3.97E-03 8.10E-04 5.27E-06 6.89E-03 2.63E-02 1.15E-02 3.38E-01 2.82E-02

10001 B09X09E 2.37E-03 4.84E-04 3.15E-06 4.11E-03 1.57E-02 6.88E-03 2.02E-01 1.69E-02

10201 B09X09A 4.00E+00 8.21E-01 4.98E-03 6.65E+00 2.48E+01 1.10E+01 3.34E+02 2.70E+01

10201 B09X09S 1.90E+00 2.79E-01 1.83E-03 3.08E+00 8.33E+00 4.46E+00 1.55E+02 1.25E+01

10201 B09X09E 2.05E+00 3.00E-01 1.96E-03 3.33E+00 8.92E+00 4.80E+00 1.67E+02 1.35E+01

10259 B09X09A 2.49E-02 4.01E-03 2.53E-05 4.01E-02 1.18E-01 6.03E-02 2.06E+00 1.65E-01

10259 B09X09C 3.39E-01 8.14E-02 4.65E-04 5.63E-01 2.39E+00 9.77E-01 2.80E+01 2.23E+00

10259 B09X09E 3.57E+00 7.25E-01 4.33E-03 5.86E+00 2.14E+01 9.60E+00 2.97E+02 2.37E+01

10294 B09X09A 5.24E-02 8.76E-03 5.42E-05 8.41E-02 2.56E-01 1.28E-01 4.37E+00 3.47E-01

10294 B09X09C 3.98E-01 9.30E-02 5.29E-04 6.54E-01 2.70E+00 1.12E+00 3.28E+01 2.60E+00

10294 B09X09S 5.13E-01 9.57E-02 5.76E-04 8.30E-01 2.79E+00 1.32E+00 4.27E+01 3.39E+00

10294 B09X09E 1.43E+01 2.94E+00 1.73E-02 2.33E+01 8.55E+01 3.82E+01 1.18E+03 9.39E+01

10350 B09X09C 3.03E-01 3.59E-02 2.31E-04 4.68E-01 9.80E-01 6.04E-01 2.28E+01 1.81E+00

10350 B09X09S 6.13E-01 8.96E-02 5.56E-04 9.64E-01 2.51E+00 1.37E+00 4.90E+01 3.86E+00

10350 B09X09E 1.75E+00 2.45E-01 1.53E-03 2.74E+00 6.83E+00 3.82E+00 1.38E+02 1.09E+01

10385 B09X09A 2.87E-01 3.39E-02 2.16E-04 4.41E-01 9.10E-01 5.65E-01 2.16E+01 1.69E+00

10385 B09X09S 1.64E-01 2.69E-02 1.62E-04 2.57E-01 7.57E-01 3.86E-01 1.34E+01 1.05E+00

10385 B09X09E 1.21E+01 2.05E+00 1.22E-02 1.91E+01 5.77E+01 2.90E+01 1.00E+03 7.83E+01

10456 B09X09A 2.69E-01 3.34E-02 2.06E-04 4.08E-01 8.79E-01 5.33E-01 2.03E+01 1.57E+00

10456 B09X09C 4.70E-01 8.68E-02 4.96E-04 7.34E-01 2.38E+00 1.15E+00 3.86E+01 2.97E+00

10456 B09X09S 2.02E+00 2.55E-01 1.56E-03 3.07E+00 6.71E+00 4.03E+00 1.53E+02 1.18E+01

10456 B09X09E 1.50E+01 1.78E+00 1.10E-02 2.26E+01 4.65E+01 2.89E+01 1.11E+03 8.64E+01

10576 B09X09S 1.18E-02 1.18E-03 7.24E-06 1.72E-02 2.88E-02 2.00E-02 8.27E-01 6.29E-02

10576 B09X09E 4.66E-01 7.66E-02 4.30E-04 7.05E-01 1.99E+00 1.04E+00 3.73E+01 2.82E+00

10602 B09X09A 6.49E-01 7.97E-02 4.67E-04 9.54E-01 1.98E+00 1.22E+00 4.79E+01 3.61E+00

10602 B09X09C 4.13E-02 4.19E-03 2.54E-05 5.98E-02 1.01E-01 7.01E-02 2.89E+00 2.19E-01

10602 B09X09S 1.65E+00 1.67E-01 1.01E-03 2.39E+00 4.03E+00 2.79E+00 1.16E+02 8.74E+00

10602 B09X09E 2.48E+01 3.01E+00 1.77E-02 3.65E+01 7.44E+01 4.64E+01 1.82E+03 1.38E+02

10679 B09X09A 7.29E-01 7.16E-02 4.25E-04 1.04E+00 1.67E+00 1.19E+00 5.01E+01 3.75E+00

10679 B09X09C 6.41E-01 1.16E-01 6.16E-04 9.55E-01 2.92E+00 1.45E+00 5.18E+01 3.83E+00

10679 B09X09S 8.61E-01 1.32E-01 7.24E-04 1.27E+00 3.27E+00 1.79E+00 6.67E+01 4.95E+00

10679 B09X09E 2.68E+01 2.91E+00 1.70E-02 3.84E+01 6.87E+01 4.61E+01 1.89E+03 1.41E+02



SNF-10293, REV 0 

 E-10  

Table E-3. Composition of Segregated Fuel Sludge by Key and Fuel Model (2nd Part).  
(5 sheets) 

Key ID 
Fuel 

Model 
Eu-154 

(Ci) 
Eu-155 

(Ci) 
Np-237 

(Ci) 
Pu-238 

(Ci) 
Pu-239 

(Ci) 
Pu-240 

(Ci) 
Pu-241 

(Ci) 
Am-241 

(Ci) 

10742 B09X09C 8.61E-01 1.40E-01 7.43E-04 1.26E+00 3.40E+00 1.81E+00 6.72E+01 4.92E+00

10742 B09X09S 3.97E-01 5.92E-02 3.19E-04 5.75E-01 1.42E+00 7.95E-01 3.03E+01 2.22E+00

10742 B09X09E 1.39E+01 1.74E+00 9.67E-03 1.99E+01 4.09E+01 2.53E+01 1.01E+03 7.44E+01

10764 B09X09A 8.69E-03 2.00E-03 9.74E-06 1.29E-02 4.87E-02 2.13E-02 6.90E-01 5.01E-02

10764 B09X09S 1.39E-02 3.21E-03 1.56E-05 2.07E-02 7.79E-02 3.41E-02 1.10E+00 8.03E-02

10764 B09X09E 7.31E-03 1.68E-03 8.19E-06 1.09E-02 4.09E-02 1.79E-02 5.80E-01 4.22E-02

10764 B09X09R 7.12E-03 1.64E-03 7.98E-06 1.06E-02 3.99E-02 1.74E-02 5.65E-01 4.11E-02

10764 B07X07E 8.77E-04 2.02E-04 9.83E-07 1.31E-03 4.91E-03 2.15E-03 6.96E-02 5.06E-03

10770 B09X09C 4.20E-01 6.01E-02 3.23E-04 6.02E-01 1.42E+00 8.15E-01 3.15E+01 2.30E+00

10770 B09X09S 4.25E+00 4.64E-01 2.61E-03 5.97E+00 1.06E+01 7.12E+00 2.97E+02 2.18E+01

10770 B09X09E 1.39E+01 1.49E+00 8.42E-03 1.95E+01 3.39E+01 2.31E+01 9.65E+02 7.08E+01

10832 B09X09A 1.44E-01 2.55E-02 1.29E-04 2.07E-01 6.04E-01 3.08E-01 1.13E+01 8.15E-01

10832 B09X09C 8.33E-01 1.43E-01 7.27E-04 1.20E+00 3.37E+00 1.75E+00 6.51E+01 4.69E+00

10832 B09X09S 2.08E+00 2.64E-01 1.42E-03 2.91E+00 5.99E+00 3.71E+00 1.50E+02 1.08E+01

10832 B09X09E 2.52E+01 3.67E+00 1.92E-02 3.58E+01 8.46E+01 4.85E+01 1.89E+03 1.36E+02

10982 B09X09A 3.02E-01 3.95E-02 2.00E-04 4.11E-01 8.47E-01 5.23E-01 2.15E+01 1.51E+00

10982 B09X09C 4.75E-01 7.22E-02 3.56E-04 6.56E-01 1.58E+00 8.93E-01 3.53E+01 2.47E+00

10982 B09X09S 1.08E+00 1.21E-01 6.29E-04 1.45E+00 2.54E+00 1.72E+00 7.37E+01 5.19E+00

10982 B09X09E 1.88E+01 1.96E+00 1.03E-02 2.51E+01 4.08E+01 2.88E+01 1.26E+03 8.88E+01

11036 B09X09A 6.83E-03 8.68E-04 4.33E-06 9.19E-03 1.81E-02 1.15E-02 4.80E-01 3.34E-02

11036 B09X09C 2.52E-01 3.10E-02 1.56E-04 3.37E-01 6.45E-01 4.15E-01 1.75E+01 1.22E+00

11036 B09X09S 6.27E-01 7.13E-02 3.63E-04 8.35E-01 1.47E+00 9.89E-01 4.27E+01 2.98E+00

11036 B09X09E 6.91E+00 7.99E-01 4.06E-03 9.23E+00 1.65E+01 1.10E+01 4.74E+02 3.30E+01

11109 B09X09A 3.04E-01 2.64E-02 1.37E-04 3.91E-01 5.08E-01 4.05E-01 1.91E+01 1.32E+00

11109 B09X09C 6.37E-01 8.27E-02 4.01E-04 8.44E-01 1.68E+00 1.06E+00 4.46E+01 3.06E+00

11109 B09X09S 1.70E+00 1.73E-01 8.77E-04 2.21E+00 3.42E+00 2.47E+00 1.11E+02 7.67E+00

11109 B09X09E 1.92E+01 2.06E+00 1.03E-02 2.51E+01 4.09E+01 2.87E+01 1.28E+03 8.80E+01

11183 B09X09A 1.13E-01 2.55E-02 1.08E-04 1.54E-01 5.29E-01 2.43E-01 8.69E+00 5.84E-01

11183 B09X09C 1.32E-01 1.84E-02 8.57E-05 1.73E-01 3.66E-01 2.22E-01 9.32E+00 6.30E-01

11183 B09X09S 6.34E-01 9.06E-02 4.21E-04 8.34E-01 1.81E+00 1.08E+00 4.51E+01 3.05E+00

11183 B09X09E 2.26E+01 2.98E+00 1.40E-02 2.95E+01 5.89E+01 3.70E+01 1.57E+03 1.06E+02

11372 B09X09A 4.19E-01 4.15E-02 1.92E-04 5.15E-01 7.31E-01 5.53E-01 2.63E+01 1.73E+00

11372 B09X09C 3.87E-01 6.11E-02 2.61E-04 4.92E-01 1.15E+00 6.58E-01 2.75E+01 1.79E+00

11372 B09X09S 1.07E+00 1.24E-01 5.57E-04 1.33E+00 2.22E+00 1.54E+00 7.02E+01 4.59E+00
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Table E-3. Composition of Segregated Fuel Sludge by Key and Fuel Model (2nd Part).  
(5 sheets) 

Key ID 
Fuel 

Model 
Eu-154 

(Ci) 
Eu-155 

(Ci) 
Np-237 

(Ci) 
Pu-238 

(Ci) 
Pu-239 

(Ci) 
Pu-240 

(Ci) 
Pu-241 

(Ci) 
Am-241 

(Ci) 

11372 B09X09E 3.18E+01 3.65E+00 1.65E-02 3.96E+01 6.56E+01 4.55E+01 2.08E+03 1.36E+02

11449 B09X09A 2.75E-01 2.94E-02 1.31E-04 3.34E-01 5.09E-01 3.70E-01 1.75E+01 1.13E+00

11449 B09X09C 3.24E-03 2.56E-03 6.91E-06 4.18E-03 4.24E-02 1.01E-02 2.07E-01 1.31E-02

11449 B09X09S 4.01E+00 4.81E-01 2.10E-03 4.92E+00 8.44E+00 5.74E+00 2.63E+02 1.69E+01

11449 B09X09E 2.11E+01 2.39E+00 1.05E-02 2.58E+01 4.17E+01 2.93E+01 1.36E+03 8.78E+01

11540 B09X09A 1.68E-01 2.54E-02 1.03E-04 2.06E-01 4.43E-01 2.65E-01 1.16E+01 7.29E-01

11540 B09X09C 2.31E-02 3.42E-03 1.39E-05 2.83E-02 5.94E-02 3.60E-02 1.58E+00 9.98E-02

11540 B09X09S 6.67E-01 6.05E-02 2.68E-04 7.86E-01 9.85E-01 7.97E-01 4.01E+01 2.55E+00

11540 B09X09E 8.05E+00 7.97E-01 3.48E-03 9.55E+00 1.32E+01 1.01E+01 4.95E+02 3.14E+01

11733 B09X09S 3.05E-02 5.43E-03 1.99E-05 3.63E-02 8.93E-02 4.95E-02 2.14E+00 1.29E-01

11733 B09X09E 1.82E-01 2.39E-02 9.27E-05 2.12E-01 3.78E-01 2.51E-01 1.18E+01 7.15E-01

11806 B09X09A 1.43E-01 2.62E-02 9.33E-05 1.68E-01 4.20E-01 2.31E-01 1.00E+01 5.98E-01

11806 B09X09C 1.58E-02 2.27E-03 8.44E-06 1.83E-02 3.52E-02 2.24E-02 1.04E+00 6.22E-02

11806 B09X09S 3.04E-01 3.39E-02 1.32E-04 3.44E-01 5.09E-01 3.74E-01 1.86E+01 1.12E+00

11806 B09X09E 1.88E+01 2.24E+00 8.60E-03 2.14E+01 3.39E+01 2.40E+01 1.17E+03 7.04E+01

11897 B09X09A 3.48E-03 5.08E-04 1.83E-06 3.94E-03 7.63E-03 4.83E-03 2.27E-01 1.33E-02

11897 B09X09C 2.14E+00 3.31E-01 1.18E-03 2.44E+00 5.00E+00 3.06E+00 1.41E+02 8.31E+00

11897 B09X09S 1.77E+00 2.08E-01 7.75E-04 1.97E+00 3.03E+00 2.18E+00 1.09E+02 6.41E+00

11897 B09X09E 2.41E+01 2.71E+00 1.02E-02 2.68E+01 3.93E+01 2.90E+01 1.46E+03 8.64E+01

11979 B09X09A 5.19E-02 7.68E-03 2.67E-05 5.78E-02 1.12E-01 7.07E-02 3.35E+00 1.94E-01

11979 B09X09C 1.73E+00 2.40E-01 8.45E-04 1.92E+00 3.47E+00 2.27E+00 1.10E+02 6.35E+00

11979 B09X09S 2.21E+00 2.72E-01 9.79E-04 2.43E+00 3.87E+00 2.73E+00 1.36E+02 7.89E+00

11979 B09X09E 2.32E+01 2.66E+00 9.68E-03 2.54E+01 3.74E+01 2.75E+01 1.40E+03 8.13E+01

12127 B09X09A 2.21E-01 3.69E-02 1.19E-04 2.41E-01 5.15E-01 3.07E-01 1.44E+01 8.09E-01

12127 B09X09C 6.48E-02 1.51E-02 4.59E-05 7.25E-02 2.18E-01 1.08E-01 4.60E+00 2.56E-01

12127 B09X09S 1.95E+00 2.27E-01 7.82E-04 2.07E+00 3.01E+00 2.23E+00 1.16E+02 6.54E+00

12127 B09X09E 1.03E+01 1.53E+00 5.04E-03 1.11E+01 2.10E+01 1.34E+01 6.52E+02 3.66E+01

12201 B09X09A 7.67E-02 1.18E-02 3.76E-05 8.18E-02 1.57E-01 9.95E-02 4.86E+00 2.69E-01

12201 B09X09C 1.99E-01 3.18E-02 1.01E-04 2.13E-01 4.27E-01 2.64E-01 1.28E+01 7.04E-01

12201 B09X09S 3.78E+00 4.63E-01 1.54E-03 3.96E+00 6.01E+00 4.34E+00 2.25E+02 1.25E+01

12201 B09X09E 1.03E+01 1.29E+00 4.26E-03 1.08E+01 1.67E+01 1.19E+01 6.16E+02 3.42E+01

12285 B09X09A 6.61E-03 1.06E-03 3.26E-06 6.94E-03 1.38E-02 8.55E-03 4.19E-01 2.27E-02

12285 B09X09C 2.32E-01 4.86E-02 1.43E-04 2.48E-01 6.54E-01 3.47E-01 1.58E+01 8.52E-01

12285 B09X09S 3.84E+00 5.14E-01 1.63E-03 3.98E+00 6.52E+00 4.51E+00 2.32E+02 1.26E+01
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Table E-3. Composition of Segregated Fuel Sludge by Key and Fuel Model (2nd Part).  
(5 sheets) 

Key ID 
Fuel 

Model 
Eu-154 

(Ci) 
Eu-155 

(Ci) 
Np-237 

(Ci) 
Pu-238 

(Ci) 
Pu-239 

(Ci) 
Pu-240 

(Ci) 
Pu-241 

(Ci) 
Am-241 

(Ci) 

12285 B09X09E 2.51E+01 4.22E+00 1.29E-02 2.65E+01 5.52E+01 3.33E+01 1.61E+03 8.74E+01

12480 B09X09A 2.32E-01 3.48E-02 1.01E-04 2.33E-01 4.14E-01 2.73E-01 1.41E+01 7.34E-01

12480 B09X09C 6.27E-02 1.25E-02 3.45E-05 6.43E-02 1.54E-01 8.59E-02 4.10E+00 2.13E-01

12480 B09X09S 1.51E+00 2.25E-01 6.55E-04 1.52E+00 2.68E+00 1.77E+00 9.15E+01 4.78E+00

12480 B09X09E 1.63E+01 2.76E+00 7.84E-03 1.65E+01 3.33E+01 2.04E+01 1.02E+03 5.31E+01

12565 B09X09A 7.23E-02 1.22E-02 3.38E-05 7.19E-02 1.43E-01 8.84E-02 4.48E+00 2.29E-01

12565 B09X09C 3.12E-02 5.65E-03 1.54E-05 3.12E-02 6.66E-02 3.96E-02 1.97E+00 1.01E-01

12565 B09X09S 7.94E-01 1.46E-01 3.98E-04 7.95E-01 1.73E+00 1.02E+00 5.03E+01 2.57E+00

12565 B09X09E 1.06E+01 1.59E+00 4.49E-03 1.05E+01 1.83E+01 1.22E+01 6.38E+02 3.27E+01

12639 B09X09S 1.82E+00 2.71E-01 7.45E-04 1.76E+00 3.02E+00 2.03E+00 1.08E+02 5.44E+00

12639 B09X09E 9.26E+00 1.75E+00 4.61E-03 9.14E+00 2.01E+01 1.17E+01 5.85E+02 2.94E+01

12639 B07X07E 5.15E-03 9.95E-04 2.61E-06 5.09E-03 1.15E-02 6.61E-03 3.27E-01 1.64E-02

12852 B09X09E 1.79E+00 1.83E-01 4.98E-04 1.62E+00 1.78E+00 1.52E+00 9.34E+01 4.54E+00

13015 B09X09C 4.32E-02 1.47E-02 3.00E-05 4.12E-02 1.51E-01 6.51E-02 2.81E+00 1.29E-01

13015 B09X09E 2.69E-01 5.71E-02 1.29E-04 2.48E-01 5.73E-01 3.24E-01 1.67E+01 7.73E-01

13016 B09X09S 4.54E-03 1.51E-03 3.10E-06 4.32E-03 1.55E-02 6.78E-03 2.95E-01 1.36E-02

13371 B09X09E 1.09E-03 1.17E-03 1.52E-06 9.58E-04 9.32E-03 2.22E-03 5.87E-02 2.47E-03

13649 B09X09C 1.29E-01 4.81E-02 7.72E-05 1.08E-01 3.87E-01 1.68E-01 7.91E+00 3.14E-01

13649 B09X09E 1.63E+00 4.03E-01 7.08E-04 1.32E+00 3.19E+00 1.75E+00 9.66E+01 3.86E+00

13649 B07X07E 6.53E-02 2.85E-02 4.39E-05 5.54E-02 2.29E-01 9.09E-02 3.98E+00 1.58E-01

13685 B09X09E 2.51E-01 5.81E-02 1.02E-04 2.02E-01 4.50E-01 2.58E-01 1.46E+01 5.79E-01

14355 B09X09C 1.38E-01 3.01E-02 4.22E-05 9.60E-02 1.76E-01 1.12E-01 7.23E+00 2.44E-01

14355 B09X09S 4.58E-01 9.95E-02 1.40E-04 3.18E-01 5.84E-01 3.69E-01 2.39E+01 8.08E-01

14355 B09X09E 9.05E+00 1.97E+00 2.76E-03 6.29E+00 1.15E+01 7.30E+00 4.73E+02 1.60E+01

14356 B09X09A 6.72E+01 1.51E+01 2.10E-02 4.68E+01 8.87E+01 5.52E+01 3.54E+03 1.19E+02

14356 B09X09S 2.26E+00 5.08E-01 7.08E-04 1.58E+00 2.99E+00 1.86E+00 1.19E+02 4.02E+00

14356 B09X09E 7.74E+00 1.74E+00 2.42E-03 5.39E+00 1.02E+01 6.35E+00 4.08E+02 1.37E+01

15204 B09X09A 6.75E-02 9.77E-02 6.28E-05 4.12E-02 3.85E-01 9.19E-02 3.09E+00 8.08E-02

15204 B09X09C 1.18E-02 1.71E-02 1.10E-05 7.19E-03 6.72E-02 1.60E-02 5.39E-01 1.41E-02

15204 B09X09S 1.04E-01 1.51E-01 9.67E-05 6.34E-02 5.93E-01 1.42E-01 4.76E+00 1.24E-01

15204 B09X09E 3.08E-01 4.46E-01 2.86E-04 1.88E-01 1.76E+00 4.19E-01 1.41E+01 3.68E-01

15204 B07X07E 1.38E-03 2.00E-03 1.28E-06 8.42E-04 7.88E-03 1.88E-03 6.32E-02 1.65E-03

15316 B09X09A 6.22E-02 9.17E-02 5.64E-05 3.71E-02 3.46E-01 8.26E-02 2.82E+00 7.12E-02

15316 B09X09C 9.45E-04 1.39E-03 8.58E-07 5.64E-04 5.27E-03 1.26E-03 4.29E-02 1.08E-03
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Table E-3. Composition of Segregated Fuel Sludge by Key and Fuel Model (2nd Part).  
(5 sheets) 

