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ABSTRACT 

In the early 1980’s, thirteen experiments using plutonium metal cylinders were pedormed at the Rocky Flats 
Critical Mass Laboratory. The experimental method consisted of flooding a 3 x3 x 3 array with water until 
criticality was achieved. Ten of the thirteen experiments went critical while the other three remained subcritical 
upon full reflection. This paper evaluates these experiments to develop benchmark descriptions for validation of 
computational tools used by criticality safety specialists. Six of the ten critical experiments were found acceptable 
as benchmark experiments. Sensitivity studies were performed to find the effect of experimental limits and 
uncertainties on the bff value. Analysis of the experiments was performed by MCNP with continuous energy 
ENDFB-V cross section data. LEvalues for a l l  benchmark experiments were computed using MCNP with 
ENDFB-V data, KENo-Va with Hansen Roach cross section, and KJ3NO-Va with 27-group ENDF/B-IV cross 
sections. Although these experiments were flooded, KENO-Va calculations show that these were, in fact, fast 
systems. 

I. INTRODUCTION 

In 1982, a set of critical experiments was performed at the Rocky Flats Critical Mass Laboratory. At the time, 
publication of the results was delayed; however, Rothe’ has recently described these measurements in detail. Now, 
as part of the International Criticality Safety Benchmark Evaluation Project (ICSBEP), these experiments are 
analyzed to provide benchmark descriptions for use by nuclear criticality safety specialists. Therefore, the objective 
of this paper is to develop benchmark descriptions of the experiments for validation of computational codes and 
cross sections. To the authors’ knowledge, this evaluation represents the first analysis of flooded plutonium arrays 
and is, therefore, a significant contribution to the criticality community. 

As part of this evaluation, a sensitivity analysis was performed on the experiments. A limit of accuracy was 
reported on some of the critical data such as critical water height and plutonium density. Other data, such as the 
exact position of the plutonium within its container, was not known exactly. Therefore, the purpose of the 
sensitivity analysis was to determine the effect on the multiplication factor, kG due to these limits of accuracy and 
uncertain data. Other parameters that effected the value of kg but not included in the benchmark model were also 
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evaluated (e.g. impurities in the water reflector). M C W  with the standard continuous energy ENDFB-V cross 
section lib& was used for all sensitivity studies. 

A description of the actual experimental configuration is given in Section II. The sensitivity analysis is 
presented in Section III. Section N gives the description of the benchmark model, including geometry, material 
data, and bvalues.  Finally, lGtrvalues found using the benchmark description and MCNP with the standard 
ENDFB-V and ENDFB-V12 continuous energy cross section data or KENO-Va3 with Hansen-Roach cross 
section? or 27-group ENDFB-IV cross sectionp3 are found in W o n  V. 

11. ExpERlMENTAL CONFIGURATION 

A. Geometry and material data 

Thirteen measurements were conducted using a flooded array of plutonium metal parts. Twenty seven 3-kg 
plutonium parts were arranged in a 3 x 3 x 3 array. Each part consisted of a right circular cylinder plutonium metal 
billet, an inner aluminum can with a mild steel lid and an outer stainless steel can. The diameter and height of an 
average plutonium cylinder were reported as 65.25 f 0.05 mm and 46.33 f 0.15 mm, respectively. The inner can 
fit closely around the plutonium cylinder and was made of Type 3004 aluminum. The can was 0.37 mm thick 
radially and had a bottom 0.87 mm thick The 0.21 mm thick top was ma& from mild steel. This can was then 
placed into a larger type 304L stainless steel can. The outer dimensions of this outer can were 76.25 mm in 
diameter and 69.47 mm in height. The sides, top and bottom were 3.4 mm, 6.7 mm, and 9.1 mm thick, 
respectively. Figure 1 shows a doublecanned plutonium part, as modeled. 

The plutonium density was listed in reference 1 as 19.53 2 0.08 mg/mm3. The isotopic content of the 
plutonhm was measured in 1965 and was as foilows (in weight percent): 93.56 for "%, 5.97 for "%I, 0.46 for 
241Pu and 0.01 for 2422pu. However, since 241Pu decays with a half-life of 13.2 years, some "'Am existed in the 
plutonium at the time of these experiments. Other impurities in the plutonium metal are listed in Table 1. 