Key ID 
Fuel 

Model 
Eu-154 

(Ci) 
Eu-155 

(Ci) 
Np-237 

(Ci) 
Pu-238 

(Ci) 
Pu-239 

(Ci) 
Pu-240 

(Ci) 
Pu-241 

(Ci) 
Am-241 

(Ci) 

15316 B09X09S 2.61E-02 3.85E-02 2.37E-05 1.56E-02 1.45E-01 3.46E-02 1.18E+00 2.99E-02

15316 B09X09E 3.19E-02 4.70E-02 2.89E-05 1.90E-02 1.78E-01 4.23E-02 1.45E+00 3.65E-02

15399 B09X09E 1.36E-04 2.03E-04 1.21E-07 7.95E-05 7.41E-04 1.77E-04 6.10E-03 1.50E-04

15451 B09X09A 8.31E-02 8.99E-02 5.82E-05 4.89E-02 3.38E-01 9.64E-02 3.95E+00 9.61E-02

15451 B09X09C 1.20E-03 1.25E-03 8.19E-07 7.10E-04 4.73E-03 1.38E-03 5.77E-02 1.40E-03

15451 B09X09S 1.68E-04 2.53E-04 1.48E-07 9.75E-05 9.07E-04 2.16E-04 7.51E-03 1.82E-04

15451 B07X07E 6.88E-03 1.04E-02 6.07E-06 4.00E-03 3.72E-02 8.87E-03 3.08E-01 7.48E-03

15458 B09X09A 3.55E-02 5.36E-02 3.12E-05 2.06E-02 1.92E-01 4.57E-02 1.59E+00 3.85E-02

15458 B09X09C 2.76E-03 4.16E-03 2.43E-06 1.60E-03 1.49E-02 3.55E-03 1.23E-01 2.99E-03

15458 B09X09S 5.73E-02 8.64E-02 5.04E-05 3.32E-02 3.09E-01 7.37E-02 2.56E+00 6.21E-02

15458 B09X09E 9.41E-02 1.42E-01 8.28E-05 5.46E-02 5.08E-01 1.21E-01 4.21E+00 1.02E-01

15458 B09X09R 3.71E-04 5.59E-04 3.26E-07 2.15E-04 2.00E-03 4.77E-04 1.66E-02 4.02E-04

15458 B07X07E 3.77E-04 5.69E-04 3.32E-07 2.19E-04 2.04E-03 4.85E-04 1.69E-02 4.09E-04
Values were generated using the methods described in HNF-8760.  The effective date of these numbers is 

May 31, 1998. 
The shortened form of the fuel model identifier uses only the first and last characters. 
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Table E-4.  Weighting Factors for Sample KC-2/3. 
Key Fuel Model Canister Count Sludge Fraction Weighting Factor 

10456 BC 7 0.27 0.135 
10456 BS 7  0.135 
10832 BA 1 0.05 0.0035714 
10832 BE 13  0.0464286 
11109 BS 5 0.05 0.0178571 
11109 BE 9  0.0321429 
11109 BE 14 0.06 0.06 
11372 BE 14 0.03 0.03 
12285 BC 3 0.05 0.0107143 
12285 BE 4  0.0142857 
12285 BS 7  0.025 
12285 BE 11 0.07 0.055 
12285 BS 3  0.015 
12285 BE 14 0.03 0.03 
14356 BA 7 0.06 0.06 
14356 BE 7 0.33 0.33 

   Total in Column: 1.00 1.00 
The sludge fractions are based on the estimated weight of sludge from the canisters 

that were sampled. 
The weighting factors are the adjusted sludge fraction, according to the numbers of 

canisters of the fuel types for that key. 
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Table E-5. Radnuc2A Predicted Sample Concentrations (Ci/MTU). 

Sample Identity 
Measured Quantity 96-05 96-08 96-13 96-15 96-04 

Co-60 1.67E+00 1.04E+00 6.61E-01 4.27E+00 1.67E+00 
Sr-90 5.90E+03 4.86E+03 3.34E+03 6.33E+03 5.90E+03 
Tc-99 1.85E+00 1.58E+00 1.05E+00 1.60E+00 1.85E+00 

Cs-134 3.97E+00 1.27E+00 4.93E-01 4.70E+01 3.97E+00 
Cs-137 8.05E+03 6.51E+03 4.25E+03 8.42E+03 8.05E+03 
Eu-152 6.37E-01 4.45E-01 2.22E-01 7.79E-01 6.37E-01 
Eu-154 7.52E+01 4.42E+01 1.79E+01 1.07E+02 7.52E+01 
Eu-155 8.62E+00 5.35E+00 3.67E+00 2.40E+01 8.62E+00 
Np-237 3.89E-02 3.31E-02 2.15E-02 3.35E-02 3.89E-02 
Pu-238 9.34E+01 6.70E+01 2.91E+01 7.45E+01 9.34E+01 

Pu-239/240 2.62E+02 2.27E+02 1.54E+02 2.29E+02 2.62E+02 
Pu-241 4.91E+03 3.31E+03 1.48E+03 5.65E+03 4.91E+03 
Am-241 3.21E+02 2.57E+02 1.17E+02 1.90E+02 3.21E+02 

Sample Identity 
Measured Quantity 96-06 KC-1 KC-2/3 Mean 

Standard 
Deviation 

Co-60 8.07E-01 8.88E-01 2.49E+00 1.69E+00 1.21E+00 
Sr-90 3.94E+03 4.34E+03 5.49E+03 5.01E+03 1.07E+03 
Tc-99 1.25E+00 1.40E+00 1.56E+00 1.52E+00 2.75E-01 

Cs-134 7.59E-01 9.09E-01 2.02E+01 9.82E+00 1.64E+01 
Cs-137 5.11E+03 5.71E+03 7.32E+03 6.68E+03 1.54E+03 
Eu-152 3.09E-01 3.64E-01 5.95E-01 4.99E-01 1.93E-01 
Eu-154 2.65E+01 3.32E+01 7.31E+01 5.66E+01 3.07E+01 
Eu-155 4.29E+00 4.65E+00 1.37E+01 9.11E+00 6.87E+00 
Np-237 2.58E-02 2.91E-02 3.27E-02 3.17E-02 6.02E-03 
Pu-238 4.17E+01 5.20E+01 6.94E+01 6.51E+01 2.31E+01 

Pu-239/240 1.82E+02 2.02E+02 2.24E+02 2.18E+02 3.73E+01 
Pu-241 2.16E+03 2.62E+03 4.36E+03 3.68E+03 1.50E+03 
Am-241 1.69E+02 2.07E+02 2.19E+02 2.25E+02 7.16E+01 

Values shown are based on the HNF-8760 isotope concentrations shown in Table E-2 and Table E-3. 
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Figure E-1.  Comparison of Co-60 Data and Imputed Values with Predictions. 
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Figure E-2.  Comparison of Sr-90 Data and Imputed Values with Predictions. 
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Figure E-3.  Comparison of Tc-99 Data and Imputed Values with Predictions. 
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Figure E-4.  Comparison of Cs-134 Data and Imputed Values with Predictions. 
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Figure E-5.  Comparison of Cs-137 Data with Predictions. 
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Figure E-6.  Comparison of Eu-152 Data and Imputed Values with Predictions. 
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Figure E-7.  Comparison of Eu-154 Data with Predictions. 
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Figure E-8.  Comparison of Eu-155 Data and Imputed Values with Predictions. 

0

5

10

15

20

25

0 5 10 15 20 25

Eu-155 from Samples, Ci/MTU

Eu
-1

55
 fr

om
 R

ad
nu

c2
A

, C
i/M

TU

Eu-155 Data
Y=X
Imputed Values

 
 



SNF-10293, REV 0 

 E-20  

Figure E-9.  Comparison of Np-237 Data and Imputed Values with Predictions. 
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Figure E-10.  Comparison of Pu-238 Data and Imputed Values with Predictions. 
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Figure E-11.  Comparison of Pu-239/240 Data with Predictions. 
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Figure E-12.  Comparison of Pu-241 Imputed Values with Predictions. 
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Figure E-13.  Comparison of Am-241 Data and Imputed Values with Predictions. 
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APPENDIX F 

LISTING OF THE DATA FILES, PDF-11.DAT AND PDF-11.HDR 

 
K East Basin Sludge Data August 3, 2002 by P. D. Rittmann 
 
 The first sections are needed to calculate the floor and canister sludge 
 volumes associated with keys. 
  (1) The number of canisters of each type and the average floor 
      sludge volume by key (from KEsludge.xls). 
  (2) The canister sludge depth measurements.  The two off-scale 
      measurements are assigned depths of 17 & 18 in (from CanData.xls). 
 The second half contains the radionuclide concentrations needed to calculate 
 the inventory in filled sludge containers (from Compo.xls). 
  (3) The floor sludge concentrations measured at 23 locations in K East Basin. 
  (4) The canister sludge concentrations measured at 8 locations in K East Basin. 
  (5) The calculated sludge concentrations in Uranium from RADNUC. 
 
Canister Counts and Floor Sludge Volume by Key from Baker, Pearce, & Welsh 
KE Basin   Number of Canisters of Each Type       Volume of Floor Sludge (liters) 
 Key #     Good   Fair   Poor    Bad   Total        Good      Fair      Poor      Bad      Total 
  9621       0      3      0      0      3           0      3.10992      0         0      3.10992 
 10001       1      1      0      0      2        2.43276   3.21024      0         0      5.64300 
 10201       0      0      2      9     11           0         0      7.79988   33.5257   41.3256 
 10259      20     43      2      1     66        49.8402   97.1969   2.80269   2.11926   151.959 
 10294      23     78     10      9    120        54.1822   193.747   22.2585   22.7789   292.966 
 10350       0      0      0      2      2           0         0         0      8.38299   8.38299 
 10385      23     77      9      2    111        62.1796    204.91   21.5274   6.17595   294.793 
 10456      23     53      5      3     84        75.6726   173.315   18.8288   12.1387   279.956 
 10576       7      5      0      0     12        31.5444   19.4495      0         0      50.9939 
 10602      18     52     10      5     85        60.0378   175.815   34.8023   13.0604   283.716 
 10679      21     50     11      4     85         50.486   113.186   30.6728    8.3322   202.677 
 10742      17     39      9      1     66        76.9266   127.256   24.8292   4.47051   233.482 
 10764       9      1      0      0     10        5.91324   2.11926      0         0       8.0325 
 10770      17     35      6      2     61        83.7108   138.322    24.453   6.28254   252.769 
 10832      38    109     19      1    167        140.805   329.244   63.7157   1.71171   535.477 
 10982      11     65      3      1     80         40.291    224.51   12.3519   3.27921   280.432 
 11036       5     35      1      0     41         16.07    143.307   3.67422      0      163.051 
 11109      12     62      6      0     80         36.993   227.061   25.3684      0      289.422 
 11183      55     95      8      0    158        146.554   292.467   32.3777      0      471.398 
 11372       6     81      9      1     97        19.4809   227.582   26.9171   4.74012    278.72 
 11449      20     65      7      0     92         71.552   193.498   19.5185      0      284.569 
 11540      15     27      0      0     42        57.8746   89.3663      0         0      147.241 
 11733       1      1      0      0      2        1.60512   5.17902      0         0      6.78414 
 11806      28     55      3      0     86        81.7025   143.294   4.90941      0      229.906 
 11897      43     72      5      0    120        177.773   228.347   13.4617      0      419.582 
 11979      49     65      5      0    119        171.052   199.373   13.8504      0      384.276 
 12127      43     52      0      0     95        122.898   149.201      0         0      272.099 
 12201      32     36      2      0     70        70.8673   101.961   6.68382      0      179.512 
 12240       3      0      0      0      3         5.7057      0         0         0       5.7057 
 12285     108     87      3      1    199        419.795   328.642   11.4114   4.97838   764.827 
 12480      93     73      2      0    168        316.624   243.408   5.84991      0      565.882 
 12565      84     37      1      0    122        377.551   128.827    7.3359      0      513.714 
 12639      95     45      2      0    142        340.865    146.85   6.81549      0      494.531 
 12852       5      3      0      0      8        15.3427   8.99118      0         0      24.3339 
 13015       1      2      0      0      3        0.95931   3.06603      0         0      4.02534 
 13649       6     10      0      0     16        17.0732   31.8704      0         0      48.9436 
 13685       7      1      0      0      8        24.9233   3.90621      0         0      28.8295 
 14065       1      0      0      0      1        1.10979      0         0         0      1.10979 
 14355      12     16      2      0     30        42.8178   55.7215   6.57723      0      105.117 
 14356       8     21     12     14     55        28.3404   77.7167    42.626   41.5513   190.234 
 14722       1      0      0      0      1        0.97812      0         0         0      0.97812 
 15204     297     16      0      0    313        681.929   39.3317      0         0      721.261 
 15240       2      0      0      0      2         1.8183      0         0         0       1.8183 
 15316      61      4      0      0     65        191.743   9.24198      0         0      200.985 
 15399       0      2      0      0      2           0      6.97224      0         0      6.97224 
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 15444       1      0      0      0      1        5.27307      0         0         0      5.27307 
 15451      28      2      0      0     30        106.345   6.89073      0         0      113.236 
 15455       5      0      0      0      5        27.9642      0         0         0      27.9642 
 15457       2      0      0      0      2        10.5524      0         0         0      10.5524 
 15458     415     10      0      0    425        1463.73    34.648      0         0      1498.38 
 15460      61      0      0      0     61        185.065      0         0         0      185.065 
 15461      39      0      0      0     39        136.197      0         0         0      136.197 
 
Canister Sludge Measurements (5043=17 in. and 6070=18 in.) 
   Fuel      Canister                  Thickness      Fuel 
Condition    Location      Position     (inches)    Material 
   Bad         0455W           1          1.19         AL 
   Bad         0455W           2          1.16         AL 
   Bad         0455W           3          1.81         AL 
   Bad         0455W           4          3.03         AL 
   Bad         0455W           5          2.66         AL 
   Bad         0455W           6          1.98         AL 
   Bad         0627W           1          0.63         AL 
   Bad         0627W           2          0.82         AL 
   Bad         0627W           3          1.14         AL 
   Bad         0627W           5          2.23         AL 
   Bad         0627W           6          0.74         AL 
   Bad         0627W          11          1.04         AL 
   Bad         0627W          12          0.43         AL 
   Bad         0668E           1          2.74         AL 
   Bad         0668E           2          2.83         AL 
   Bad         0668E           3          2.13         AL 
   Bad         0668E           6          5.23         AL 
   Bad         0668W           1          0.93         AL 
   Bad         0668W           2          1.64         AL 
   Bad         0668W           3          2.87         AL 
   Bad         1236W           1          4.03         AL 
   Bad         1236W           2          4.63         AL 
   Bad         1236W           7          4.43         AL 
   Bad         1243W           1          2.83         AL 
   Bad         1243W           3          2.02         AL 
   Bad         1243W           4          2.33         AL 
   Bad         1243W           5          2.54         AL 
   Bad         1243W           6          2.42         AL 
   Bad         1243W           9          1.63         AL 
   Bad         1243W          10          2.13         AL 
   Bad         1267E           1          2.79         AL 
   Bad         1267E           2          2.19         AL 
   Bad         1267E           3          2.79         AL 
   Bad         1267E           4          6.68         AL 
   Bad         1267E           5          6.78         AL 
   Bad         1267E           6          7.38         AL 
   Bad         2024E           1          0.42         AL 
   Bad         2024E           2          0.26         AL 
   Bad         2024E           3          0.13         AL 
   Bad         2024E           4          2.15         AL 
   Bad         2024E           5          2.34         AL 
   Bad         2024E           6          1.72         AL 
   Bad         2031W           1          0.41         AL 
   Bad         2031W           2          0.57         AL 
   Bad         2031W           3          0.23         AL 
   Bad         2031W           4          1.40         AL 
   Bad         2031W           5          3.03         AL 
   Bad         2031W           6          3.00         AL 
   Bad         2211W           1          3.87         AL 
   Bad         2211W           2          2.92         AL 
   Bad         2211W           5          5.65         AL 
   Bad         2211W           6          1.55         AL 
   Bad         2211W           9          6.83         AL 
   Bad         2211W          12          3.31         AL 
   Bad         2214E           1          1.63         AL 
   Bad         2214E           2          1.84         AL 
   Bad         2214E           3          1.44         AL 
   Bad         2214E           4          4.57         AL 
   Bad         2214E           5          2.78         AL 
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   Bad         2214E           6          1.60         AL 
   Bad         2214E           8          1.98         AL 
   Bad         2229E           1          2.32         AL 
   Bad         2229E           2          2.23         AL 
   Bad         2229E           3          2.76         AL 
   Bad         2229E           6          5.91         AL 
   Bad         2350E           1          3.18         AL 
   Bad         2350E           2          5.92         AL 
   Bad         2350E           3          4.12         AL 
   Bad         2350E           4          2.80         AL 
   Bad         2350E           5          2.66         AL 
   Bad         2350E           6          3.13         AL 
   Bad         2350E           7          2.29         AL 
   Bad         2355W           1          1.26         AL 
   Bad         2355W           2          1.74         AL 
   Bad         2355W           3          2.74         AL 
   Bad         2355W           4          1.87         AL 
   Bad         2355W           5          1.26         AL 
   Bad         2355W           6          1.22         AL 
   Bad         2540E           1          0.72         AL 
   Bad         2540E           2          0.93         AL 
   Bad         2540E           3          0.82         AL 
   Bad         2540E           4          2.03         AL 
   Bad         2540E           5          1.40         AL 
   Bad         2540E           6          0.42         AL 
   Bad         2540E           9          1.77         AL 
   Bad         2722E           1          1.21         AL 
   Bad         2722E           2          2.69         AL 
   Bad         2722E           4          2.06         AL 
   Bad         2722E           5          1.44         AL 
   Bad         2722E           6          1.58         AL 
   Bad         2756E           1          0.90         AL 
   Bad         2756E           2          0.47         AL 
   Bad         2756E           3          0.79         AL 
   Bad         2756E           4          2.35         AL 
   Bad         2756E           5          2.13         AL 
   Bad         2756E           6          1.68         AL 
   Bad         2756E           8          1.21         AL 
   Bad         3128W           2          1.12         AL 
   Bad         3128W           3          1.18         AL 
   Bad         3128W           4          3.32         AL 
   Bad         3128W           5          6.31         AL 
   Bad         3128W           9          4.79         AL 
   Bad         3971W           1          1.08         AL 
   Bad         3971W           2          1.20         AL 
   Bad         3971W           3          1.31         AL 
   Bad         3971W           4          0.81         AL 
   Bad         3971W           5          1.18         AL 
   Bad         3971W           6          1.88         AL 
   Bad         4143W           1          1.25         AL 
   Bad         4143W           2          1.45         AL 
   Bad         4143W           3          1.70         AL 
   Bad         4143W           4          1.70         AL 
   Bad         4143W           5          5.74         AL 
   Bad         4143W           8          1.92         AL 
   Bad         4564E           1          1.74         AL 
   Bad         4564E           2          2.28         AL 
   Bad         4564W           1          2.08         AL 
   Bad         4564W           2          7.46         AL 
   Bad         4564W           5          8.24         AL 
   Bad         4569E           3          3.42         AL 
   Bad         4569W           3         10.59         AL 
   Bad         4571E           2          9.39         AL 
   Bad         4571E           3          8.46         AL 
   Bad         4571E           4          5.00         AL 
   Bad         4571E           5          7.82         AL 
   Bad         4571E           6          6.40         AL 
   Bad         4850W           1          2.99         AL 
   Bad         4850W           2          3.84         AL 
   Bad         4850W           3          2.56         AL 
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   Bad         4850W           4          1.32         AL 
   Bad         4850W           5          1.44         AL 
   Bad         4850W           6          1.40         AL 
   Bad         4850W          11          1.74         AL 
   Bad         4850W          12          1.49         AL 
   Bad         5043W           2         17.00         AL 
   Bad         5055W           1          7.10         AL 
   Bad         5055W           2          3.78         AL 
   Bad         5055W           3          3.66         AL 
   Bad         5055W           4          2.54         AL 
   Bad         5055W           5          6.14         AL 
   Bad         5055W           6          7.50         AL 
   Bad         5055W           9          7.29         AL 
   Bad         5055W          10          7.25         AL 
   Bad         5427W           1          6.70         AL 
   Bad         5427W           2          5.78         AL 
   Bad         5427W           3          6.97         AL 
   Bad         5427W           4          0.91         AL 
   Bad         5427W           6          0.93         AL 
   Bad         5427W          10          0.68         AL 
   Bad         5427W          12          0.74         AL 
   Bad         5445E           1          3.75         AL 
   Bad         5445E           2          8.45         AL 
   Bad         5445E           3         11.74         AL 
   Bad         5445E           4          6.15         AL 
   Bad         5465E           2          6.84         AL 
   Bad         5465W           1         10.03         AL 
   Bad         5465W           3          8.79         AL 
   Bad         5465W           5          9.27         AL 
   Bad         5465W           6          9.59         AL 
   Bad         5465W           7          5.09         AL 
   Bad         6070W           1         18.00         AL 
   Bad         6071W           1         11.12         AL 
   Bad         6071W           2          8.68         AL 
   Bad         6071W           2          7.80         AL 
   Bad         6071W           3          5.26         AL 
   Bad         6071W           3         10.69         AL 
   Bad         6071W           4          8.91         AL 
   Fair        0450E           1          1.69         AL 
   Fair        0450E           2          1.11         AL 
   Fair        0450E           3          2.68         AL 
   Fair        0450E           4          4.50         AL 
   Fair        0450E           5          4.05         AL 
   Fair        0450E           6          3.55         AL 
   Fair        1858E           1          0.63         AL 
   Fair        1858E           2          0.03         AL 
   Fair        1858E           4          1.14         AL 
   Fair        1858E           5          2.42         AL 
   Fair        1858E           9         -0.16         AL 
   Fair        2210E           1          0.55         AL 
   Fair        2210E           2          0.78         AL 
   Fair        2210E           3          0.89         AL 
   Fair        2210E           4          1.66         AL 
   Fair        2210E           5          1.87         AL 
   Fair        2210E           6          1.05         AL 
   Fair        2210E           8          0.65         AL 
   Fair        2353E           1          1.09         AL 
   Fair        2353E           2          1.02         AL 
   Fair        2353E           4          1.57         AL 
   Fair        2353E           5          1.35         AL 
   Fair        2353E           6          1.16         AL 
   Fair        2353E          10          3.12         AL 
   Fair        2353E          11          3.25         AL 
   Fair        2711E           1          0.31         AL 
   Fair        2711E           2          0.58         AL 
   Fair        2711E           3          0.54         AL 
   Fair        2711E           4          2.44         AL 
   Fair        2711E           5          3.90         AL 
   Fair        2711E           6          2.41         AL 
   Fair        2905E           2          1.83         AL 
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   Fair        2905E           3          1.62         AL 
   Fair        2905E           4          1.90         AL 
   Fair        2905E           5          0.74         AL 
   Fair        2905E           6          2.16         AL 
   Fair        3727W           1          4.06         AL 
   Fair        3727W           2          7.20         AL 
   Fair        3727W           3          2.63         AL 
   Fair        3727W           4          2.17         AL 
   Fair        3727W           5          1.64         AL 
   Fair        3727W           6          1.69         AL 
   Fair        3727W          11          1.77         AL 
   Fair        4138W           2          4.21         AL 
   Fair        4138W           3          2.69         AL 
   Fair        4138W           4          1.98         AL 
   Fair        4138W           5          3.18         AL 
   Fair        4138W           6          3.61         AL 
   Fair        4138W           7          3.46         AL 
   Fair        4138W           8          4.08         AL 
   Fair        4168E           3          0.48         AL 
   Fair        4168E           4          0.21         AL 
   Fair        4168E           6          0.44         AL 
   Fair        4168W           1          0.48         AL 
   Fair        4168W           3          0.51         AL 
   Fair        4168W           6          0.29         AL 
   Fair        4620W           1          2.01         AL 
   Fair        4620W           2          2.33         AL 
   Fair        4620W           3          2.57         AL 
   Fair        4620W           4          2.91         AL 
   Fair        4620W           5          4.53         AL 
   Fair        4620W           6          2.54         AL 
   Fair        4620W           8          1.79         AL 
   Fair        4627W           1          2.44         AL 
   Fair        4627W           2          2.37         AL 
   Fair        4627W           3          1.37         AL 
   Fair        4627W           4          0.70         AL 
   Fair        4627W           5          0.68         AL 
   Fair        4627W           6          0.96         AL 
   Fair        4627W           9          1.23         AL 
   Fair        4627W          10          1.04         AL 
   Fair        4627W          11          0.96         AL 
   Fair        4865W           1          1.21         AL 
   Fair        4865W           2          1.36         AL 
   Fair        4865W           3          1.62         AL 
   Fair        4865W           4          3.08         AL 
   Fair        4865W           5          2.92         AL 
   Fair        4865W           6          2.87         AL 
   Fair        4865W           8          1.95         AL 
   Fair        4865W           9          1.37         AL 
   Fair        4869E           1          2.26         AL 
   Fair        4869E           2          2.14         AL 
   Fair        4869E           3          1.56         AL 
   Fair        4869E           4          2.94         AL 
   Fair        4869E           5          3.63         AL 
   Fair        4869E           6          2.98         AL 
   Fair        5069E           1          4.16         AL 
   Fair        5069E           2          2.92         AL 
   Fair        5069E           3          4.06         AL 
   Fair        5069E           4          4.81         AL 
   Fair        5069E           5          1.12         AL 
   Fair        5069E           6          1.49         AL 
   Fair        5069E           9          0.89         AL 
   Fair        5069E          10          2.49         AL 
   Fair        5254E           2          0.82         AL 
   Fair        5254E           3          2.22         AL 
   Fair        5254E           4          0.98         AL 
   Fair        5254E           5          1.19         AL 
   Fair        5254E           6          1.50         AL 
   Fair        5254E          10          1.22         AL 
   Fair        5427E           1          1.81         AL 
   Fair        5427E           2          1.87         AL 
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   Fair        5427E           3          2.24         AL 
   Fair        5427E           4          1.32         AL 
   Fair        5427E           5          0.74         AL 
   Fair        5427E           6          1.41         AL 
   Fair        5427E          10          1.67         AL 
   Fair        6069W          13          0.07         AL 
   Fair        0418E           1          0.74         SS 
   Fair        0418E           2          0.63         SS 
   Fair        0418E           3          1.14         SS 
   Fair        0418E           4          0.74         SS 
   Fair        0418E           5          0.43         SS 
   Fair        0418E           6          0.55         SS 
   Fair        0418E          10          1.14         SS 
   Fair        0418E          11          0.22         SS 
   Fair        0418E          12          0.34         SS 
   Fair        3125W           1          1.09         SS 
   Fair        3125W           2          1.48         SS 
   Fair        3125W           3          1.46         SS 
   Fair        3125W           4          1.68         SS 
   Fair        3125W           5          1.44         SS 
   Fair        3125W           6          1.39         SS 
   Fair        4359W           1          0.25         SS 
   Fair        4359W           3          0.40         SS 
   Fair        4359W           4         -0.11         SS 
   Fair        4359W           5          0.40         SS 
   Fair        4359W           6          0.19         SS 
   Fair        4359W           8          0.21         SS 
   Fair        4359W           9          0.38         SS 
   Fair        4359W          10          0.21         SS 
   Fair        4359W          11          0.43         SS 
   Fair        4359W          12          0.47         SS 
   Fair        5238W           1          0.06         SS 
   Fair        5238W           2          0.72         SS 
   Fair        5238W           3          0.68         SS 
   Fair        5238W           4          0.77         SS 
   Fair        5238W           5          1.10         SS 
   Fair        5238W           6          1.90         SS 
   Fair        5238W           9          1.02         SS 
   Fair        5238W          10          3.70         SS 
   Fair        5608E           1         -0.32         SS 
   Fair        5608E           2         -0.06         SS 
   Fair        5608E           3           0           SS 
   Fair        5608E           7          0.07         SS 
   Fair        5608E           8          0.01         SS 
   Fair        5618E           2          1.12         SS 
   Fair        5618E           3          0.84         SS 
   Fair        5618E           4          0.84         SS 
   Fair        5618E           5          0.74         SS 
   Fair        5618E           6          0.70         SS 
   Fair        5618E          11          0.87         SS 
   Fair        5618W           1          1.40         SS 
   Fair        5618W           2          2.14         SS 
   Fair        5618W           3          1.42         SS 
   Fair        5618W           4          1.69         SS 
   Fair        5618W           5          1.26         SS 
   Fair        5618W           6          1.60         SS 
   Fair        5618W          11          1.17         SS 
   Fair        6057E           1          0.68         SS 
   Fair        6057E           2          0.74         SS 
   Fair        6057E           3          0.68         SS 
   Fair        6057E           4          3.45         SS 
   Fair        6057E           5          2.83         SS 
   Fair        6057E           6          3.81         SS 
   Fair        6057E           8          1.16         SS 
   Fair        6413E           1          1.70         SS 
   Fair        6413E           2          1.53         SS 
   Fair        6413E           3          2.08         SS 
   Fair        6413E           4          1.38         SS 
   Fair        6413E           5          1.24         SS 
   Fair        6413E           6          1.10         SS 
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   Fair        6413E          11          1.37         SS 
   Fair        6413E          12          1.24         SS 
   Fair        6143W           3          2.04         SS 
   Fair        6143W           4          2.04         SS 
   Fair        6143W           5          1.61         SS 
   Fair        6143W           6          2.00         SS 
   Fair        6143W          11          1.46         SS 
   Good        1845E           1          2.45         SS 
   Good        1845E           2          2.75         SS 
   Good        1845E           3          1.95         SS 
   Good        1845E           4          2.15         SS 
   Good        2244E           1         -0.14         SS 
   Good        2244E           2         -0.06         SS 
   Good        2244E           3          0.05         SS 
   Good        2244E           4          0.26         SS 
   Good        2244E          13         -0.45         SS 
   Good        2244W           1         -0.33         SS 
   Good        2244W           2         -0.06         SS 
   Good        2244W           3         -0.06         SS 
   Good        2244W           4          0.05         SS 
   Good        2244W           5         -0.33         SS 
   Good        2244W           6         -0.33         SS 
   Good        2244W          13         -0.06         SS 
   Good        2248W           1         -0.14         SS 
   Good        2248W           2         -0.14         SS 
   Good        2248W           3         -0.06         SS 
   Good        2248W           4          0.05         SS 
   Good        2248W           6         -0.14         SS 
   Good        2248W          13         -0.06         SS 
   Good        4661E           1         -0.12         SS 
   Good        4661E           2          0.14         SS 
   Good        4661E           3         -0.12         SS 
   Good        4661E           4         -0.25         SS 
   Good        4661E           8          0.23         SS 
   Done        9999R           0          0.0          WW 
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 F-11  

The Data File PDF-11.HDR 
 

Tally Titles and Array Parameters (7/14/2002 PDR) 
 
  This file contains the title lines for the output tables and the parameters 
    that determine the range of the tally arrays. 
 
  The first line has the main title (35 characters max) 
  The second line has the row title (24 characters always) and the tally 
    table parameters.  The first number is the low value for the array. 
    The second number is the bin width.  The third number is an upper bound 
    that no randomly generated value will exceed.  Note that the units for 
    these numbers sometimes do not agree with the units in the title. 
 
INPUT DATA DISTRIBUTIONS: 
 
  0:  PDF Pu-239/240 Specific Activity 
Pu-239+ Spec.Act. Ci/g       7.00E+01  5.00E-02  8.30E+01 
 
  1:  PDF Canister Sludge Depth 
Sludge Depth Range, in       0.00E+00  1.00E-01  2.70E+01 
 
  2:  PDF Canister Sludge Depth 
Sludge Depth Range, in       0.00E+00  1.00E-01  2.70E+01 
 
  3:  PDF Canister Sludge Depth 
Sludge Depth Range, in       0.00E+00  1.00E-01  2.70E+01 
 
  4:  PDF Canister Sludge Depth 
Sludge Depth Range, in       0.00E+00  1.00E-01  2.70E+01 
 
  5:  Sludge Volume in All Keys 
Floor Volume, cu.m           5.00E+03  5.00E+01  2.00E+04 
 
  6:  Sludge Volume in All Keys 
Canister Vol, cu.m           0.00E+00  5.00E+01  1.50E+04 
 
  7:  Sludge Volume in All Keys 
Total Volume, cu.m           7.00E+03  5.00E+01  2.20E+04 
 
  8:  PDF Co-60 uCi/ml Floor Sludge 
Co-60 uCi/ml  Floor PDF      0.00E+00  2.00E-05  5.00E-03 
 
  9:  PDF Sr-90 uCi/ml Floor Sludge 
Sr-90 uCi/ml  Floor PDF      0.00E+00  1.40E-02  3.70E+00 
 
 10:  PDF Tc-99 uCi/ml Floor Sludge 
Tc-99 uCi/ml  Floor PDF      0.00E+00  3.10E-06  8.40E-04 
 
 11:  PDF Cs-134 uCi/ml Floor Sludge 
Cs-134 uCi/ml Floor PDF      0.00E+00  6.50E-06  1.80E-03 
 
 12:  PDF Cs-137 uCi/ml Floor Sludge 
Cs-137 uCi/ml Floor PDF      0.00E+00  1.50E-02  4.00E+00 
 
 13:  PDF Eu-152 uCi/ml Floor Sludge 
Eu-152 uCi/ml Floor PDF      0.00E+00  8.50E-07  2.30E-04 
 
 14:  PDF Eu-154 uCi/ml Floor Sludge 
Eu-154 uCi/ml Floor PDF      0.00E+00  9.00E-05  2.40E-02 
 
 15:  PDF Eu-155 uCi/ml Floor Sludge 
Eu-155 uCi/ml Floor PDF      0.00E+00  4.00E-05  1.10E-02 
 
 16:  PDF Np-237 uCi/ml Floor Sludge 
Np-237 uCi/ml Floor PDF      0.00E+00  6.20E-08  1.70E-05 
 
 17:  PDF Pu-238 uCi/ml Floor Sludge 
Pu-238 uCi/ml Floor PDF      0.00E+00  8.60E-05  2.30E-02 
 
 18:  PDF Pu-239/240 uCi/ml Floor 
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Pu-239/240    Floor PDF      0.00E+00  4.40E-04  1.20E-01 
 
 19:  PDF Pu-241 uCi/ml Floor Sludge 
Pu-241 uCi/ml Floor PDF      0.00E+00  5.20E-03  1.40E+00 
 
 20:  PDF Am-241 uCi/ml Floor Sludge 
Am-241 uCi/ml Floor PDF      0.00E+00  5.50E-04  1.50E-01 
 
 21:  PDF Uranium kg/L Floor Sludge 
Uranium kg/L  Floor PDF      0.00E+00  4.60E-03  1.30E+00 
 
 22:  PDF Density kg/L Floor Sludge 
Density kg/L  Floor PDF      1.00E+00  9.00E-03  3.40E+00 
 
 23:  PDF Heat W/cu.m Floor Sludge 
Heat W/cu.m   Floor PDF      0.00E+00  2.00E-04  5.30E-02 
 
 24:  PDF Dose rem/ml Floor Sludge 
Dose rem/ml   Floor PDF      0.00E+00  5.10E+05  1.40E+08 
 
 25:  PDF U metal kg/L Floor Sludge 
U metal kg/L  Floor PDF      0.00E+00  2.00E-04  5.00E-02 
 
 26:  PDF Plutonium kg/L Floor Sludge 
Pu kg/L       Floor PDF      0.00E+00  6.30E-06  1.70E-03 
 
 27:  PDF Co-60 uCi/ml Canister Sludge 
Co-60      Canister PDF      0.00E+00  6.00E-05  1.50E-02 
 
 28:  PDF Sr-90 uCi/ml Canister Sludge 
Sr-90      Canister PDF      0.00E+00  1.10E-01  2.70E+01 
 
 29:  PDF Tc-99 uCi/ml Canister Sludge 
Tc-99      Canister PDF      0.00E+00  3.00E-05  8.00E-03 
 
 30:  PDF Cs-134 uCi/ml Canister Sludge 
Cs-134     Canister PDF      0.00E+00  6.00E-04  1.70E-01 
 
 31:  PDF Cs-137 uCi/ml Canister Sludge 
Cs-137     Canister PDF      0.00E+00  1.50E-01  3.70E+01 
 
 32:  PDF Eu-152 uCi/ml Canister Sludge 
Eu-152     Canister PDF      0.00E+00  1.50E-05  5.00E-03 
 
 33:  PDF Eu-154 uCi/ml Canister Sludge 
Eu-154     Canister PDF      0.00E+00  2.50E-03  6.00E-01 
 
 34:  PDF Eu-155 uCi/ml Canister Sludge 
Eu-155     Canister PDF      0.00E+00  3.00E-04  8.00E-02 
 
 35:  PDF Np-237 uCi/ml Canister Sludge 
Np-237     Canister PDF      0.00E+00  6.60E-07  1.80E-04 
 
 36:  PDF Pu-238 uCi/ml Canister Sludge 
Pu-238     Canister PDF      0.00E+00  2.50E-03  6.00E-01 
 
 37:  PDF Pu-239/240 uCi/ml Canister 
Pu-239+    Canister PDF      0.00E+00  4.50E-03  1.20E+00 
 
 38:  PDF Pu-241 uCi/ml Canister Sludge 
Pu-241     Canister PDF      0.00E+00  1.50E-01  3.30E+01 
 
 39:  PDF Am-241 uCi/ml Canister Sludge 
Am-241     Canister PDF      0.00E+00  6.00E-03  1.50E+00 
 
 40:  PDF Uranium kg/L Canister Sludge 
Uranium    Canister PDF      0.00E+00  1.50E-02  4.00E+00 
 
 41:  PDF Density kg/L Canister Sludge 
Density    Canister PDF      1.00E+00  1.20E-02  4.00E+00 
 
 42:  PDF Heat W/cu.m Canister Sludge 
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Heat/cu.m  Canister PDF      0.00E+00  2.00E-03  5.00E-01 
 
 43:  PDF Dose rem/ml Canister Sludge 
Dose/ml    Canister PDF      0.00E+00  6.50E+06  1.70E+09 
 
 44:  PDF U metal kg/L Canister Sludge 
U metal    Canister PDF      0.00E+00  7.00E-04  9.00E-02 
 
 45:  PDF Plutonium kg/L Canister Sludge 
Pu kg/L    Canister PDF      0.00E+00  5.00E-05  1.20E-02 
 
 
 
STOCHASTIC OUTPUT FOR SLUDGE CONTAINERS: 
 
  0:  Canister-to-Total Ratios 
Canister/Total Ratios        0.00E+00  4.00E-03  8.60E-01 
 
  1:  Concentration (uCi/ml) for Co-60 
 Co-60 uCi/ml                0.00E+00  2.70E-05  1.10E-02 
 
  2:  Concentration (uCi/ml) for Sr-90 
 Sr-90 uCi/ml                0.00E+00  3.30E-02  1.60E+01 
 
  3:  Concentration (uCi/ml) for Tc-99 
 Tc-99 uCi/ml                0.00E+00  1.00E-05  4.00E-03 
 
  4:  Concentration (uCi/ml) for Cs-134 
 Cs-134 uCi/ml               0.00E+00  1.00E-04  1.20E-01 
 
  5:  Concentration (uCi/ml) for Cs-137 
 Cs-137 uCi/ml               0.00E+00  4.50E-02  2.10E+01 
 
  6:  Concentration (uCi/ml) for Eu-152 
 Eu-152 uCi/ml               0.00E+00  3.50E-06  1.90E-03 
 
  7:  Concentration (uCi/ml) for Eu-154 
 Eu-154 uCi/ml               0.00E+00  4.30E-04  2.70E-01 
 
  8:  Concentration (uCi/ml) for Eu-155 
 Eu-155 uCi/ml               0.00E+00  8.40E-05  6.00E-02 
 
  9:  Concentration (uCi/ml) for Np-237 
 Np-237 uCi/ml               0.00E+00  2.10E-07  8.40E-05 
 
 10:  Concentration (uCi/ml) for Pu-238 
 Pu-238 uCi/ml               0.00E+00  4.70E-04  1.90E-01 
 
 11:  Concentration (uCi/ml) for Pu-239+ 
 Pu-239+ uCi/ml              0.00E+00  1.40E-03  5.80E-01 
 
 12:  Concentration (uCi/ml) for Pu-241 
 Pu-241 uCi/ml               0.00E+00  2.70E-02  1.40E+01 
 
 13:  Concentration (uCi/ml) for Am-241 
 Am-241 uCi/ml               0.00E+00  1.60E-03  6.60E-01 
 
 14:  Total Uranium (kg/L) 
 Total Uranium (kg/L)        0.00E+00  7.50E-03  2.50E+00 
 
 15:  Sludge Density (kg/L) 
 Sludge Density (kg/L)       1.00E+00  1.00E-02  3.40E+00 
 
 16:  Total Heat Generation Rate (W/cu.m) 
Heating Rate (W/m3)          0.00E+00  5.60E-04  2.50E-01 
 
 17:  Inhalation Dose Factor (rem/ml) 
Dose Factor (rem/ml)         0.00E+00  1.70E+06  6.80E+08 
 
 18:  Uranium Metal Density (kg/L) 
 Uranium Metal (kg/L)        0.00E+00  3.80E-04  1.30E-01 
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 19:  Plutonium Mass Fraction 
 Pu Mass Fraction            0.00E+00  1.00E-05  2.40E-03 
 
 20:  Total Heat Generation Rate (W/MT) 
Heating Rate (W/MT)          0.00E+00  3.20E-04  8.90E-02 
 
 21:  Total Heat Generation Rate (W/MTU) 
Heating Rate (W/MTU)         0.00E+00  1.00E-03  4.90E-01 
 
 22:  Inhalation Dose Factor (rem/g) 
Dose Factor (rem/g)          0.00E+00  1.00E+06  2.70E+08 
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APPENDIX G 

LISTING OF THE PROGRAM, PDF-11.PAS 

 
Program SludgePDF; 
 
{ Author:  Paul D. Rittmann, PhD CHP 
  Purpose: Compute the distribution of floor & canister sludge amounts 
           in the sludge storage container. 
  Input:   Command line repetition constants and container volumes. 
           Data file with canister counts and floor sludge volumes by key, 
           canister sludge depths, floor sludge concentrations, and 
           fuel compositions.  A second file has the tally identifier and 
           tally array parameters. 
  Output:  Output file has three main parts.  First is input data. 
           (1) canister sludge depths (means of various readings) 
           (2) all key sludge volumes using the mean depths 
           (3) canister sludge depths sorted for probability distribution 
           (4) floor sludge compositions sorted for probability distribution 
           Second is stochastic results for floor & canister sludge 
           (1) canister sludge depths 
           (2) all key sludge volumes (floor, canister, total) 
           (3) concentrations of 13 isotopes (floor & canister) 
           (4) U total density and sludge wet density (floor & canister) 
           (5) thermal power and inhalation dose (floor & canister) 
           (6) U metal density and Pu density (floor & canister) 
           (7) summary table 
           Third is the stochastic results for each sludge container volume 
           (1) canister-to-total sludge ratio 
           (2) concentrations of 13 isotopes 
           (3) U total density and sludge wet density 
           (4) thermal power and inhalation dose 
           (5) U metal density and Pu density 
           (6) summary table 
  Version History: 
    PDF-1 calculated canister-to-total ratios using sludge volumes read from the 
      read from the data file.  Container filling is the only random variable. 
    PDF-2 uses floor sludge uniform distribution and canister sludge depth 
      distributions.  Calculates canister-to-total ratio only. 
    PDF-3 uses floor and canister sludge isotopic information 
    PDF-4 adds calculation of U, W/MT, W/MTU and Pu fraction 
    PDF-5 adds an option: the floor sludge composition is computed using one 
      random number for each key applied to distributions of each item of interest. 
    PDF-6 refines the calculation of plutonium mass by including a distribution 
      of specific actities for floor sludge Pu-239+ and the actual Pu-239/Pu-240 
      content of canister sludge 
    PDF-7 improves the floor sludge mass estimate, simplifies the calculation of 
      retrieval order, and requires the last container to be at least 90% full, 
      added flags to calculate floor sludge volume for each key, or use a larger 
      canister sludge density 
    PDF-8 corrects the continuous distributions to preserve the mean.  The canister 
      sludge depths can be treated as a discrete distribution with a smearing 
      factor.  The larger canister sludge density option was changed to use a 
      discrete distribution with a smearing factor. 
    PDF-9 adds Pu-241 to the list of nuclides, improves the calculation of the 
      mean values, and shows standard deviations.  Lower bound for U metal was 
      changed from the nominal to 0%.  Added tallies for heat, dose, isotopics, 
      U, and Pu input PDFs. 
    PDF-10 adds tallies for the input floor sludge concentrations and canister 
      sludge densities.  The sensitivity options are rearranged.  Separate input 
      files are used for segregated and non-segregated canister sludge. 
      Added Geometric mean & standard deviation.  Tally arrays are initialized 
      in the HeaderFile, which is read after allocating dynamic memory. 
      Change the way canister sludge density & U conc are calculated. 
      Add option to use canister sludge sample data rather than RADNUC estimates. 
      Add option to use specific retrieval orders rather than any order. 
      Add option to set the fullness criteria for containers and to choose 
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      whether to use the container volume or sludge volume to calculate 
    PDF-11 modifies the command line input to control more parameters, 
      restores random key sequence checks, adds a 2-D tally of canister 
      sludge density versus U concentration, and an option to use lognormal 
      lognormal distributions for floor sludge 
} 
Uses  Crt, DOS; 
 
Const  Space = ' ';   Author = '  by Paul D. Rittmann PhD CHP'; 
  ProgTitle = 'PDF-11  July 27, 2002'; 
  SludgeFile = 'PDF-11.DAT'; { file with floor & canister sludge volumes } 
  HeaderFile = 'PDF-11.HDR'; { file with tally titles & parameters } 
  DistrFile = 'PDF-11.OUT';  { output file with probability density function } 
  NumKey  = 52; { number of keys } 
  Num2D   = 57; { array size for canister density versus U concentration } 
  VolMax  = 4;  { maximum number of volumes handled at one time } 
  MsgMax  = 1000;{ maximum number of out of range values for tally arrays } 
 { constants for the input PDF records } 
  BinMaxInp = 300; { number of bins for PDFs of floor & canister sludge inputs } 
  BinDelInp = 1.0/250.0; { working limit is 250 bins } 
  NumDpth = 4;  { number of sludge depth PDFs } 
  LastVol = 7;  { index to last of the all key sludge volumes } 
  NumCmp  = 19; { number of input PDFs with floor/canister sludge composition } 
  LastFlrP = LastVol + NumCmp; { index to last floor sludge PDF } 
  MaxRecInp = LastFlrP + NumCmp; { index to last canister sludge all key averages } 
 { constants for the container PDFs } 
  BinMaxOut = 900; { number of bins available for container PDFs } 
  BinOutput = 400; { minimum number of bins to print } 
  KeyCHdis  = '6'; { fuel discharge date retrieval sequence } 
  KeyMaxCH  = '5'; { number of stored retrieval sequences } 
  FullAuto = 0.90; { default criteria for discarding partly filled containers } 
  VolStp  = 23; { separation in PDFout between different volumes } 
  MaxRecOut = VolMax*VolStp-1;  { number of container PDFs } 
  IndxAm   = 13;   { number of radionuclides, last is Am-241 } 
  IndxUall = 14;   { index to uranium masses } 
  IndxDen  = 15;   { index to sludge density } 
  IndxWv   = 16;   { index to heat generation rates per unit volume } 
  IndxDosV = 17;   { index to unit dose in rem/ml } 
  IndxUmet = 18;   { index to uranium metal concentration in kg/L  } 
  IndxPu   = 19;   { index to plutonium mass fraction in kg Pu per kg sludge } 
  IndxWmt  = 20;   { index to heat rate in W/MT   } 
  IndxWmtu = 21;   { index to heat rate in W/MTU  } 
  IndxDosM = 22;   { index to unit dose in rem/g  } 
 { canister sludge constants } 
  ThkMax = 35;{ maximum number of canisters with sludge depth measurements } 
  FuCoN  = 5;{ number of canister fuels: 1=good, 2=fair, 3=poor, 4=bad, 5=total } 
  FuCoN1 = FuCoN-1;    FuCoN2 = FuCoN1-1; 
  FairAL = 1256.0/1586.0;  FairSS = 330.0/1586.0; { stainless & aluminum weighting factors } 
  CanDepLoDef = 0.5; { default canister sludge depth variability factor } 
  CanSmpLoDef = 0.4; { default canister sludge sample conc variability factor } 
  CanSlDnLo = 1.05; CanSlDnHi = 2.70;{ range of canister sludge densities, kg/L } 
  CanDense = 1.8735;{ kg/L  mean canister sludge density } 
  UCanDens = 0.8604;{ kg/L  actual mean uranium density in canister sludge } 
 { uranium concentration constants } 
  UslpHi = 3.5;  { where U conc = sludge density } 
  Uslp0x = 1.2;  { where lower bound reaches zero } 
  Uslp0y = 2.0*(Uslp0x-1.0);{ upper bound when lower bound reaches zero } 
  UslpDel = (2.0-Uslp0y)/(UslpHi-Uslp0x);{ slope difference upper minus lower } 
  UslpLo = (UslpHi-2.0)/(UslpHi-Uslp0x); { slope of lower bound line } 
 { floor sludge constants } 
  FlrVolLoDef = 0.8;  { default floor sludge volume variability } 
  FlrSmpLoDef = 0.2;  { default floor sample concentration variability factor } 
 { indices for the data arrays } 
  FlrSmp1   = 5;  { first (smallest) item in the sorted floor sludge arrays } 
  NumFlrSmp = 23; { number of floor sludge samples analyzed } 
  FlrSmpN   = FlrSmp1 + NumFlrSmp - 1;{ last floor sludge sample } 
  CanSmp1   = FlrSmp1 + NumFlrSmp + 4;{ first item in the canister sludge arrays } 
  NumCanSmp =  8; { number of canister sludge density measurements } 
  CanSmpN   = CanSmp1 + NumCanSmp - 1; 
 { uranium metal constants } 
  UFlrMfHi = 0.015; UCanMfHi = 0.05;{ U metal fraction upper bounds } 
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 { specific activity constants - DRALIST } 
  SpAc238 = 0.001/17.11;  { kg/Ci for Pu-238 } 
  SpAc239 = 0.001/0.06197;{ kg/Ci for Pu-239 } 
  SpAc240 = 0.001/0.2278; { kg/Ci for Pu-240 } 
  SpAc241 = 0.001/103.0;  { kg/Ci for Pu-241 } 
 { indices to the statistical summaries } 
  StatPer = 2;  { number of percentile statistics } 
  StatSD  = 3;  { index to standard deviation } 
  StatMin = 4;  { index to minimum value  } 
  StatMax = 5;  { index to maximum value  } 
  StatGM  = 6;  { index to geometric mean } 
  StatGSD = 7;  { index to geometric standard deviation } 
  StatBM  = 8;  { index to mean value based on bin midpoints & counts } 
 
Type 
  Str8  = String[ 8]; 
  Str10 = String[10]; 
  Str12 = String[12]; 
  Str15 = String[15]; 
  Str23 = String[23]; 
  Str35 = String[35]; 
  AmounType = Array[1..IndxPu] of Double; 
  DistrType = Array[1..FuCoN1] of Double; 
  InpPDFptr = ^InpPDFrec; { pointer declaration } 
  InpPDFrec = record { 1388 bytes each } 
    Title    : Str35; { PDF title line } 
    RngHdr   : Str23; { heading for row of summary table } 
    Xmin,Xmax,   { observed maximum and minimum during tallies } 
    Mean,LnMean, { exact mean and its natural logarithm } 
    Xa,Delta : Double;{ lowest bin and bin width } 
    OvrCnt,             { number of values outside the binned range } 
    TotCnt   : LongInt; { expected number of total counts } 
    Stats    : Array[0..StatBM] of Double;{ mean, 95%, 99%, SD, min, max, GeoMean, GSD } 
    BinCnt   : Array[1..BinMaxInp] of LongInt;{ PDF counts } 
    End; 
  OutPDFptr = ^OutPDFrec; { pointer declaration } 
  OutPDFrec = record { 3788 bytes each } 
    Title    : Str35; { PDF title line } 
    RngHdr   : Str23; { heading for row of summary table } 
    Xmin,Xmax,   { observed maximum and minimum during tallies } 
    Mean,LnMean, { exact mean and its natural logarithm } 
    Xa,Delta : Double;{ lowest bin and bin width } 
    OvrCnt,             { number of values outside the binned range } 
    TotCnt   : LongInt; { expected number of total counts } 
    Stats    : Array[0..StatBM] of Double;{ mean, 95%, 99%, SD, min, max, GeoMean, GSD } 
    BinCnt   : Array[1..BinMaxOut] of LongInt;{ PDF counts } 
    End; 
  KeyRec = record 
    KeyID     : Word; { ID number } 
    CanCount  : Array[1..FuCoN] of Integer;{ number of canisters of each kind } 
    FlrMean,                               { floor sludge mean volume } 
    FlrSludge,                             { floor sludge random volume } 
    CanSludge : Array[1..FuCoN] of Double; { canister sludge volume } 
    FuelData,             { amount (Ci,W,rem) per kilogram U } 
    Amount    : AmounType;{ random amounts } 
    End; 
  SampleRec = record 
    SmpID   : Str8;     { sample ID } 
    Data    : AmounType;{ concentrations & densities } 
    End; 
  Constituent = record  { sorted amounts of each measured item  } 
    Amt : Array[1..CanSmpN] of Double; 
     { 1,2,3,4 = mean, std dev, geom mean, geom std dev for floor data } 
     { 5-27 = floor sludge data } 
     { 28,29,30,31 = mean, std dev, geom mean, geom std dev for canister data } 
     { 32-39 = canister sludge data } 
    End; 
  KeyCnt2Dptr = ^KeyCnt2DArray; 
  KeyCnt2DArray = Array[1..NumKey,1..NumKey] of LongInt; 
  DenCnt2Dptr = ^DenCnt2DArray; 
  DenCnt2DArray = Array[1..Num2D,1..Num2D] of LongInt; 
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Const 
  CondST  : Array[1..FuCoN1] of String[4] = ('Good','Fair','Poor','Bad '); 
  DpthCnv : DistrType                     = ( 0.62,  0.62,  0.77,  0.77);{L/inch} 
  StatVal : Array[1..StatPer] of Double = ( 0.95, 0.99 ); 
  StatH='    Average       95th        99th      Std Dev     Minimum     Maximum    Geom Mean    
Geom SD'; 
  IntChar : Array[0..15] of Char = ('0','1','2','3','4','5','6','7','8', 
                                    '9','A','B','C','D','E','F'); 
  HeatConv : Array[1..IndxUall] of Double = (   { in W/Ci } 
             { Co-60  } 0.01542, 
             { Sr-90  } 0.006698, 
             { Tc-99  } 0.0005015, 
             { Cs-134 } 0.01020, 
             { Cs-137 } 0.004819, 
             { Eu-152 } 0.007635, 
             { Eu-154 } 0.009082, 
             { Eu-155 } 0.0007766, 
             { Np-237 } 0.03103, 
             { Pu-238 } 0.03314, 
             { Pu-239 } 0.03108, 
             { Pu-241 } 3.182E-5, 
             { Am-241 } 0.03337, 
             { Pu-240 } 0.03114  ); 
  DoseConv : Array[1..IndxUall] of Double = (   { in rem/Ci } 
             { Co-60  } 2.19E+5, 
             { Sr-90  } 2.48E+5, 
             { Tc-99  } 8.33E+3, 
             { Cs-134 } 4.63E+4, 
             { Cs-137 } 3.19E+4, 
             { Eu-152 } 2.21E+5, 
             { Eu-154 } 2.86E+5, 
             { Eu-155 } 4.14E+4, 
             { Np-237 } 5.40E+8, 
             { Pu-238 } 3.92E+8, 
             { Pu-239 } 4.29E+8, 
             { Pu-241 } 8.25E+6, 
             { Am-241 } 4.44E+8, 
             { Pu-240 } 4.29E+8  ); 
  NucName : Array[1..IndxPu] of Str10 = ('Co-60','Sr-90','Tc-99','Cs-134', 
       'Cs-137','Eu-152','Eu-154','Eu-155','Np-237','Pu-238','Pu-239+','Pu-241', 
       'Am-241','Uranium','Density','Heat','Dose','U metal','Plutonium'); 
  MasterKeyST : Array['1'..KeyCHdis] of Str35 = ( 
       'Canister-to-Total Volume Ratio', 
       'Fuel Condition (Bad-Poor-Fair-Good)', 
       'Canister Sludge Volume', 
       'Canister Sludge per Canister', 
       'Fuel Data (Youngest First)', 
       'Fuel Date (Oldest First)'); 
  MasterKey : Array['1'..KeyMaxCH,1..NumKey] of Integer = 
            { Canister-to-Total Volume Ratio } 
  (( 1, 3, 6,40,35,11, 5,13,20, 7, 4,10,15,12,21,24,43, 8,18,19,41,16,28,45,14,38, 
    39,26,17,25,36,27, 2,22,23,31,34,30,33,29,42, 9,32,44,37,51,47,50,52,46,49,48 ), 
            { Fuel Condition (Bad, Poor, Fair, Good) } 
   (40,15, 5,10,11, 7, 3,20,12,19, 8,14,21,18,25,26,30,16,24, 4,31,33,28,39, 6,32, 
   17,27,22,42,50,36, 9,44, 34, 1,47,35,45,13,37,23, 2,51,52,48,29,49,43,46,38,41 ), 
            { Canister Sludge Volume } 
   (15, 5,19,30,50, 7,20,40,10,11,31,25,42,26,21, 8,18,16,33,12,24,14,32,27, 4,28, 
    17, 3,22,39,44,51,36,52,47, 9, 6,34,13,37, 1,35,45,48, 2,23,29,43,49,41,38,46 ), 
            { Average Canister Sludge per Canister } 
   ( 6, 3,48,49,46,40,14,17, 9,32,12,18,10,16,30,45,39, 8,25,15,22,21,47,20,26,33, 
    23,31,37,19,50,36,52, 7, 5,11,34,27,24, 2,44,51,28, 4,42,29,35, 1,38,41,43,13 ), 
            { Discharge Date -- Youngest First } 
   (52,51,50,49,48,47,46,45,44,43,42,41,40,39,38,37,36,35,34,33,32,31,30,29,28,27, 
    26,25,24,23,22,21,20,19,18,17,16,15,14,13,12,11,10, 9, 8, 7, 6, 5, 4, 3, 2, 1 )); 
 
 
Var 
  FlrVolLo,FlrVolRng,    { floor sludge volume variability factor } 
  FlrSmpLo,FlrSmpRng,    { floor sludge sample conc variability factor } 
  CanDepLo,CanDepRng,    { canister sludge depth variability factor } 
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  CanSmpLo,CanSmpRng,    { canister sludge sample conc variability factor } 
  DelDen2D,DelU2D,       { delta for canister sludge 2D array (density vs U) } 
  FullCriteria,          { fraction that determines whether to tally a container } 
  FlrSldg,CanSldg,       { volume of floor and canister sludge in keys, L } 
  TotSldg   : Double;    { total volume of floor+canister sludge, L } 
  DrumVol   : DistrType; { container volumes, L } 
  DrumCnt   : Array[1..VolMax] of Integer;{ number of containers for all sludge } 
  PartCno,                                { partial containers not included in tallies } 
  PartCyes  : Array[1..VolMax] of LongInt;{ number of containers between 90% and 100% full } 
  Vindx     : Array[1..FuCoN] of Integer; { index to PDFs } 
  StatHdr   : Array[0..StatBM] of Str23; 
  LongStr   : String; 
  fo        : Text;    { assigned to output file } 
  NumCompo,            { number of sludge compositions } 
  NumLists  : LongInt; { number of times the keys are rearranged } 
  FairLo,FairHi,       { index to SS data in fair depth array } 
  Ix,Iy,               { screen coordinates for progress information } 
  MsgCnt,              { number of out of range messages } 
  TotCans,             { total number of canisters } 
  NumVol    : Integer; { number of container volumes } 
  NumCond   : Array[1..FuCoN1] of Integer; { number of depth measurements of each kind } 
  DataRatio : Array[0..IndxDosM] of Double;{ adjust Delta when UseCanSam is true } 
  ThkProb,             { sorted list of depths } 
  CumProb,             { cumulative probability } 
  DpthDistr : Array[1..FuCoN1,1..ThkMax] of Double;{ canister sludge depths } 
  DpthFctr  : DistrType;{ inches of canister sludge } 
  Sample    : Array[1..CanSmpN] of SampleRec; { floor & canister sludge data } 
  SrtCompo  : Array[1..IndxPu] of Constituent;{ sorted sludge data } 
  SrtProb   : Array[1..CanSmpN] of Double;{ cumulative probabilities } 
  UseLogNorm,          { use lognormal for floor sludge compositions } 
  UseLDC,              { use container volume (T) or sludge volume (F) } 
  RandomSequence,      { generate random key retrieval sequences } 
  DepthDat,            { canister sludge depth: discrete (T) or continuous (F) } 
  CanDenDat,           { canister sludge density: data (T) or uniform PDF (F) } 
  CanSample,           { canister sludge sample data (T) or RadNuc estimates (F) } 
  FlrByKey,            { floor sludge volume by key (T) or for basin (F) } 
  FlrSample : Boolean; { sample data as discrete (T) or continuous (F) distributions } 
  KeyCH     : Char;  { index to MasterKey array } 
  KeyOrder  : Array[1..NumKey] of Integer;{ random filling pattern by key } 
  Key       : Array[1..NumKey] of KeyRec; { all the key data } 
  PDFinp    : Array[0..MaxRecInp] of InpPDFptr; { all the container results } 
     { 0 = PDF for Pu-239/240 conc in floor sludge } 
 
     { 1 = good fuel sludge depths (inch)   } 
     { 2 = fair fuel sludge depths (inch)   } 
     { 3 = poor fuel sludge depths (inch)   } 
     { 4 = bad fuel sludge depths  (inch)   } 
 
     { 5 = floor sludge total volume, all keys (liter)  } 
     { 6 = canister sludge total, all keys     (liter)  } 
     { 7 = total sludge volume, all keys       (liter)  } 
 
     { 8-26 = floor sludge composition PDFs assumed (19 PDFs):           } 
     {   8    9    10   11    12    13    14    15    16    17    18     } 
     {  Co60 Sr90 Tc99 Cs134 Cs137 Eu152 Eu154 Eu155 Np237 Pu238 Pu239+  } 
     {   19    20     21     22     23   24    25   26 } 
     {  Pu241 Am241 Utotal Density Heat Dose Umetal Pu } 
 
     { 27-45 = canister sludge composition PDFs assumed (19 PDFs)    } 
     {   27   28   29   30    31    32    33    34    35    36    37        } 
     {  Co60 Sr90 Tc99 Cs134 Cs137 Eu152 Eu154 Eu155 Np237 Pu238 Pu239+     } 
     {   38    39     40     41     42   43    44   45 } 
     {  Pu241 Am241 Utotal Density Heat Dose Umetal Pu } 
 
  PDFout    : Array[0..MaxRecOut] of OutPDFptr; { all the container results } 
     { 0 = canister-to-total volume ratio, 1st container } 
     { 1-12 = 1st container sludge activity, Curies (12 PDFs):         } 
     {   1    2    3    4     5     6     7     8     9     10    11     12   } 
     {  Co60 Sr90 Tc99 Cs134 Cs137 Eu152 Eu154 Eu155 Np237 Pu238 Pu239+ Pu241 } 
     { 13 = total Am-241, 1st container      (Ci)   IndxAm   } 
     { 14 = total Uranium mass, 1st container(kg)   IndxUall } 
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     { 15 = total sludge mass, 1st container (kg)   IndxDen  } 
     { 16 = total heat, 1st container        (W)    IndxWv   } 
     { 17 = inhalation dose, 1st container  (rem/ml)IndxDosV } 
     { 18 = uranium metal mass, 1st container(kg)   IndxUmet } 
     { 19 = plutonium mass fraction, 1st container  IndxPu   } 
     { 20 = heat per unit mass of sludge     (W/kg) IndxWmt  } 
     { 21 = heat per unit mass of uranium    (W/kg) IndxWmtu } 
     { 22 = inhalation dose, 1st container  (rem/g) IndxDosM } 
 
     { 23-45 = same as 0-22 for 2nd container } 
     { 46-68 = same as 0-22 for 3rd container } 
     { 69-91 = same as 0-22 for 4th container } 
  CanDenVsU   : DenCnt2Dptr; { 1st index is canister sludge density, 2nd is U conc } 
  KeyNumVsCnt : KeyCnt2Dptr; { key ID number versus count } 
 
 
Function Sci3( r:Double )  : Str12; 
{ Returns an 11 character string with r in the format ' 1.234E+04 '  } 
Var  ST : Str12; 
Begin 
  Str(r:12,ST); 
  Delete(ST,9,2); 
  Sci3:= ST + Space; 
End; 
 
 
Function Int12( r:LongInt )  : Str12; 
{ Returns a 12 character string with r in the format '   123456789'  } 
Var  ST : Str12; 
Begin 
  Str(r:12,ST);    Int12:= ST; 
End; 
 
 
Function Chop2( r1:Double )  : Double; 
{ Reduces the number of significant digits to 2  } 
Var  ST : Str10;      Err : Integer;       r2 : Double; 
Begin 
  Str(r1:10,ST);      If ST[1] = Space Then Delete(ST,1,1); 
  Val(ST,r2,Err);     Chop2:= r2; 
End; 
 
 
Function Chop4( r1:Double )  : Double; 
{ Reduces the number of significant digits to 4  } 
Var  ST : Str12;      Err : Integer;       r2 : Double; 
Begin 
  Str(r1:12,ST);      If ST[1] = Space Then Delete(ST,1,1); 
  Val(ST,r2,Err);     Chop4:= r2; 
End; 
 
 
Procedure Show_How(Msg : String); 
{ prints an error message and instructions for use of this program } 
Begin 
  If Msg[0] > #0 Then Begin  { error message first } 
    TextAttr:= LightMagenta;    Writeln; 
    Writeln(Msg); 
    End; 
  TextAttr:= White;         Writeln; 
  Write(ProgTitle);         TextAttr:= LightCyan;     Writeln(Author); 
  TextColor(Yellow); 
  Writeln('Computes random distributions of sludge inventories in sludge containers'); 
  TextAttr:= LightGreen;    Writeln; 
  Writeln('Requires command line input of'); 
  Writeln(' (1) execution options: b7 means floor sludge volume by key 70-130%'); 
  Writeln('     A,B - floor sludge volume:  whole basin (A) or each key (B)'); 
  Writeln('     C,D,E - floor sludge compositions:'); 
  Writeln('         C = sample data with variability factor'); 
  Writeln('         D = sample data point-to-point'); 
  Writeln('         E = lognormal function'); 
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  Writeln('     K,L - canister sludge depth: discrete (K) or point-to-point (L)'); 
  Writeln('     M,N,O - canister sludge compositions:'); 
  Writeln('         M = HNF-8760 isotopics with density data'); 
  Writeln('         N = HNF-8760 isotopics with uniform density'); 
  Writeln('         O = sample data only'); 
  Writeln('     R - specific key retrieval sequence (R1 to R6)'); 
  Writeln('     Snn - ignore containers less than nn% full, use container volume'); 
  Writeln('     Tnn - ignore containers less than nn% full, use sludge volume'); 
  Writeln(' (2) number of random sludge compositions'); 
  Writeln(' (3) number of random key orders for each composition (skip with R flag)'); 
  Writeln(' (4) one or more container sludge volumes, in cubic meters'); 
  Writeln; 
  Writeln('For example,  PDF-11  b4  20000  50  0.5 2 12  will compute different'); 
  Writeln('  floor sludge volume factors for each key from the range 40% to 160%.'); 
  Writeln('  It will generate 20,000 sludge compositions, and use 50 key orderings.'); 
  Writeln('  In effect, the K East Basin is emptied 1,000,000 times.'); 
  Writeln('  The container volumes are 0.5, 2.0, and 12.0 cubic meters.'); 
  TextAttr:= LightCyan; 
  Halt; 
End; 
 
 
Procedure Get_Command_Line; 
{ reads first command line parameters } 
Var  I,P,Err : Integer;     CH : Char;     WrkST : Str8; 
Procedure Read_Number(Var Frc:Double); 
{ converts number characters to fraction: 3 is 0.30 while 03 is 0.03 } 
Var  J,Lnn : Integer; 
Begin 
  WrkST:= ''; 
  Repeat  Inc(I);  CH:= LongStr[I]; 
    If (CH >= '0') and (CH <= '9') Then WrkST:= WrkST + CH; 
  Until (CH < '0') or (CH > '9'); 
  Lnn:= Length(WrkST); 
  If Lnn > 0 Then Begin  Val(WrkST,Frc,Err); 
    For J:= 1 to Lnn Do Frc:= Frc*0.1; 
    End; 
  Dec(I); 
End; 
Begin 
  TextAttr:= Yellow;        Writeln; 
  Write(ProgTitle);         TextAttr:= LightCyan;     Writeln(Author); 
  TextAttr:= White;         Writeln; 
 { first parameter is the run options } 
  FlrByKey:= false;         FlrSample:= true;         UseLogNorm:= false; 
  FlrVolLo:= FlrVolLoDef;   FlrSmpLo:= FlrSmpLoDef; 
  DepthDat:= true;          CanDenDat:= true;         CanSample:= false; 
  CanDepLo:= CanDepLoDef;   CanSmpLo:= CanSmpLoDef;   KeyCH:= Space; 
  UseLDC:= true;            FullCriteria:= FullAuto;  RandomSequence:= true; 
  P:= 1;    LongStr:= ParamStr(P);      CH:= LongStr[1]; 
  If (CH < '0') or (CH > '9') Then Begin { not a number, hence options } 
    I:= Succ(Length(LongStr)); 
    LongStr[I]:= Space;    LongStr[0]:= Chr(I); 
    I:= 0; 
    Repeat 
      Inc(I);     CH:= UpCase(LongStr[I]); 
      Case CH of 
        'A','B' : Begin     FlrByKey:=  CH = 'B';  { default = A } 
                  Read_Number(FlrVolLo);        End; 
        'C','D','E' : Begin FlrSample:= CH = 'C';  { default = C } 
                      UseLogNorm:= CH = 'E'; 
                  Read_Number(FlrSmpLo); 
                  If not FlrSample Then Begin 
                    If UseLogNorm Then FlrSmpLo:= 0.0  Else FlrSmpLo:= 1.0; 
                  End;  End; 
        'K','L' : Begin     DepthDat:=  CH = 'K';  { default = K } 
                  Read_Number(CanDepLo); 
                  If not DepthDat  Then CanDepLo:= 1.0;   End; 
        'M','N','O' : Begin CanSample:= CH = 'O';  { default = M } 
                      CanDenDat:= (CH = 'M') or CanSample; 
                  Read_Number(CanSmpLo); 
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                  If not CanDenDat Then CanSmpLo:= 1.0;   End; 
          'R'   : Begin  RandomSequence:= false;   NumLists:= 1; 
                  Inc(I);  CH:= LongStr[I]; 
                  If (CH < '1') or (CH > KeyCHdis) 
                    Then Begin KeyCH:= '1';  Dec(I);  End 
                    Else KeyCH:= CH; 
                  End; 
        'S','T' : Begin  UseLDC:= CH = 'S';        { default = S } 
                  Read_Number(FullCriteria);    End; 
        Else Begin 
          If not (CH in [Space,'N','-','/','.',',',':',';']) Then 
            Writeln(CH,' - Option not used!'); 
          End; 
        End; 
    Until CH = Space; 
    Inc(P); 
    End; 
  FlrVolRng:= 2.0*(1.0 - FlrVolLo); 
  FlrSmpRng:= 2.0*(1.0 - FlrSmpLo); 
  CanDepRng:= 2.0*(1.0 - CanDepLo); 
  CanSmpRng:= 2.0*(1.0 - CanSmpLo); 
 { second parameter is the number of sludge compositions } 
  LongStr:= ParamStr(P);    Val(LongStr,NumCompo,Err); 
  If Err <> 0 Then 
    Show_How('Invalid input for number of sludge compositions -- '+LongStr); 
  If NumCompo < 10 Then 
    Show_How('Number of Sludge Compositions ('+LongStr+') should be larger'); 
  Writeln('Number of Sludge Compositions = ',NumCompo); 
 { third parameter is the number of key arrangements } 
  If RandomSequence Then Begin    Inc(P); 
    LongStr:= ParamStr(P);    Val(LongStr,NumLists,Err); 
    If Err <> 0 Then 
      Show_How('Invalid input for number of key lists -- '+LongStr); 
    If NumLists < 3 Then 
      Show_How('Number of key lists ('+LongStr+') should be larger'); 
    Writeln('Number of Retrieval Sequences = ',NumLists,' per composition'); 
    End; 
 { final parameters are the container volumes } 
  NumVol:= ParamCount - P; 
  If NumVol = 0 Then 
    Show_How('At least one container volume is required!')     Else 
  If NumVol > VolMax Then 
    Show_How('Number of container volumes must be less than '+IntChar[VolMax]); 
  For I:= 1 to NumVol Do Begin 
    Inc(P); 
    LongStr:= ParamStr(P);    Val(LongStr,DrumVol[I],Err); 
    If Err <> 0 Then 
      Show_How('Invalid input for Container Volume -- '+LongStr); 
    If DrumVol[I] < 0.1 Then 
      Show_How('Container Volume ('+LongStr+' cu.m) is too small!'); 
    End; 
  Write('Container Volumes:  ',DrumVol[1]:3:2); 
  For I:= 2 to NumVol Do Write(', ',DrumVol[I]:3:2); 
  Writeln(' cu.m'); 
 { convert volume to liters } 
  For I:= 1 to NumVol Do Begin  DrumVol[I]:= 1000.0*DrumVol[I]; 
    PartCyes[I]:= 0;   PartCno[I]:= 0; 
    End; 
  Vindx[1]:= 0; 
  For I:= 2 to FuCoN Do Vindx[I]:= Vindx[Pred(I)] + VolStp; 
End; 
 
 
Procedure Read_Data; 
{ reads the number of canisters in each key and the volume of floor sludge 
  in each key from SludgeFile.  Then the sludge distribution data is read. 
  Calculates the mean sludge table and puts this into the output file. 
  Reads the floor sample data. 
  Finally, zeroes some working arrays. } 
Var fi : Text;        I,J,K,Position : Integer;     Done : Boolean; 
  CondiST,LocSt,LocSp,MaterST : Str12; 
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  Depth,TotDepth,Heat,Dose, 
  FairMeanAL,FairMeanSS : Double; 
  LocName : Array[1..FuCoN1,1..NumKey] of String[5]; 
  MeanDepth,MaxVol : DistrType; 
Procedure Write_Double(ST:String); 
Begin  Writeln(ST);  Writeln(fo,ST); 
End; 
Function PercentST(Y : Double) : Str15; 
Var  Pst : Str15; 
Begin 
  Y:= 100.0*Y; 
  If Y < 9.5  Then Str(Y:1:1,Pst) 
              Else Str(Y:1:0,Pst); 
  PercentST:= Pst + '%'; 
End; 
Procedure Factor_Line_Percent(FzLo,FzHi:Double); 
Begin 
  LongStr:= LongStr + ' -- ' + PercentST(FzLo) + ' to ' + PercentST(FzHi); 
  Write_Double(LongStr); 
End; 
Function DensityST(Y : Double) : Str15; 
Var  Dst : Str15; 
Begin 
  If Y < 0.095 Then Str(Y:1:4,Dst)    Else 
  If Y < 0.95  Then Str(Y:1:3,Dst)    Else 
  If Y < 9.5   Then Str(Y:1:2,Dst)    Else 
  If Y < 95.0  Then Str(Y:1:1,Dst) 
               Else Str(Y:1:0,Dst); 
  DensityST:= Dst + ' kg/L'; 
End; 
Procedure Factor_Line_Density(DnLo,DnHi:Double); 
Begin 
  LongStr:= LongStr + ': ' + DensityST(DnLo) + ' - ' + DensityST(DnHi); 
  Write_Double(LongStr); 
End; 
Procedure Write_Title(Msg:String); 
Begin 
  Writeln(fo);             Writeln(fo,Msg); 
  Write_Double(LongStr); 
End; 
Function Get_Mean(Jc,Ka,Kb:Integer):Double; 
{ calculate mean value and store DpthDistr in ThkProb } 
Var  Kx : Integer; 
Begin 
  TotDepth:= 0.0; 
  For Kx:= Ka to Kb Do Begin 
    Depth:= DpthDistr[Jc,Kx]; 
    TotDepth:= TotDepth + Depth; 
    ThkProb[Jc,Kx]:= Depth; 
    End; 
  Get_Mean:= 0.0001*Int(0.5+10000.0*TotDepth/Succ(Kb-Ka)); { rounded value } 
End; 
Procedure Make_Cumulative_Depth(Jc,Ka,Kb:Integer); 
{ Jc is the fuel type, Ka & Kb are the array ranges. 
  Sorts the ThkProb array then calculates CumProb  } 
Var  Kx,L : Integer; 
Begin 
 { use bubble sort on values } 
  Repeat 
    Done:= true; 
    For Kx:= Succ(Ka) to Kb Do Begin 
      L:= Pred(Kx); 
      If ThkProb[Jc,Kx] < ThkProb[Jc,L] Then Begin 
        Depth:= ThkProb[Jc,Kx]; 
        ThkProb[Jc,Kx]:= ThkProb[Jc,L]; 
        ThkProb[Jc,L]:= Depth; 
        Done:= false; 
        End; 
      End; 
  Until Done; 
 { calculate cumulative values and corresponding means } 
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  Depth:= 1.0/Succ(Kb-Ka); 
  CumProb[Jc,Ka]:= 0.5*Depth;   TotDepth:= ThkProb[Jc,Ka]; 
  For Kx:= Succ(Ka) to Kb Do Begin 
    CumProb[Jc,Kx]:= CumProb[Jc,Pred(Kx)] + Depth; 
    TotDepth:= TotDepth + ThkProb[Jc,Kx]; 
    End; 
  MeanDepth[Jc]:= TotDepth*Depth; 
End; 
Procedure Write_Canister_Table(TitleST:String); 
{ generates table of canister sludge volumes from MeanDepth } 
{ puts the sludge table in the output file } 
Var  J,K : Integer;    CanVol,KeyVol : Double; 
  MeanVol : DistrType; 
Begin 
 { print the table header } 
  Writeln(fo);    Writeln(fo,TitleST); 
  For J:= 1 to FuCoN1 Do Write(fo,CondST[J],':',MeanDepth[J]:6:3,' in.    '); 
  Writeln(fo); 
  For J:= 1 to FuCoN1 Do Write(fo,DpthCnv[J]:11:3,' L/in.  '); 
  Writeln(fo); 
  Writeln(fo,'Key        Sludge Volumes (L)'); 
  Writeln(fo,'Number   Floor   Canister    Total'); 
  For J:= 1 to FuCoN1 Do MeanVol[J]:= MeanDepth[J]*DpthCnv[J]; 
  CanSldg:= 0.0; 
  For K:= 1 to NumKey Do With Key[K] Do Begin 
    KeyVol:= 0.0; 
    For J:= 1 to FuCoN1 Do Begin 
      CanVol:= CanCount[J]*MeanVol[J]; 
      CanSludge[J]:= CanVol; 
      KeyVol:= KeyVol + CanVol; 
      End; 
    CanSludge[FuCoN]:= KeyVol;  { total canister sludge in a key } 
    CanSldg:= CanSldg + KeyVol; { total canister sludge in all keys } 
    Writeln(fo,KeyID:5,FlrSludge[FuCoN]:10:3,CanSludge[FuCoN]:10:3, 
            FlrSludge[FuCoN]+CanSludge[FuCoN]:10:3); 
    End; 
  TotSldg:= FlrSldg + CanSldg; 
  Writeln(fo,'Total',FlrSldg:10:3,CanSldg:10:3,TotSldg:10:3, 
             ' liters    Canister Fraction = ',CanSldg/TotSldg:5:4); 
  Writeln(fo); 
End; 
Procedure Add_Text(Jc,Kc,Lmt:Integer); 
Var   St1,St2 : Str15; 
Begin 
  If K > Lmt 
    Then Begin  St1:= '       ';  St2:= '        ';  End 
    Else Begin  Str(ThkProb[Jc,Kc]:7:4,St1); 
                Str(CumProb[Jc,Kc]:8:4,St2);         End; 
  If Jc > 1 Then St1:= '   ' + St1; 
  LongStr:= LongStr + St1 + St2; 
End; 
Procedure Read_Sample_Data(WrkST:Str8; Strt,NumItem:Integer); 
{ Reads values for isotopic concentrations, density, and U conc. 
  Calculates values for heat, dose, U metal, and plutonium } 
Var  J,K,Fini : Integer; 
Procedure Make_Cumulative_Data(Jc:Integer); 
{ Jc identifies the constituent of floor or canister sludge. } 
Var  Kx,L : Integer;            Mean,GeoMean,Std,GeoStd,Wrk : Double; 
Begin  With SrtCompo[Jc] Do Begin 
 { use bubble sort on values } 
  Repeat 
    Done:= true; 
    For Kx:= Succ(Strt) to Fini Do Begin 
      L:= Pred(Kx); 
      If Amt[Kx] < Amt[L] Then Begin 
        Depth:= Amt[Kx]; 
        Amt[Kx]:= Amt[L]; 
        Amt[L]:= Depth; 
        Done:= false; 
        End; 
      End; 
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  Until Done; 
 { calculate the statistics } 
  Mean:= 0.0;             GeoMean:= 0.0; 
  For Kx:= Strt to Fini Do Begin  Wrk:= Amt[Kx]; 
    If Jc = IndxDen Then Wrk:= Wrk - 1.0; 
    Mean:= Mean + Wrk;    GeoMean:= GeoMean + Ln(Wrk); 
    End; 
  Mean:= Mean/NumItem;    GeoMean:= GeoMean/NumItem; 
  Std:= 0.0;              GeoStd:= 0.0; 
  For Kx:= Strt to Fini Do Begin  Wrk:= Amt[Kx]; 
    If Jc = IndxDen Then Wrk:= Wrk - 1.0; 
    Std:= Std + Sqr(Wrk - Mean);  GeoStd:= GeoStd + Sqr(Ln(Wrk) - GeoMean); 
    End; 
  If Jc = IndxDen Then Mean:= Mean + 1.0; 
  Amt[Strt-4]:= Mean; 
  Amt[Strt-3]:= Sqrt(Std/(Fini-Strt)); 
  Amt[Strt-2]:= Exp(GeoMean); 
  Amt[Strt-1]:= Sqrt(GeoStd/(Fini-Strt)); 
End;   End; 
Begin 
  Writeln(fo);           Fini:= Pred(Strt + NumItem); 
 { read the sample data, which has units of uCi/ml and kg/L } 
  Readln(fi);            Readln(fi,LongStr); 
  Write_Title('Title Line for '+WrkST+' Sludge Compositions:'); 
  Readln(fi);  Readln(fi); { skip header lines } 
 { read lines with the measured sludge concentrations } 
  For J:= Strt to Fini Do With Sample[J] Do Begin 
    Read(fi,SmpID); 
    For K:= 1 to IndxDen Do Begin   Read(fi,Depth); 
      If K < IndxUall Then Depth:= Depth*0.001; { convert to Ci/L } 
      Data[K]:= Depth; 
      SrtCompo[K].Amt[J]:= Depth; 
      End; 
    Readln(fi); 
   { calculate heat generation rate & inhalation dose factor for this sample } 
    Heat:= 0.0;  Dose:= 0.0; 
    For K:= 1 to IndxAm Do Begin 
      Heat:= Heat + Data[K]*HeatConv[K]; 
      Dose:= Dose + Data[K]*DoseConv[K]; 
      End; 
    Data[IndxWv]:= Heat;       SrtCompo[IndxWv].Amt[J]:= Heat; 
    Data[IndxDosV]:= Dose;     SrtCompo[IndxDosV].Amt[J]:= Dose; 
   { also calculate nominal values for U metal and Pu } 
    If Strt = 1 Then Heat:= Data[IndxDen]*UFlrMfHi*0.5 
                Else Heat:= Data[IndxDen]*UCanMfHi*0.5; 
    Dose:= Data[10]*SpAc238 + Data[11]/78.05 + Data[12]*SpAc241; 
    Data[IndxUmet]:= Heat;     SrtCompo[IndxUmet].Amt[J]:= Heat; 
    Data[IndxPu]:= Dose;       SrtCompo[IndxPu].Amt[J]:= Dose; 
    End; 
 { cumulative probability distributions for each item } 
  Heat:= 1.0/NumItem;     SrtProb[Strt]:= 0.5*Heat; 
  For K:= Succ(Strt) to Fini Do SrtProb[K]:= Heat + SrtProb[Pred(K)]; 
  For K:= 1 to IndxPu Do Make_Cumulative_Data(K); 
  Writeln(fo);    Writeln(fo,'Table of Sorted ',WrkST,' Sludge Compositions (Ci/L, kg/L, W/L, or 
rem/L)'); 
 { rows with mean, standard deviation, geometric mean and standard deviation } 
  LocST:= 'MnSDGMGS'; 
  For J:= (Strt-4) to (Strt-1) Do Begin 
    LongStr:= Copy(LocST,2*(J-Strt+4)+1,2); 
    For K:= 1 to IndxPu Do Begin 
      Depth:= SrtCompo[K].Amt[J]; 
      If (K = IndxDen) and (J = (Strt-2)) Then Depth:= 1.0 + Depth { geometric mean } 
      Else If J = (Strt-1) Then Depth:= Exp(Depth); { geometric standard deviation } 
      LongStr:= LongStr + Sci3(Depth); 
      End; 
    Writeln(fo,LongStr); 
    End; 
 { row with names } 
  LongStr:= '  '; 
  For K:= 1 to IndxPu Do Begin 
    LocST:= '            '; 
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    Insert(NucName[K],LocST,9-Length(NucName[K])); 
    LocST[0]:= #11;     LongStr:= LongStr + LocST; 
    End; 
  Writeln(fo,LongStr);   I:= 0; 
 { output table of sorted amounts } 
  For J:= Strt to Fini Do Begin 
    Inc(I);     Str(I:2,LongStr); 
    For K:= 1 to IndxPu Do LongStr:= LongStr + Sci3(SrtCompo[K].Amt[J]); 
    Writeln(fo,LongStr); 
    End; 
End; 
Procedure Read_RadNuc_FuelData; 
{ Note that the data file has values for Pu-240 
  Initial assignments when read from the data file are these: 
      Index:    9       10      11      12   13=IndxAm  14=IndxUall 
    Nuclide:  Np-237  Pu-238  Pu-239  Pu-240  Pu-241     Am-241 
  Also calculates values for heat, dose, U metal, and plutonium } 
Var J,K : Integer; 
Begin 
  Readln(fi);  Readln(fi,LongStr);  Readln(fi); 
  For K:= 1 to NumKey Do With Key[K] Do Begin 
    Read(fi,Position); 
    For J:= 1 to IndxUall Do Begin 
      Read(fi,Depth);    FuelData[J]:= Depth*0.001; { convert to Ci/kg } 
      End; 
    Readln(fi);         { kg Pu per kg uranium } 
    FuelData[IndxPu]:= SpAc238*FuelData[10] + SpAc239*FuelData[11] + 
                       SpAc240*FuelData[12] + SpAc241*FuelData[13]; 
    FuelData[IndxUmet]:= FuelData[12];       { relocate Pu-240 } 
    FuelData[   12  ]:=  FuelData[IndxAm];   { relocate Pu-241 } 
    FuelData[IndxAm]:=   FuelData[IndxUall]; { relocate Am-241 } 
    FuelData[IndxUall]:= FuelData[IndxUmet]; { copy Pu-240 for heat & dose } 
   { calculate heat generation rate & inhalation dose factor for this sample } 
    Heat:= 0.0;  Dose:= 0.0; 
    For J:= 1 to IndxUall Do Begin 
      Heat:= Heat + FuelData[J]*HeatConv[J]; 
      Dose:= Dose + FuelData[J]*DoseConv[J]; 
      End; 
    FuelData[IndxWv]:= Heat;      FuelData[IndxDosV]:= Dose; 
    FuelData[11]:= FuelData[11] + FuelData[IndxUmet]; { sum Pu-239 & Pu-240 activity } 
    If CanDenDat 
      Then Begin 
        FuelData[IndxUall]:= UCanDens; { average uranium concentration, kg/L } 
        FuelData[IndxDen]:= CanDense;  { average sludge density, kg/L } 
        End 
      Else Begin 
        FuelData[IndxDen]:= 0.5*(CanSlDnLo+CanSlDnHi); 
        FuelData[IndxUall]:= FuelData[IndxDen] - 1.0; 
        End; 
    FuelData[IndxUmet]:= FuelData[IndxDen]*UCanMfHi*0.5; { average U metal } 
    End; 
End; 
Begin { Read_Data } 
 { begin the output file } 
  Assign(fo,DistrFile);    Rewrite(fo); 
  Writeln(fo,'Results from ',ProgTitle,Author); 
 { list of parameter values for floor sludge } 
  TextAttr:= Yellow;    Writeln;    Writeln(fo); 
  Write_Double('Floor Sludge Stochastic Parameters:'); 
  TextAttr:= LightCyan; 
  If FlrByKey 
    Then LongStr:= ' Floor sludge volume varies by key' 
    Else LongStr:= ' One floor sludge factor for all keys'; 
  Factor_Line_Percent(FlrVolLo,FlrVolLo+FlrVolRng); 
  LongStr:= ' Floor sludge composition: '; 
  If FlrSample 
    Then Begin  LongStr:= LongStr + 'discrete'; 
      Factor_Line_Percent(FlrSmpLo,FlrSmpLo+FlrSmpRng); 
      End 
    Else If UseLogNorm Then Write_Double(LongStr+'lognormal distributions') 
                       Else Write_Double(LongStr+'point-to-point distributions'); 
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  LongStr:= ' U metal fraction range'; 
  Factor_Line_Percent(0,UflrMfHi); 
 { list of parameter values for canister sludge } 
  TextAttr:= Yellow; 
  Write_Double('Canister Sludge Stochastic Parameters:'); 
  TextAttr:= LightCyan; 
  LongStr:= ' Canister sludge depth: '; 
  If DepthDat 
    Then Begin  LongStr:= LongStr + 'discrete'; 
      Factor_Line_Percent(CanDepLo,CanDepLo+CanDepRng); 
      End 
    Else Write_Double(LongStr+'continuous distributions'); 
  LongStr:= ' Canister sludge composition: '; 
  If CanSample 
    Then Begin  LongStr:= LongStr + 'sample data'; 
      Factor_Line_Percent(CanSmpLo,CanSmpLo+CanSmpRng); 
      End 
    Else Begin  LongStr:= LongStr + 'HNF-8760 + '; 
      If CanDenDat 
        Then Begin  LongStr:= LongStr + 'density data'; 
          Factor_Line_Percent(CanSmpLo,CanSmpLo+CanSmpRng); 
          End 
        Else Begin  LongStr:= LongStr + 'uniform density'; 
          Factor_Line_Density(CanSlDnLo,CanSlDnHi); 
          End; 
      End; 
  LongStr:= ' U metal fraction range'; 
  Factor_Line_Percent(0,UcanMfHi); 
  TextAttr:= Yellow; 
  If RandomSequence Then Write_Double('Random key retrieval sequences') 
                    Else Write_Double('One retrieval sequence:  '+MasterKeyST[KeyCH]); 
  Str(100.0*FullCriteria:1:0,LongStr);       TextAttr:= LightCyan; 
  Write_Double('Containers less than '+LongStr+'% full are not tallied'); 
  LongStr:= ' volume determines sludge concentration'; 
  If UseLDC Then Write_Double('  Container'+LongStr) 
            Else Write_Double('  Sludge'+LongStr); 
 { begin reading the data file } 
  Assign(fi,SludgeFile);   Reset(fi); 
  Readln(fi,LongStr); 
  TextAttr:= LightGreen;   Writeln; 
  Write_Title('Title Line for '+SludgeFile+':'); 
  TextAttr:= LightCyan; 
 { read the canister counts and floor sludge volumes (liters) } 
  Repeat { skip introduction } 
    LongStr:= '   ';       Readln(fi,LongStr); 
  Until LongStr[1] <> Space; 
  Write_Title('Title Line for Sludge Information by Key:'); 
  Readln(fi);              Readln(fi);  { skip column headings } 
  FlrSldg:= 0.0;  TotCans:= 0; 
  For K:= 1 to NumKey Do With Key[K] Do Begin 
    KeyOrder[K]:= K;       Read(fi,KeyID); 
    For J:= 1 to FuCoN Do Read(fi,CanCount[J]); 
    TotCans:= TotCans + CanCount[FuCoN]; 
    For J:= 1 to FuCoN Do Begin 
      Read(fi,FlrMean[J]);  FlrSludge[J]:= FlrMean[J]; 
      End; 
    FlrSldg:= FlrSldg + FlrMean[FuCoN]; 
    Readln(fi); 
    End; 
 { read the sludge depths in certain canisters, create depth distributions } 
  Readln(fi);              Readln(fi,LongStr); 
  Write_Title('Title Line for Sludge Depth Measurements:'); 
  Readln(fi);              Readln(fi);  { skip column headings } 
  For J:= 1 to FuCoN1 Do Begin 
    NumCond[J]:= 1; 
    For K:= 1 To ThkMax Do Begin  DpthDistr[J,K]:= 0.0; 
      LocName[J,K]:= '     ';   End; 
    End; 
  LocSp:= '            ';     J:= 0;     Done:= false;    FairLo:= 0; 
  Repeat 
    Readln(fi,CondiST,LocSt,Position,Depth,MaterST); 
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    If Pos('Done',CondiST) > 0 Then Done:= true; 
    If LocSt = LocSp Then Begin   Inc(K); 
      TotDepth:= TotDepth + Depth; 
      If (FairLo = 0) and (Pos('SS',MaterST) > 0) Then FairLo:= NumCond[J]; 
{     TextAttr:= LightCyan; Writeln(K,Loc2:6,Depth:8:3,TotDepth:8:3); } 
      End; 
    If (LocSt <> LocSp) or Done Then Begin 
      If J > 0 Then Begin 
        If TotDepth > 0 
          Then DpthDistr[J,NumCond[J]]:= 0.0001*Int(0.5+10000.0*TotDepth/K) 
          Else DpthDistr[J,NumCond[J]]:= 0.0; 
        While LocSp[1] = Space Do Delete(LocSp,1,1); 
        LocName[J,NumCond[J]]:= LocSp; 
        Inc(NumCond[J]); 
{       TextAttr:= LightGreen; Writeln(J,DpthDistr[J,NumCond[J]]:10:3);  Readln; } 
        End; 
      LocSp:= LocSt;    TotDepth:= Depth;    K:= 1; 
{     TextAttr:= LightCyan; Writeln(K,Loc2:6,Depth:8:3,TotDepth:8:3); } 
      End; 
    If Pos('Good',CondiST) > 0 Then J:= 1    Else 
    If Pos('Fair',CondiST) > 0 Then J:= 2    Else J:= FuCoN2; 
  Until Done; 
  For J:= 1 to FuCoN2 Do Dec(NumCond[J]); 
  FairHi:= NumCond[2];   NumCond[2]:= Pred(FairLo); 
 { copy poor data into bad } 
  NumCond[FuCoN1]:= NumCond[FuCoN2]; 
  For K:= 1 to NumCond[FuCoN1] Do DpthDistr[FuCoN1,K]:= DpthDistr[FuCoN2,K]; 
 { compute mean thicknesses } 
  For J:= 1 to FuCoN1 Do MeanDepth[J]:= Get_Mean(J,1,NumCond[J]); 
  FairMeanAL:= MeanDepth[2]; 
  FairMeanSS:= Get_Mean(2,FairLo,FairHi); 
  MeanDepth[2]:= FairAL*FairMeanAL + FairSS*FairMeanSS; 
 { table of canister sludge depths } 
  Writeln(fo); 
  Writeln(fo,'Canister Sludge Depths (inches)'); 
  Writeln(fo,'Good Fuel        Fair Fuel        Poor/Bad Fuel'); 
  Writeln(fo,'Cubicle  Depth   Cubicle  Depth   Cubicle  Depth'); 
  For K:= 1 to NumCond[FuCoN2] Do Begin 
   { good fuel } 
    If K > NumCond[1] Then CondiST:= '        ' 
                      Else Str(DpthDistr[1,K]:8:4,CondiST); 
    LongStr:= Space+LocName[1,K]+CondiST+'    '; 
   { fair fuel } 
    If K < FairLo Then Begin  Str(DpthDistr[2,K]:8:4,CondiST); 
      LongStr:= LongStr + LocName[2,K] + CondiST; 
      End        Else 
    If K = FairLo Then Begin  Str(FairMeanAL:8:4,CondiST); 
      LongStr:= LongStr + '***AL' + CondiST; 
      End        Else 
    If K = (1+FairLo) Then LongStr:= LongStr+'             '  Else 
    If K < (2+FairHi) Then Begin  Str(DpthDistr[2,K-2]:8:4,CondiST); 
      LongStr:= LongStr + LocName[2,K-2] + CondiST; 
      End        Else 
    If K = (2+FairHi) Then Begin  Str(FairMeanSS:8:4,CondiST); 
      LongStr:= LongStr + '***SS' + CondiST; 
      End        Else LongStr:= LongStr+'             '; 
   { poor fuel } 
    Str(DpthDistr[3,K]:8:4,CondiST); 
    LongStr:= LongStr + '    '+LocName[3,K]+CondiST; 
    Writeln(fo,LongStr); 
    End; 
  For J:= 1 to FuCoN2 Do Write(fo,'  Mean',MeanDepth[J]:8:4,'   '); 
  Writeln(fo);      Writeln(fo); 
  Writeln(fo,'Sludge Data File (',SludgeFile,') contains ',NumKey,' keys'); 
 { compute sludge volumes & put the sludge table in the output file } 
  Write_Canister_Table('Sludge Volumes from Depth Distribution Mean Values'); 
 { create the cumulative curves needed for the probability distribution } 
  For J:= 1 to FuCoN1 Do Make_Cumulative_Depth(J,1,NumCond[J]); 
  FairMeanAL:= MeanDepth[2]; 
  Make_Cumulative_Depth(2,FairLo,FairHi); 
  FairMeanSS:= MeanDepth[2]; 
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  MeanDepth[2]:= FairAL*FairMeanAL + FairSS*FairMeanSS; 
 { table of canister sludge probability distributions } 
  Writeln(fo,'Canister Sludge Cumulative Distributions (inches)'); 
  Writeln(fo,' Good Fuel         Fair Fuel         Poor Fuel         Bad Fuel'); 
  Writeln(fo,' Depth    Prob     Depth    Prob     Depth    Prob     Depth    Prob'); 
  For K:= 1 to NumCond[FuCoN1] Do Begin   LongStr:= ''; 
   { good fuel } 
    Add_Text(1,K,NumCond[1]); 
   { fair fuel } 
    If K < FairLo Then Add_Text(2,K,FairHi)           Else 
    If K = FairLo Then Begin  Str(FairMeanAL:7:4,CondiST); 
      LongStr:= LongStr + '   ' + CondiST + ' AL mean'; 
      End        Else 
    If K = (1+FairLo) Then Add_Text(2,K,FairLo)       Else 
    If K < (2+FairHi) Then Add_Text(2,K-2,(2+FairHi)) Else 
    If K = (2+FairHi) Then Begin  Str(FairMeanSS:7:4,CondiST); 
      LongStr:= LongStr + '   ' + CondiST + ' SS mean'; 
      End        Else Add_Text(2,K,FairLo); 
   { poor fuel } 
    Add_Text(FuCoN2,K,NumCond[FuCoN2]); 
   { bad fuel } 
    Add_Text(FuCoN1,K,NumCond[FuCoN1]); 
    Writeln(fo,LongStr); 
    End; 
  For J:= 1 to FuCoN1 Do Write(fo,' Cum Ave',MeanDepth[J]:7:4,'   '); 
 { read sludge sample data } 
  For J:= 1 to CanSmpN Do SrtProb[J]:= 0.0; 
  Read_Sample_Data('Floor',FlrSmp1,NumFlrSmp); 
  Read_Sample_Data('Canister',CanSmp1,NumCanSmp); 
 { read the fuel data, which has units of Ci/MTU } 
  Read_RadNuc_FuelData; 
  Write_Title('Title Line for Canister Sludge Composition Estimates:'); 
  Close(fi);    Writeln(fo); 
  Writeln(fo,'Canister Sludge Average Concentrations'); 
  Writeln(fo,' Item      RadNuc Wtd  RadNuc Ave     Data'); 
  FairMeanAL:= Key[1].FuelData[IndxUall]; { uranium concentration } 
  For J:= 1 to IndxPu Do Begin 
    Depth:= 0.0;     TotDepth:= 0.0; 
    Heat:= CanSldg*SrtCompo[J].Amt[CanSmp1-4]; { canister sludge mean } 
    For K:= 1 to NumKey Do Begin 
      With Key[K] Do Begin 
        Depth:= Depth + CanSludge[FuCoN]*FuelData[J]; 
        TotDepth:= TotDepth + FuelData[J]; 
        End; 
      End; 
    TotDepth:= TotDepth/NumKey*CanSldg; 
    If J < IndxUall 
      Then Begin  Dose:= 1000.0/CanSldg;  LocST:= ' uCi/ml'; 
                  FairMeanSS:= FairMeanAL;    End   Else 
    If J = IndxWv 
      Then Begin  Dose:= 1000.0/CanSldg;  LocST:= ' W/cu.m'; 
                  FairMeanSS:= FairMeanAL;    End   Else 
    If J = IndxDosV 
      Then Begin  Dose:= 0.0010/CanSldg;  LocST:= ' rem/ml'; 
                  FairMeanSS:= FairMeanAL;    End 
      Else Begin  Dose:= 1.0/CanSldg;     LocST:= ' kg/L  '; 
                  If J = IndxPu Then FairMeanSS:= FairMeanAL 
                                Else FairMeanSS:= 1.0; 
                  End; 
    LongStr:= NucName[J] + '          ';    LongStr[0]:= #11; 
    Writeln(fo,LongStr,Sci3(FairMeanSS*Depth*Dose),Space, 
        Sci3(FairMeanSS*TotDepth*Dose),Space,Sci3(Heat*Dose),LocST); 
    DataRatio[J]:= Chop4(1.01*Heat/(FairMeanSS*Depth)); 
    If Abs(DataRatio[J] - 1.01) < 0.01 Then DataRatio[J]:= 1.0; 
{   Writeln(DataRatio[J]:12:5,Space,NucName[J]);  } 
    End; 
  DataRatio[ 0 ]:= 1.0;        DataRatio[IndxWmt]:=  DataRatio[IndxWv]; 
  DataRatio[IndxWmtu]:= 1.5;   DataRatio[IndxDosM]:= DataRatio[IndxDosV]; 
  If not RandomSequence Then Begin { create KeyOrder & write to file } 
    If KeyCH < KeyCHdis Then 
      For I:= 1 to NumKey Do KeyOrder[I]:= MasterKey[KeyCH,I]; 
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   { write the key retrieval sequence to the output file } 
    Writeln(fo);  Writeln(fo,'    Key Retrieval Sequence:  ',MasterKeyST[KeyCH]); 
    Position:= NumKey div 4; 
    For K:= 1 to Position Do Begin 
      For J:= 0 to 3 Do Begin   I:= K + Position*J; 
        Write(fo,I:6,Key[KeyOrder[I]].KeyID:7);   End; 
      Writeln(fo); 
      End; 
    End; 
End; 
 
 
Procedure CanU(Var SldgDen,Ulo,Urng:Double); 
{ Calculates canister sludge uranium concentration lower bound and range. 
  SldgDen is the canister sludge density.  Ulo is the lower bound. 
  Urng is the range of values for a uniform distribution. } 
Begin 
  If SldgDen < Uslp0x 
    Then Begin  Ulo:= 0.0;    Urng:= 2.0*SldgDen - 2.0; 
      End      Else Begin 
  If SldgDen < UslpHi 
    Then Begin  Ulo:= UslpLo*(SldgDen - Uslp0x); 
      Urng:= UslpDel*(SldgDen - Uslp0x) + Uslp0y; 
      End 
    Else Begin  Ulo:= SldgDen - 1.0;    Urng:= 2.0;    End; 
    End; 
End; 
 
 
Procedure Prepare_PDF_recs; 
{ creates PDFs records and initializes them } 
Var  K,R,V : LongInt;       Del,Fct,Wrk : Double;      UnitSt : Str10; 
    InpRec : InpPDFrec;     OutRec : OutPDFrec;        fx : Text; 
Begin 
{  TextAttr:= Yellow;    K:= SizeOf(InpRec);     R:= SizeOf(OutRec); 
  Writeln('Input PDF:',K:5,' bytes per record      Container PDF:',R:5,' bytes per record'); 
  Writeln((K*(MaxRecInp+1)) div 1000:15,' kilobytes total', 
          (R*NumVol*VolStp) div 1000:26,' kilobytes used'); } 
 { create the floor & canister records } 
  With InpRec Do Begin 
    Xmin:= 0.0;   Xmax:= 0.0;    Xa:= 0.0;   Delta:= 0.0; 
    For K:= 1 to BinMaxInp Do BinCnt[K]:= 0; 
    OvrCnt:= 0;   TotCnt:= 0;   Mean:= 0.0;   LnMean:= 0.0; 
    For K:= 0 to StatBM Do Stats[K]:= 0.0; 
    End; 
  For R:= 0 to MaxRecInp Do Begin 
    New(PDFinp[R]);   PDFinp[R]^:= InpRec; 
    End; 
 { retrieve the input values from HeaderFile } 
  Assign(fx,HeaderFile);     Reset(fx); 
  Readln(fx,LongStr);        TextAttr:= LightGreen; 
  Writeln(LongStr); 
 { skip the information at the beginning } 
  Repeat 
    Readln(fx,LongStr); 
  Until Copy(LongStr,1,5) = 'INPUT'; 
  Fct:= 1.0; 
  If CanDenDat Then  { determine bounding canister sludge density } 
    DelDen2D:= (SrtCompo[IndxDen].Amt[CanSmpN]-1.0)*(CanSmpLo+CanSmpRng) + 1.0 
    Else Begin  DelDen2D:= CanSlDnHi;   Fct:= 0.8;  End; 
  CanU(DelDen2D,Wrk,Del);   DelU2D:= Wrk + Del; 
  For K:= 0 to MaxRecInp Do Begin 
    Readln(fx);       Readln(fx,LongStr); 
    With PDFinp[K]^ Do Begin 
      Title:= Copy(LongStr,7,35); 
      Readln(fx,RngHdr,Xa,Delta,Xmin); 
      If K > LastVol Then Begin { check for need to increase Delta } 
      If K <= LastFlrP Then Begin  { floor sludge input tallies } 
        V:= K - LastVol;      Wrk:= FlrSmpLo + FlrSmpRng; 
        If V = IndxDen Then 
          Del:= BinDelInp*(SrtCompo[IndxDen].Amt[FlrSmpN]-1.0)*Wrk        Else 
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        If V = IndxUmet Then 
          Del:= BinDelInp*((SrtCompo[IndxDen].Amt[FlrSmpN]-1.0)*Wrk+1.0)*UFlrMfHi 
        Else Del:= BinDelInp*SrtCompo[V].Amt[FlrSmpN]*Wrk; 
        If V = IndxPu Then Del:= Del*1.1; 
     {  Writeln(Sci3(Delta),Sci3(Chop2(Del)),NucName[V]);  } 
        Delta:= Chop2(Del); 
        End 
      Else Begin  { canister sludge input tallies } 
        V:= K - LastFlrP; 
        If CanSample Then Begin { using canister sludge sample data } 
          Wrk:= CanSmpLo + CanSmpRng; 
          If V = IndxUall Then Begin   DelU2D:= SrtCompo[V].Amt[CanSmpN]*Wrk; 
                               Del:= BinDelInp*DelU2D;        End      Else 
          If V = IndxDen  Then Del:= BinDelInp*(DelDen2D - 1.0)        Else 
          If V = IndxUmet Then Del:= BinDelInp*DelDen2D*UCanMfHi 
          Else Begin 
            Del:= BinDelInp*SrtCompo[V].Amt[CanSmpN]*Wrk; 
            If V = IndxPu Then Del:= Del*1.1; 
            End 
          End 
        Else Begin              { using HNF-8760 isotopics } 
          If V = IndxUall Then Del:= BinDelInp*DelU2D                   Else 
          If V = IndxDen  Then Del:= BinDelInp*(DelDen2D - 1.0)         Else 
          If V = IndxUmet Then Del:= BinDelInp*DelDen2D*UCanMfHi 
          Else Del:= Delta*Fct; 
          End; 
     {  Writeln(Sci3(Delta),Sci3(Chop2(Del)),NucName[V]);  } 
        Delta:= Chop2(Del); 
        End;    End; 
      End; 
    End; 
  DelDen2D:= Chop4((DelDen2D-1.0)/Num2D*1.01); 
  DelU2D:=   Chop4(DelU2D/Num2D*1.01); 
 { create the container records } 
  With OutRec Do Begin 
    Xmin:= 0.0;   Xmax:= 0.0;    Xa:= 0.0;   Delta:= 0.0; 
    For K:= 1 to BinMaxOut Do BinCnt[K]:= 0; 
    OvrCnt:= 0;   TotCnt:= 0;   Mean:= 0.0;   LnMean:= 0.0; 
    For K:= 0 to StatBM Do Stats[K]:= 0.0; 
    End; 
  For V:= 1 to NumVol Do 
    For K:= 0 to IndxDosM Do Begin 
      R:= Vindx[V] + K; 
      New(PDFout[R]);   PDFout[R]^:= OutRec; 
    End; 
 { retrieve the output values from HeaderFile } 
  Repeat 
    Readln(fx,LongStr); 
  Until Copy(LongStr,1,5) = 'STOCH'; 
  For K:= 0 to IndxDosM Do Begin 
    With PDFout[K]^ Do Begin    Readln(fx); 
      Readln(fx,LongStr);    Title:= Copy(LongStr,7,35); 
      Readln(fx,RngHdr,Xa,Delta,Xmin); 
      If CanSample Then Delta:= Delta*DataRatio[K]; 
      End; 
    For V:= 2 to NumVol Do PDFout[K+Vindx[V]]^:= PDFout[K]^; 
    End; 
  Close(fx); 
  New(CanDenVsU);  New(KeyNumVsCnt); 
  For R:= 1 to NumKey Do For K:= 1 to NumKey Do KeyNumVsCnt^[R,K]:= 0; 
  For R:= 1 to Num2D  Do For K:= 1 to Num2D  Do CanDenVsU^[R,K]:= 0; 
End; 
 
 
Procedure Initialize; 
Var  I : Integer;   CH : Char; 
Begin  Writeln; 
  If ParamCount < 3 Then Show_How(''); 
  Get_Command_Line; 
  Read_Data; 
  Prepare_PDF_recs; 
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  While KeyPressed Do CH:= ReadKey; { clear keyboard buffer } 
  StatHdr[0]:=       '  Average Value         '; 
  StatHdr[StatSD]:=  '  Standard Deviation    '; 
  StatHdr[StatMin]:= '  Minimum Value         '; 
  StatHdr[StatMax]:= '  Maximum Value         '; 
  StatHdr[StatGM]:=  '  Geometric Mean        '; 
  StatHdr[StatGSD]:= '  Geometric Std. Dev.   '; 
  StatHdr[StatBM]:=  '  Binned Mean Value     '; 
  For I:= 1 to StatPer Do Begin 
    Str(100.0*StatVal[I]:4:0,LongStr); 
    StatHdr[I]:= LongStr + 'th Percentile       '; 
    End; 
  Randomize;      Writeln;        TextAttr:= LightCyan; 
  Write('Composition: '); 
  Ix:= WhereX;    Iy:= WhereY;    TextAttr:= Yellow; 
  MsgCnt:= 0; 
End; 
 
 
Procedure Create_Sludge_Amounts; 
{ Generates sludge compositions for each key. } 
Var  CanVol,FlrVol,FlrFctr,Fuzz,Mr,Pr,Vr,Xr : Double; 
     AmtF,AmtC : AmounType;          Ix,J,K : Integer; 
Function Floor_Amount(Jc,Strt,Fini:Integer):Double; 
{ Calculates the concentration of material Jc in the floor sludge for one 
  key using the cumulative PDF and the probability Pr.  } 
Var     Kx,Ky : Integer; 
  X1,X2,P1,P2 : Double; 
Begin  With SrtCompo[Jc] Do Begin 
  If Pr < SrtProb[Fini] Then Begin 
    If Pr > SrtProb[Strt] Then Begin 
      Ky:= Succ(Strt);     While SrtProb[Ky] < Pr Do Inc(Ky); 
      Kx:= Pred(Ky); 
      P1:= SrtProb[Kx];    P2:= SrtProb[Ky]; 
      X1:= Amt[Kx];        X2:= Amt[Ky]; 
      Floor_Amount:= X1 + (X2-X1)*(Pr-P1)/(P2-P1); 
      End 
    Else Floor_Amount:= Amt[Strt]; 
    End 
  Else Floor_Amount:= Amt[Fini]; 
End;  End; 
Function Pick_Depth(Jc,Ka,Kb:Integer):Double; 
{ Calculates the canister sludge depth from the PDF. 
  Jc is the fuel type, Ka & Kb are the array ranges. } 
Var     Kx,Ky : Integer; 
  X1,X2,P1,P2 : Double; 
Begin 
  If DepthDat Then Begin { discrete distribution } 
    Kx:= Ka + Random(Succ(Kb-Ka));    { select the canister sludge depth } 
    Pr:= CanDepLo + CanDepRng*Random; { variability factor } 
    Pick_Depth:= DpthDistr[Jc,Kx]*Pr; 
    End 
  Else Begin             { continuous distribution } 
    Pr:= Random; 
    If Pr < CumProb[Jc,Kb] Then Begin 
      If Pr > CumProb[Jc,Ka] Then Begin 
        Ky:= Succ(Ka); 
        While CumProb[Jc,Ky] < Pr Do Inc(Ky); 
        Kx:= Pred(Ky); 
        P1:= CumProb[Jc,Kx];  P2:= CumProb[Jc,Ky]; 
        X1:= ThkProb[Jc,Kx];  X2:= ThkProb[Jc,Ky]; 
        Pick_Depth:= X1 + (X2-X1)*(Pr-P1)/(P2-P1); 
        End 
      Else Pick_Depth:= ThkProb[Jc,Ka]; 
      End 
    Else Pick_Depth:= ThkProb[Jc,Kb]; 
    End; 
End; 
Procedure Increment_Input_Tally(Indx:Integer; Amt:Double); 
{ increments PDFinp[Indx] at the Amt position } 
Var  Ix : Integer; 
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Begin 
  With PDFinp[Indx]^ Do Begin 
    Ix:= Trunc((Amt-Xa)/Delta + 1.0); 
    If (Ix > BinMaxInp) or (Ix < 1) 
      Then Begin    Inc(OvrCnt);     
        If MsgCnt < MsgMax Then Begin  Inc(MsgCnt); 
          Writeln(fo,'PDFinp[',Indx,'] needs more bins! ',Sci3(Amt),Sci3(Delta),Sci3(Xa)); 
          End; 
        End 
      Else Begin Inc(BinCnt[Ix]);   Inc(TotCnt);   End; 
    If Amt < Xmin Then Xmin:= Amt; 
    If Amt > Xmax Then Xmax:= Amt; 
    Mean:= Mean + Amt; 
    End; 
End; 
Procedure Pu239_SPAC(Var Spac:Double); 
{ calculate specific activity for Pu-239/240, in Ci per kg Pu } 
Var   Rno : Double; 
Begin 
  Rno:= Random; 
  If Rno < 0.25 Then Spac:= 70.0 + 8.0*Rno             Else 
  If Rno < 0.40 Then Spac:= 72.0 + 8.0/0.15*(Rno-0.25) 
                Else Spac:= 80.0 + 5.0*(Rno-0.4); 
  Increment_Input_Tally(0, Spac); 
End; 
Begin 
  FlrSldg:= 0.0;    CanSldg:= 0.0; 
 { floor sludge volume adjustment for all keys at once } 
  If not FlrByKey Then FlrFctr:= FlrVolLo + FlrVolRng*Random; 
  For K:= 1 to NumKey Do With Key[K] Do Begin 
   { floor sludge volume adjustment for individual keys } 
    If FlrByKey Then FlrFctr:= FlrVolLo + FlrVolRng*Random; 
   { volume of floor sludge in this key, liters } 
    FlrVol:= FlrMean[FuCoN]*FlrFctr;    FlrSludge[FuCoN]:= FlrVol; 
    FlrSldg:= FlrSldg + FlrVol; { floor sludge volume summation } 
    If FlrSample Then Begin 
      Ix:= FlrSmp1 + Random(NumFlrSmp); { select floor sludge sample } 
      Fuzz:= FlrSmpLo + FlrSmpRng*Random; { variability factor } 
      With Sample[Ix] Do Begin 
        For J:= 1 to IndxDosV Do AmtF[J]:= Data[J]*Fuzz; { conc of each } 
        AmtF[IndxDen]:= Fuzz*(Data[IndxDen]-1.00) + 1.0; { sludge density } 
        End; 
      End 
    Else Begin      Pr:= Random; 
      If UseLogNorm Then Begin 
        If Pr > 0.5 Then Xr:= 1.0 - Pr     Else Xr:= Pr; 
        Vr:= Sqrt(-2.0*Ln(Xr)); 
        Xr:= (1.432788+(0.189269+0.001308*Vr)*Vr)*Vr + 1.0; 
        Mr:=  2.515517+(0.802853+0.010328*Vr)*Vr; 
        If Pr > 0.5 Then Pr:=  Vr - Mr/Xr    Else Pr:= Mr/Xr - Vr; 
        For J:= 1 to IndxDosV Do With SrtCompo[J] Do 
          AmtF[J]:= Amt[3]*Exp(Pr*Amt[4]); 
        AmtF[IndxDen]:= 1.0 + AmtF[IndxDen]; 
        End 
      Else  For J:= 1 to IndxDosV Do AmtF[J]:= Floor_Amount(J,FlrSmp1,FlrSmpN); 
      End; 
   { uranium metal mass, kg } 
    AmtF[IndxUmet]:= UFlrMfHi*Random*AmtF[IndxDen]; 
   { plutonium concentration, kg } 
    Pu239_SPAC(Mr); { specific activity for Pu-239/240 in Ci/kg Pu } 
    AmtF[IndxPu]:= AmtF[10]*SpAc238 + AmtF[11]/Mr + AmtF[12]*SpAc241; 
 
   { canister sludge thickness and volume in this key } 
    CanVol:= 0.0; 
    For J:= 1 to FuCoN1 Do If CanCount[J] > 0 Then Begin 
     { calculate sludge depth from the depth distribution } 
      Xr:= Pick_Depth(J,1,NumCond[J]); 
     { for fair fuel, a weighted sum must be computed } 
      If J = 2 Then Xr:= FairAL*Xr + FairSS*Pick_Depth(J,FairLo,FairHi); 
     { increment the sludge depth tally } 
      Increment_Input_Tally(J,Xr); 
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     { calculate the sludge volumes } 
      Vr:= CanCount[J]*DpthCnv[J]*Xr; 
      CanSludge[J]:= Vr; 
      CanVol:= CanVol + Vr; { accumulated canister sludge volume in one key } 
      End; 
    CanSludge[FuCoN]:= CanVol;  { canister sludge volume for this key } 
    CanSldg:= CanSldg + CanVol; { canister sludge volume summation } 
   { canister sludge density, kg/L } 
    If CanDenDat 
      Then Begin 
        Ix:= CanSmp1 + Random(NumCanSmp);   { select canister sludge sample } 
        Fuzz:= CanSmpLo + CanSmpRng*Random; { canister sludge fuzz factor } 
        Xr:= Fuzz*(Sample[Ix].Data[IndxDen] - 1.0) + 1.0; { sludge density } 
        End 
      Else Xr:= (CanSlDnHi-CanSlDnLo)*Random + CanSlDnLo; 
   { all concentrations -- however, density and U metal must be redone } 
    If CanSample  { use canister sample data, including U conc } 
      Then Begin With Sample[Ix] Do 
        For J:= 1 to IndxDosV Do AmtC[J]:= Data[J]*Fuzz; 
        Pu239_SPAC(Mr); 
        AmtC[IndxPu]:= AmtC[10]*SpAc238 + AmtC[11]/Mr + AmtC[12]*SpAc241; 
        Vr:= AmtC[IndxUall]; 
        End 
      Else Begin { uranium concentration in this key, kg/L } 
        CanU(Xr,Mr,Pr); 
        Vr:= Mr + Pr*Random; { U conc (includes correlation with density) } 
        For J:= 1 to IndxPu Do AmtC[J]:= Vr*FuelData[J]; 
        AmtC[IndxUall]:= Vr;{ uranium concentration } 
        End; 
    AmtC[IndxDen]:= Xr; { canister sludge density } 
   { tally the density versus U conc array } 
    Ix:= Trunc((Xr-1.0)/DelDen2D + 1.0); { density index } 
    If Ix > Num2D Then Writeln(fo,'density index error:  Ix = ',Ix,Sci3(Xr)) 
      Else Begin 
        If Ix < 11 Then J:= Trunc(2.0*Vr/DelU2D + 1.0)  { U conc index } 
                   Else J:= Trunc(Vr/DelU2D + 1.0); 
        If J > Num2D Then Writeln(fo,'U conc index error:  J = ',J,Sci3(Vr)) 
                     Else Inc(CanDenVsU^[J,Ix]); 
        End; 
   { U metal concentration, kg/L } 
    Mr:= Xr*UCanMfHi*Random; 
    If Mr > Vr Then Mr:= Vr;  { U metal cannot exceed U total } 
    AmtC[IndxUmet]:= Mr; 
   { tally the input concentrations & store total amounts in the key } 
    For J:= 1 to IndxPu Do Begin 
      Mr:= AmtF[J];      Increment_Input_Tally(J+LastVol, Mr); 
      Pr:= AmtC[J];      Increment_Input_Tally(J+LastFlrP, Pr); 
      Amount[J]:= Mr*FlrVol + Pr*CanVol; { total sludge amounts } 
      End; 
    End;   { loop over keys } 
  TotSldg:= FlrSldg + CanSldg; { overall total volume } 
 { increment the floor sludge volume tally } 
  Increment_Input_Tally(5,FlrSldg); 
 { increment the canister sludge volume tally } 
  Increment_Input_Tally(6,CanSldg); 
 { increment the total sludge volume tally } 
  Increment_Input_Tally(7,TotSldg); 
 { calculate the number of containers required } 
  For J:= 1 to NumVol Do 
    DrumCnt[J]:= Trunc(TotSldg/DrumVol[J] + 1.0 - FullCriteria); 
End; 
 
 
Procedure Rearrange_Keys; 
{ Creates a list of keys in random order. 
  KeyWrk become successively smaller as key indices are randomly selected. } 
Var  J,K,KC,N : Integer;      KeyWrk : Array[1..NumKey] of Integer; 
Begin 
 { assign initial values to KeyWrk array } 
  For J:= 1 to NumKey Do KeyWrk[J]:= J; 
 { prepare for random list generation } 
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  KC:= NumKey; { how many to choose from;  also index to KeyOrder } 
  For N:= 2 to NumKey Do Begin 
    K:= Succ(Random(KC));{ random number from 1 to KC, used as index to KeyWrk } 
    KeyOrder[KC]:= KeyWrk[K]; { put value in KeyWrk on the stack } 
    For J:= K to Pred(KC) Do KeyWrk[J]:= KeyWrk[Succ(J)];{ slide down values in KeyWrk } 
    Dec(KC); 
    End; 
  KeyOrder[1]:= KeyWrk[1]; 
  For J:= 1 to NumKey Do Inc(KeyNumVsCnt^[J,KeyOrder[J]]); 
End; 
 
 
Procedure Increment_Container_Tally(Indx:Integer; Amt:Double); 
{ increments PDFout[Indx] at the Amt position } 
Var  Ix : Integer; 
Begin 
  With PDFout[Indx]^ Do Begin 
    Ix:= Trunc((Amt-Xa)/Delta + 1.0); 
    If (Ix > BinMaxOut) or (Ix < 1) 
      Then Begin    Inc(OvrCnt); 
        If MsgCnt < MsgMax Then Begin  Inc(MsgCnt); 
          Writeln(fo,'PDFout[',Indx,'] needs more bins! ',Sci3(Amt),Sci3(Delta),Sci3(Xa)); 
          End; 
        End 
      Else Begin Inc(BinCnt[Ix]);   Inc(TotCnt);   End; 
    If Amt < Xmin Then Xmin:= Amt; 
    If Amt > Xmax Then Xmax:= Amt; 
    Mean:= Mean + Amt; 
    End; 
End; 
 
 
Procedure Fill_One(Vi:Integer); 
{ Puts the randomly arranged keys into the container (Vi=volume index) 
  until the container is full.  Any excess is added to the next container 
  until all keys are transferred.  Last containers with more than VolOK 
  are counted.  The concentrations depend on the amount and VolLDC. 
  Any partial containers leftover (< VolOK) are discarded. 
    Key.Amount = quantity in each key 
    Amt        = quantity in the LDC being filled 
    AmtOvr     = quantity carried over into next LDC } 
Var  Cnt,Jc,K,Kc,Indx,IndxV : Integer; 
  VolOK,VolLDC,WrkVol,   { acceptable volume for processing } 
  FlrTot,CanTot,VolTot, { accumulated volumes } 
  FlrOvr,CanOvr,VolOvr, { amounts in excess of VolLDC } 
  Flr,Can,Tot,Ratio : Double; 
  Amt,AmtOvr : AmounType; 
Begin 
  For Jc:= 1 to IndxPu Do Amt[Jc]:= 0.0; 
  VolLDC:= DrumVol[Vi];              IndxV:= Vindx[Vi]; 
  VolOK:= FullCriteria*VolLDC; 
  Cnt:= 0;   K:= 0;   VolTot:= 0.0;  FlrTot:= 0.0;  CanTot:= 0.0; 
  Repeat 
   { first, add keys to a container until the container fills } 
    While (VolTot < VolLDC) and (K < NumKey) Do Begin 
      Inc(K);    Kc:= KeyOrder[K]; 
      With Key[Kc] Do Begin 
        Flr:= FlrSludge[FuCoN];    Can:= CanSludge[FuCoN]; 
        FlrTot:= FlrTot + Flr;     CanTot:= CanTot + Can; 
        Tot:= Flr + Can;           VolTot:= VolTot + Tot; 
        For Jc:= 1 to IndxPu Do Amt[Jc]:= Amt[Jc] + Amount[Jc]; 
        End; 
      End; 
   { figure out the extra for the next container and do tallies } 
    If VolTot < VolOK Then Inc(PartCno[Vi]) 
    Else Begin 
      If VolTot < VolLDC 
        Then Begin Inc(PartCyes[Vi]);      VolOvr:= 0.0; 
          If UseLDC Then WrkVol:= VolLDC   Else WrkVol:= VolTot; 
          End 
        Else Begin  VolOvr:= VolTot - VolLDC; 
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          VolTot:= VolLDC;   WrkVol:= VolLDC;      End; 
      Ratio:= VolOvr/Tot; { extra volume divided by volume of last key } 
      FlrOvr:= Flr*Ratio;          FlrTot:= FlrTot - FlrOvr; 
      CanOvr:= Can*Ratio;          CanTot:= CanTot - CanOvr; 
      With Key[Kc] Do For Jc:= 1 to IndxPu Do Begin 
        AmtOvr[Jc]:= Amount[Jc]*Ratio;   Amt[Jc]:= Amt[Jc] - AmtOvr[Jc]; 
        End; 
     { canister-to-total volume ratio } 
      Increment_Container_Tally(IndxV,CanTot/WrkVol);  Inc(Cnt); 
     { nuclide tallies } 
      For Jc:= 1 to IndxUmet Do 
        If Jc = IndxDen 
          Then Increment_Container_Tally(Jc+IndxV,Amt[Jc]/VolTot) 
          Else Increment_Container_Tally(Jc+IndxV,Amt[Jc]/WrkVol); 
      Ratio:= Amt[IndxDen]; { sludge mass in container } 
     { Pu mass fraction } 
      Increment_Container_Tally(IndxV+IndxPu,Amt[IndxPu]/Ratio); 
     { watt per kg sludge } 
      Increment_Container_Tally(IndxV+IndxWmt,Amt[IndxWv]/Ratio); 
     { watt per kg uranium } 
      Increment_Container_Tally(IndxV+IndxWmtu,Amt[IndxWv]/Amt[IndxUall]); 
     { dose per kg inhaled } 
      Increment_Container_Tally(IndxV+IndxDosM,Amt[IndxDosV]/Ratio); 
     { save the extra for the next container } 
      VolTot:= VolOvr;   FlrTot:= FlrOvr;   CanTot:= CanOvr; 
      For Jc:= 1 to IndxPu Do Amt[Jc]:= AmtOvr[Jc]; 
      End; 
  Until (VolTot <= VolOK) and (K = NumKey); 
  If Cnt <> DrumCnt[Vi] Then Begin  Writeln(fo); 
    Writeln(fo,Cnt:2,' cans rather than ',DrumCnt[Vi]:2,' for ',VolLDC:3:2,' L LDC   TotSldg 
=',TotSldg:10:2,' L'); 
    End; 
End; 
 
 
Procedure Empty_Basin; 
{ Calls the procedures that calculate the compositions, arrange the keys, 
  and fill the containers.  If a key is pressed the run will end prematurely. } 
Var  Slop,Fill : LongInt; 
Procedure Fill_Containers; 
{ Arranges the keys and fills containers } 
Var  Jf : Integer; 
Begin 
  If KeyPressed Then Exit; 
 { calculate the rearrangements and filling ratios } 
  If RandomSequence Then Rearrange_Keys; 
  For Jf:= 1 to NumVol Do Fill_One(Jf); 
End; 
Begin 
  For Slop:= 1 to NumCompo Do Begin 
    GotoXY(Ix,Iy);   Write(Slop); 
    Create_Sludge_Amounts; 
    For Fill:= 1 to NumLists Do Fill_Containers; 
    If KeyPressed Then Begin 
      NumCompo:= Slop;   Exit;   End; 
    End; 
End; 
 
 
Procedure Write_Input_PDF(Cnt,Strt:Integer; ColHed:String); 
{ Writes the probability density functions to the output file along 
  with the cumulative statistics.  ColHed is the number heading string. 
  Strt is the index of the first PDFinp record. 
  Cnt is the number of PDFinp records to write out. 
    Cnt=4 is canister sludge depths (1,2,3,4) 
    Cnt=3 is sludge volumes for all keys (5,6,7) 
    Cnt=2 is sludge PDFs & all key averages 
    Cnt=1 is floor sludge Pu-239/240 specific activity } 
Var  I,J,K : Integer;     ShowBoth,ShowMiss : Boolean;      PF : LongInt; 
  BinLo,BinHi,DelT,PrevCum,Ltmp,Tmp : Double;            HdrST : String; 
  CumFrac : Array[1..FuCoN1] of Double; { cumulative fractions & means } 
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  PDFi    : Array[1..FuCoN1] of Integer;{ index to PDFs records } 
  Total   : Array[1..FuCoN1] of LongInt;{ sum of PDF counts } 
Procedure Stack_PDF; 
{ used for sludge volume PDFs, PDFinp[5,6,7] } 
Var  I,J,K,NA,NB,Nc : Integer;      Nx : Array[1..3] of Integer; 
Begin 
 { find the first bin with non-zero counts } 
  With PDFinp[6]^ Do Begin  { canister sludge volume } 
    NA:= 1;     While BinCnt[NA] = 0 Do Inc(NA);    Dec(NA); 
    BinLo:= Xa + NA*Delta;       DelT:= Delta; 
    Nx[1]:= 0;    Nx[2]:= NA;    Nx[3]:= 0; 
    End; 
 { find the last bin with non-zero counts } 
  With PDFinp[7]^ Do Begin  { total sludge volume } 
    NB:= BinMaxInp;   While BinCnt[NB] = 0 Do Dec(NB); 
    End; 
  Nc:= 0; 
  Repeat 
    BinHi:= BinLo + DelT;     Inc(Nc); 
    LongStr:= Sci3(BinLo)+'to'+Sci3(BinHi); 
    Delete(LongStr,1,1);   LongStr[0]:= #22; 
    For J:= 1 to Cnt Do With PDFinp[PDFi[J]]^ Do 
      If (BinHi > Xa*1.001) and (Nx[J] < BinMaxInp) Then Begin 
        Inc(Nx[J]); 
        PF:= BinCnt[Nx[J]];     LongStr:= LongStr + Int12(PF); 
        Total[J]:= Total[J] + PF; 
        Tmp:= 0.5*(BinLo + BinHi); { bin midpoint } 
        Stats[0]:= Stats[0] + PF*Tmp; 
        Stats[StatSD]:= Stats[StatSD] + PF*Sqr(Tmp - Mean); 
        Ltmp:= Ln(Tmp); 
        Stats[StatGM]:= Stats[StatGM] + PF*Ltmp; 
        Stats[StatGSD]:= Stats[StatGSD] + PF*Sqr(Ltmp - LnMean); 
        PrevCum:= CumFrac[J]; 
        CumFrac[J]:= CumFrac[J] + PF/TotCnt; 
        For I:= 1 to StatPer Do Begin { linear interpolation to find target percentile } 
          If (PrevCum < StatVal[I]) and (CumFrac[J] > StatVal[I]) Then 
            Stats[I]:= Delta*(StatVal[I] - PrevCum)/(CumFrac[J] - PrevCum) + BinLo; 
          End; 
        End 
      Else Begin 
        LongStr:= LongStr + '           0' 
        End; 
    Writeln(fo,LongStr); 
    BinLo:= BinHi; 
  Until Nx[3] = NB; 
  Str(Nc,LongStr);   { total number of bins used } 
End; 
Procedure Normal_PDF; 
{ used for canister sludge depth and the floor & canister compositions } 
Var  I,J,K,N,NA,NB : Integer; 
Begin 
 { find the first bin with non-zero counts } 
  PF:= 0;    NA:= 0; 
  Repeat     Inc(NA); 
    For J:= 1 to Cnt Do PF:= PF + PDFinp[PDFi[J]]^.BinCnt[NA]; 
  Until PF > 0; 
 { find the last bin with non-zero counts } 
  PF:= 0;    NB:= Succ(BinMaxInp); 
  Repeat     Dec(NB); 
    For J:= 1 to Cnt Do PF:= PF + PDFinp[PDFi[J]]^.BinCnt[NB]; 
  Until PF > 0; 
  N:= Succ(NB - NA); 
  If N < BinMaxInp Then Begin  NA:= 1;  NB:= BinMaxInp;  End; 
 { write the table values } 
  For K:= NA to NB Do Begin 
    With PDFinp[PDFi[1]]^ Do Begin 
      BinLo:= Xa + Pred(K)*Delta; 
      BinHi:= BinLo + Delta; 
      End; 
    LongStr:= Sci3(BinLo)+'to'+Sci3(BinHi); 
    Delete(LongStr,1,1);   LongStr[0]:= #22; 
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    For J:= 1 to Cnt Do With PDFinp[PDFi[J]]^ Do Begin 
      PF:= BinCnt[K]; 
      Total[J]:= Total[J] + PF; 
      Tmp:= 0.5*(BinLo + BinHi); { bin midpoint } 
      If Cnt = 4 Then LongStr:= LongStr + Int12(PF) 
        Else LongStr:= LongStr + Int12(PF) +'  ' + Sci3(Tmp) +Space+ Sci3(PF/TotCnt); 
      Stats[0]:= Stats[0] + PF*Tmp; 
      Stats[StatSD]:= Stats[StatSD] + PF*Sqr(Tmp - Mean); 
      Ltmp:= Ln(Tmp); 
      Stats[StatGM]:= Stats[StatGM] + PF*Ltmp; 
      Stats[StatGSD]:= Stats[StatGSD] + PF*Sqr(Ltmp - LnMean); 
      PrevCum:= CumFrac[J]; 
      CumFrac[J]:= CumFrac[J] + PF/TotCnt; 
      For I:= 1 to StatPer Do Begin { linear interpolation to find target percentile } 
        If (PrevCum < StatVal[I]) and (CumFrac[J] > StatVal[I]) Then 
          Stats[I]:= Delta*(StatVal[I] - PrevCum)/(CumFrac[J] - PrevCum) + BinLo; 
        End; 
      End; 
    Writeln(fo,LongStr); 
    End; 
  Str(N,LongStr); { total number of bins used } 
End; 
Begin 
  Writeln(fo);    Writeln(fo,PDFinp[Strt]^.Title); 
 { create the PDFinp index array -- which PDFinp tables to write } 
  For J:= 1 to Cnt Do Begin 
    Total[J]:= 0; { Total is the sum of the bin counts to check TotCnt } 
    CumFrac[J]:= 0.0;   PDFi[J]:= Pred(J) + Strt; 
    End; 
  Writeln(fo,PDFinp[Strt]^.RngHdr,ColHed); 
  If Strt = 5 
    Then Stack_PDF  { sludge volume table is elongated } 
    Else Normal_PDF;{ other tables show all bins } 
 { write the totals } 
  HdrST:= 'Total Count ('+LongStr+' bins)  ';    HdrST[0]:= #22; 
  Tmp:= Ln(Total[1])/Ln(10.0);      ShowBoth:= false;      ShowMiss:= false; 
  If Tmp > 8.9 Then Tmp:= 0.001     Else Tmp:= 1.0; 
  For J:= 1 to Cnt Do With PDFinp[PDFi[J]]^ Do Begin 
    If TotCnt = Total[J] Then HdrST:= HdrST + Int12(Trunc( Tmp*Total[J])) 
                         Else HdrST:= HdrST + Int12(Trunc(-Tmp*Total[J])); 
    Stats[StatBM]:= Stats[0]/Total[J];      Stats[0]:= Mean; 
    If Abs(Mean - Stats[StatBM]) > Mean*0.01 Then ShowBoth:= true; 
    Stats[StatSD]:= Sqrt(Stats[StatSD]/Total[J]); 
    Stats[StatMin]:= Xmin;          Stats[StatMax]:= Xmax; 
    Stats[StatGM]:= Exp(Stats[StatGM]/Total[J]); 
    Stats[StatGSD]:= Exp(Sqrt(Stats[StatGSD]/Total[J])); 
    If OvrCnt > 0 Then ShowMiss:= true; 
    End; 
  If Tmp < 0.01   Then HdrST:= HdrST + ' x 10^3'; 
  Writeln(fo,HdrST); 
  If ShowBoth Then K:= StatBM   Else K:= StatGSD; 
 { write the stats } 
  For I:= 0 to K Do Begin 
    HdrST:= StatHdr[I]; 
    For J:= 1 to Cnt Do With PDFinp[PDFi[J]]^ Do HdrST:= HdrST +Space+ Sci3(Stats[I]); 
    Writeln(fo,HdrST); 
    End; 
  If ShowMiss Then Begin 
    HdrST:= '  Number Outside Range'; 
    For J:= 1 to Cnt Do With PDFinp[PDFi[J]]^ Do HdrST:= HdrST + Int12(OvrCnt); 
    Writeln(fo,HdrST); 
    End; 
  Writeln(fo); 
End; 
 
 
Procedure Write_2D_Tables; 
{ Writes table of how often each key was selected for each position } 
Var  J,K,Kd,MinChk,MaxChk,NB,RC : LongInt;        MeanK : Double; 
     Title1,Title2 : String; 
     ColumnTotal : Array[1..Num2D] of LongInt; 
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Procedure Two_Dimension_Table(Strt,Fini:Integer); 
{ Writes the 2-D table from columns Strt to Fini } 
Var  J,K : Integer; 
Begin 
  Title1:= '    '; 
  Title2:= '----'; 
  For K:= Strt to Fini Do Begin 
    Str(K:5,LongStr);    If K < 10 Then J:= 4   Else J:= 3; 
    Insert('Pos',LongStr,J); 
    Title1:= Title1 + LongStr; 
    Title2:= Title2 + '--------'; 
    End; 
  Writeln(fo,Title1);   Writeln(fo,Title2); 
  For J:= 1 to NumKey Do Begin 
    Write(fo,J:4); 
    For K:= Strt to Fini Do Write(fo,KeyNumVsCnt^[J,K]:8); 
    Writeln(fo); 
    End; 
  Writeln(fo,Title2); 
End; 
Procedure Density_Vs_U_Table(Strt,Fini:Integer); 
{ Writes the 2-D table from columns Strt to Fini } 
Var  J,K : Integer;     Wrk : Double; 
Begin 
  Title1:= '    '; 
  Title2:= '----';         Wrk:= 1.0 + (Strt-1.5)*DelDen2D; 
  For K:= Strt to Fini Do Begin 
    Wrk:= Wrk + DelDen2D; 
    Str(Wrk:8:2,LongStr);   Title1:= Title1 + LongStr; 
    Title2:= Title2 + '--------'; 
    End; 
  Writeln(fo,Title1);   Writeln(fo,Title2); 
  Wrk:= DelU2D*(Num2D+0.5); 
  For J:= Num2D downto 1 Do Begin 
    Wrk:= Wrk - DelU2D; 
    Write(fo,Wrk:4:2); 
    For K:= Strt to Fini Do Write(fo,CanDenVsU^[J,K]:8); 
    Writeln(fo); 
    End; 
  Writeln(fo,Title2); 
  Kd:= 1;      For J:= 1 to NB Do Kd:= Kd*10; 
  If NB > 0 Then LongStr:= '10^'+IntChar[NB]    Else LongStr:= ' Sum'; 
  Write(fo,LongStr); 
  For K:= Strt to Fini Do Write(fo,(ColumnTotal[K] div Kd):8); 
  Writeln(fo);    Writeln(fo,Title2); 
End; 
Begin 
  If RandomSequence Then Begin 
    Writeln(fo); 
    Writeln(fo,'Distribution of Keys in the Retrieval Sequence'); 
    Writeln(fo,'Note:  rows = key ID number;   columns = position on key list'); 
    MeanK:= NumCompo*NumLists/NumKey; { average number of times a key index should have appeared 
} 
    K:= Trunc(0.5 + NumKey/3.0); 
    Two_Dimension_Table(1,K);     Two_Dimension_Table(Succ(K),2*K); 
    Two_Dimension_Table(Succ(2*K),NumKey); 
    If NumCompo > 600 Then Begin  { show cumulative distribution of values } 
     { bin the random check table } 
      MinChk:= 123456789;    MaxChk:= 0; 
      For J:= 1 to NumKey Do For K:= 1 to NumKey Do Begin 
        RC:= KeyNumVsCnt^[J,K]; 
        If RC < MinChk Then MinChk:= RC; 
        If RC > MaxChk Then MaxChk:= RC; 
        End; 
      Kd:= Trunc(1 + 1.5*(MaxChk - MinChk)/NumKey); { bin width } 
      NB:= Pred(MinChk);    If NB < 0 Then NB:= 0; { starting value } 
      For J:= 1 to NumKey Do KeyOrder[J]:= 0; 
      For J:= 1 to NumKey Do For K:= 1 to NumKey Do Begin 
        RC:= Trunc(1 + (KeyNumVsCnt^[J,K] - NB)/Kd); 
        Inc(KeyOrder[RC]); 
        End; 
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      Writeln(fo); 
      Writeln(fo,'Binned Random Check Data -- Mean at ',Trunc(MeanK)); 
      Writeln(fo,'   Count Range        Number  Cumulative'); 
      Writeln(fo,'----------------------------------------'); 
      MaxChk:= NumKey; 
      While KeyOrder[MaxChk] = 0 Do Dec(MaxChk); 
      RC:= NB;   K:= 0;   MinChk:= NumKey*NumKey; 
      For J:= 1 to MaxChk Do Begin 
        K:= K + KeyOrder[J]; 
        Writeln(fo,RC:6,' to',RC+Kd:7,KeyOrder[J]:12,K/MinChk:12:4); 
        RC:= RC + Kd; 
        End; 
      Writeln(fo,'----------------------------------------'); 
      End; 
    End; 
  Writeln(fo); 
  Writeln(fo,'Distribution of Canister Sludge Density and Uranium Concentration'); 
  Writeln(fo,'Note:  rows = uranium concentration;   columns = sludge density'); 
  NB:= 0;    Kd:= 999999; 
  For K:= 1 to Num2D Do Begin 
    ColumnTotal[K]:= 0; 
    For J:= 1 to Num2D Do 
      ColumnTotal[K]:= ColumnTotal[K] + CanDenVsU^[J,K]; 
    While ColumnTotal[K] > Kd Do Begin  Inc(NB);  Kd:= 10*Kd + 9;    End; 
    End; 
  K:= Trunc(0.5 + Num2D/3.0); 
  Density_Vs_U_Table(1,K);   Density_Vs_U_Table(Succ(K),2*K); 
  Density_Vs_U_Table(Succ(2*K),Num2D); 
End; 
 
 
Procedure Write_Initial_Results; 
{ Writes the input probability density functions to the output file } 
Var  J,R,V : Integer;    Tmp : Double; 
Procedure Scale_PDF(P:Integer; Tmp:Double); 
Begin 
  With PDFinp[P]^ Do Begin 
    Xmin:= Tmp*Xmin;      Xa := Tmp*Xa; 
    Xmax:= Tmp*Xmax;      Delta:= Tmp*Delta; 
    Mean:= Tmp*Mean;      LnMean:= Ln(Mean); 
    End; 
End; 
Begin    Writeln(fo); 
  Writeln(fo,'Number of Sludge Compositions = ',NumCompo); 
  If RandomSequence Then 
  Writeln(fo,'Number of Retrieval Sequences = ',NumLists,' per Composition'); 
 { some total counts for each container volume } 
  Writeln(fo);           LongStr:= 'Partial Containers Omitted:'; 
  For V:= 1 to NumVol Do LongStr:= LongStr + Int12(PartCno[V]); 
  Writeln(fo,LongStr);   LongStr:= 'Partial Containers Counted:'; 
  For V:= 1 to NumVol Do LongStr:= LongStr + Int12(PartCyes[V]); 
  Writeln(fo,LongStr);   LongStr:= 'Total Containers Counted:  '; 
  For V:= 1 to NumVol Do LongStr:= LongStr + Int12(PDFout[Vindx[V]]^.TotCnt); 
  Writeln(fo,LongStr); 
  Write_2D_Tables; 
 { initialize stats } 
  For R:= 0 to MaxRecInp Do With PDFinp[R]^ Do Begin  If TotCnt = 0 Then Writeln(R:3,Sci3(Mean)); 
    Mean:= Mean/TotCnt;    LnMean:= Ln(Mean);    End; 
 { floor sludge Pu specific activity table } 
  Write_Input_PDF( 1, 0,'    Cnt-PDF   Midpoints    Prob-PDF'); 
 { canister sludge depth PDFs } 
  Write_Input_PDF( 4, 1,'       Good        Fair        Poor        Bad'); 
 { sludge volume PDFs -- convert liters to cu.m } 
  For R:= 5 to LastVol Do Scale_PDF(R,0.001); 
 { write the all key sludge volume table } 
  Write_Input_PDF( 3, 5,'       Floor    Canister       Total'); 
 { convert Ci/L to Ci/cu.m } 
  For R:= 1 to IndxAm Do Begin 
    Scale_PDF(R+LastVol,1000.0);       Scale_PDF(R+LastFlrP,1000.0); 
    End; 
 { convert heat rate from W/L to W/cu.m } 
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  Scale_PDF(IndxWv+LastVol,1000.0);    Scale_PDF(IndxWv+LastFlrP,1000.0); 
 { convert dose from rem/L to rem/ml } 
  Scale_PDF(IndxDosV+LastVol,0.001);   Scale_PDF(IndxDosV+LastFlrP,0.001); 
 { write the input PDFs along with the basin averages } 
  For R:= (1+LastVol) to MaxRecInp Do 
    Write_Input_PDF( 1, R,'    Cnt-PDF   Midpoints    Prob-PDF'); 
 { show summary tables of all tallies } 
  Writeln(fo); 
  LongStr:=' Input PDF             ' + StatH; 
  Writeln(fo,LongStr); 
  For R:= 0 to MaxRecInp Do With PDFInp[R]^ Do Begin 
    LongStr:= RngHdr + Space; 
    For J:= 0 to StatGSD Do LongStr:= LongStr +Space+ Sci3(Stats[J]); 
    Writeln(fo,LongStr); 
    End; 
End; 
 
 
Procedure Write_Container_Results; 
{ Writes the container probability density functions to the output file } 
Var  N,R,V : Integer;    Tmp : Double;    ColHed : String; 
Procedure Write_Container_PDF(Strt:Integer); 
{ Writes the probability density functions to the output file along 
  with the cumulative statistics. } 
Var  I,J,K,NA,NB : Integer;          PF : LongInt; 
  ShowBoth,ShowMiss : Boolean; 
  BinLo,BinHi,PrevCum,Ltmp,Tmp : Double;       HdrST : String; 
  CumFrac : Array[1..FuCoN1] of Double; { cumulative fractions & means } 
  PDFi    : Array[1..FuCoN1] of Integer;{ index to PDFs records } 
  Total   : Array[1..FuCoN1] of LongInt;{ sum of PDF counts } 
Begin 
  Writeln(fo);    Writeln(fo,PDFout[Strt]^.Title); 
 { create the header lines } 
  For J:= 1 to NumVol Do Begin 
    Total[J]:= 0; { Total is the sum of the bin counts } 
    CumFrac[J]:= 0.0; 
    PDFi[J]:= VolStp*Pred(J) + Strt; 
    End; 
  Writeln(fo,PDFout[Strt]^.RngHdr,ColHed); 
 { find the first bin with non-zero counts } 
  PF:= 0;    NA:= 0; 
  Repeat     Inc(NA); 
    For J:= 1 to NumVol Do PF:= PF + PDFout[PDFi[J]]^.BinCnt[NA]; 
  Until PF > 0; 
 { find the last bin with non-zero counts } 
  PF:= 0;    NB:= Succ(BinMaxOut); 
  Repeat     Dec(NB); 
    For J:= 1 to NumVol Do PF:= PF + PDFout[PDFi[J]]^.BinCnt[NB]; 
  Until PF > 0; 
  Str(Succ(NB-NA),LongStr); 
  HdrST:= 'Total Count ('+LongStr+' bins)  ';    HdrST[0]:= #22; 
 { write the table values } 
  If Succ(NB-NA) < BinOutput Then Begin 
   { expand the range to show at least BinOutput bins } 
    If NB > BinOutput Then NA:= Succ(NB-BinOutput) 
      Else Begin  NA:= 1;  NB:= BinOutput;  End; 
    End; 
  For K:= NA to NB Do Begin 
    With PDFout[PDFi[1]]^ Do Begin 
      BinLo:= Xa + Pred(K)*Delta; 
      BinHi:= BinLo + Delta; 
      End; 
    LongStr:= Sci3(BinLo)+'to'+Sci3(BinHi); 
    Delete(LongStr,1,1);   LongStr[0]:= #22; 
    For J:= 1 to NumVol Do With PDFout[PDFi[J]]^ Do Begin 
      PF:= BinCnt[K];       LongStr:= LongStr + Int12(PF); 
      Total[J]:= Total[J] + PF; 
      Tmp:= 0.5*(BinLo + BinHi); { bin midpoint } 
      Stats[0]:= Stats[0] + PF*Tmp; 
      Stats[StatSD]:= Stats[StatSD] + PF*Sqr(Tmp - Mean); 
      Ltmp:= Ln(Tmp); 
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      Stats[StatGM]:= Stats[StatGM] + PF*Ltmp; 
      Stats[StatGSD]:= Stats[StatGSD] + PF*Sqr(Ltmp - LnMean); 
      PrevCum:= CumFrac[J]; 
      CumFrac[J]:= CumFrac[J] + PF/TotCnt; 
      For I:= 1 to StatPer Do Begin { linear interpolation to find target percentile } 
        If StatVal[I] = CumFrac[J] Then Stats[I]:= BinHi        Else 
        If (PrevCum < StatVal[I]) and (CumFrac[J] > StatVal[I]) Then 
          Stats[I]:= Delta*(StatVal[I] - PrevCum)/(CumFrac[J] - PrevCum) + BinLo; 
        End; 
      End; 
    Writeln(fo,LongStr); 
    End; 
 { write the totals } 
  ShowBoth:= false;      ShowMiss:= false; 
  Tmp:= Ln(Total[1])/Ln(10.0); 
  If Tmp > 8.9 Then Tmp:= 0.001     Else Tmp:= 1.0; 
  For J:= 1 to NumVol Do With PDFout[PDFi[J]]^ Do Begin 
    If TotCnt = Total[J] Then HdrST:= HdrST + Int12(Trunc( Tmp*Total[J])) 
                         Else HdrST:= HdrST + Int12(Trunc(-Tmp*Total[J])); 
    Stats[StatBM]:= Stats[0]/Total[J];      Stats[0]:= Mean; 
    If Abs(Mean - Stats[StatBM]) > Mean*0.01 Then ShowBoth:= true; 
    Stats[StatSD]:= Sqrt(Stats[StatSD]/Total[J]); 
    Stats[StatMin]:= Xmin;          Stats[StatMax]:= Xmax; 
    Stats[StatGM]:= Exp(Stats[StatGM]/Total[J]); 
    Stats[StatGSD]:= Exp(Sqrt(Stats[StatGSD]/Total[J])); 
    If OvrCnt > 0 Then ShowMiss:= true; 
    End; 
  If Tmp < 0.01   Then HdrST:= HdrST + ' x 10^3'; 
  Writeln(fo,HdrST); 
  If ShowBoth Then K:= StatBM   Else K:= StatGSD; 
 { write the stats } 
  For I:= 0 to K Do Begin 
    HdrST:= StatHdr[I]; 
    For J:= 1 to NumVol Do With PDFout[PDFi[J]]^ Do HdrST:= HdrST +Space+ Sci3(Stats[I]); 
    Writeln(fo,HdrST); 
    End; 
  If ShowMiss Then Begin 
    HdrST:= '  Number Outside Range'; 
    For J:= 1 to NumVol Do With PDFout[PDFi[J]]^ Do HdrST:= HdrST + Int12(OvrCnt); 
    Writeln(fo,HdrST); 
    End; 
  Writeln(fo); 
End; 
Procedure Scale_PDF(P:Integer; Tmp:Double); 
Begin 
  With PDFout[P]^ Do Begin 
    Xmin:= Tmp*Xmin;      Xa := Tmp*Xa; 
    Xmax:= Tmp*Xmax;      Delta:= Tmp*Delta; 
    Mean:= Tmp*Mean;      LnMean:= Ln(Mean); 
    End; 
End; 
Begin 
  ColHed:= ''; 
  For V:= 1 to NumVol Do Begin 
    Str(0.001*DrumVol[V]:7:1,LongStr); 
    ColHed:= ColHed + LongStr + ' cu.m'; 
    End; 
  For R:= 0 to Pred(NumVol*VolStp) Do With PDFout[R]^ Do Begin 
    Mean:= Mean/TotCnt;    LnMean:= Ln(Mean);    End; 
 { canister-to-total ratios } 
  Write_Container_PDF(Vindx[1]); 
 { nuclide and other PDFs } 
  For V:= 1 to NumVol Do Begin 
   { convert Ci/L to Ci/cu.m } 
    For R:= 1 to IndxAm Do Scale_PDF(Vindx[V]+R,1000.0); 
   { convert W/L to W/cu.m } 
    Scale_PDF(Vindx[V]+IndxWv,1000.0); 
   { convert rem/L to rem/ml } 
    Scale_PDF(Vindx[V]+IndxDosV,0.001); 
   { convert W/kg to W/MT } 
    Scale_PDF(Vindx[V]+IndxWmt,1000.0); 
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   { convert W/kg to W/MTU } 
    Scale_PDF(Vindx[V]+IndxWmtu,1000.0); 
   { convert rem/kg to rem/g } 
    Scale_PDF(Vindx[V]+IndxDosM,0.001); 
    End; 
  For R:= 1 to IndxDosM Do 
    Write_Container_PDF(Vindx[1]+R); 
 { show summary tables of all tallies } 
  For V:= 1 to NumVol Do Begin     Writeln(fo); 
   LongStr:= Copy(ColHed,Succ(Pred(V)*12),12) + ' Volume    '+StatH; 
   Writeln(fo,LongStr); 
   For R:= 0 to IndxDosM Do With PDFout[Vindx[V]+R]^ Do Begin 
     LongStr:= RngHdr + Space; 
     For N:= 0 to StatGSD Do LongStr:= LongStr +Space+ Sci3(Stats[N]); 
     Writeln(fo,LongStr); 
     End; 
   End; 
End; 
 
 
Begin 
  Initialize; 
  Empty_Basin; 
  Write_Initial_Results; 
  Write_Container_Results; 
  Close(fo); 
End. 
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