Table 1. Elemental Impurities found in the Plutonium Metal 

Element pp m Element 1 ppm Element I pp m I Element pp m 
Ag <1 ea I 100 Mg I 20 I Pb <1 
A1 1 5  Cr 20 Mn 5 Si 15 
B 1 1  c u  5 Na 1 Sn <2 
C 1 180 Fe 35 Ni 50 Ti 5 

Nine perforated aluminum sleeves held three plutonium parts each in a vertical position with a predetermined 
A2 spacing. The sleeves were made from Type 3003-H14 aluminum, 1.6 mm thick and 914 mm long. An L- 
shaped steel pin was inserted through the holes of the aluminum and kept the plutonium parts at the desired 
spacing. The holes were 3.2 mm in diameter on a triangular pattern with a pitch of 4.8 mm. The lowest pin was 
placed such that approximately 250 mm of water was between the bottom can and the sleeve bottom. For the 
benchmark model, the holes in the aluminum sleeve were included in the model by using a reduced aluminum 
density of 1.6 g/cm3. 

The sleeves were supported in the water-filled tank by an aluminum framework, alignment bars, and plastic 
disks. The framework was centered in a watertight plastic tank. The tank had a quare aluminum bottom, 19.1 mm 
thick and about 0.91 mm square. The sides of the tank were made of 102 mm thick, 1016 mm high methyl 
methacrylate stock. The inner dimension of the tank was 71 1 mm. The size of the tank allowed at least 18 cm of 
water between the sleeves on the outside of the array and the tank walls. 
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Figure 1. Double-canned plutonium part, as modeled. (Values in 
parentheses were calculated using given values.) 
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The experiments were performed in a large room. The walls, ceiling, and floor were made of Type I Portland 
cement and were reinforced with 7000 kg of steel rebar. Other structures in the room included a steel support 
framework, a water reservoir, a horizontal split table, an elevated mezzanine, an air handling deck, and an 
equipment crane. Since the experiments were effectively infinitely reflected in all directions but the top, the room 
structure is not included in the benchmark model but is fully described in reference 1. 

During the experiment, the assembly was flooded with water. The water used was regular tap water at room 
temperature (18 - 21OC). During the time of the experiments, the water was not analyzed for content. However, a 
typical analysis of the tap water at Rocky Flats is given in Table 2. 

Table 2. Typical Impurities in Water Reflector 

Impurity mgL Impurity m@ 
Oxygen (Dissolved) 10.3 k 1.5 Manganese 0.012 f 0.007 

Calcium Carbonate (Alkalinits4 17 + 4  Sodium 1 + 0  
Calcium Carbonate (Hardness) 49 f 27 Ammonia-Nitrogen 0.02 f 0.01 

Barium 0.02 f 0.00 Chloride 0.7 f 0.3 
Calcium 3 + 1  Nitrate-Nitrogen 0.05 
Copper 0.012 Phosphorus 0.03 -+ 0.00 

Iron 0.12 2 0.04 Sulfate 5.1 f 0.2 
Magnesium 1.5 + 0.0 - 

B. Experimental method and results 

Each measurement was taken by assembling the array and adding water until the assembly became critical. At 
this point, the critical water height was recorded and the experiment was ended. The amount of water to be added 
was determined by measuring the neutron count rate and plotting the inverse count rate against the water height. 
When the count rate continued to rise after addition of the water had stopped or when the inverse count rate 
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approached zero, the assembly was slightly supercritical and the positive period was recorded. A small amount of 
water was then drained from the system to make the assembly slightly subcritical and a negative period was 
measured. The critical water height was found be linearly interpolating between the two water levels. 

The first two measurements were subcritical when all available water was used. Their critical water heights 
were e m p l a t e d  from very high multiplication After more water was added to the reservoir, the remaining 
experiments were performed. Three of these measurements remained subcritical upon full reflection and are not 
considered valid for benchmarking purposes. Vertical and lateral center-tocenter spacings as well as the critical 
water height for each experiment are found in Table 3. 

Table 3. Critical Cbnfiguration Data and Multiplication Factor Information. 

Exp. Lateral Spacing Vertical Spacing Critical Water 
Number AX=AY(mm) Az (mm) Height (mm) 

1 120.0 127.5 483 f 2  
2 127.0 127.5 584 f 1 
3 129.0 127.5 606.0 It 0.5 
4 129.0 127.5 606.8 f 0.5 ~ 

5" 131.0 127.5 -- 
6 130.0 127.5 623.0 f 0.5 
7 130.0 127.5 629.1 kO.l 
8 130.0 127.5 628.2 f 0.3 
9 130.0 127.5 630.8 f 0.5 
10 130.5 127.5 658.0 f 0.5 

11 " 131.0 127.5 --- 
12 " 130.75 127.5 --- 
13 128.0 13 1.0 656.0 k 0.5 

" These experiments remained subcritical upon full reflection. 

Experiments 3 and 4 of Table 3 were the same experiment with one difference. Experiment 3 had a long, thin 
neutron detector immersed in the water. This was removed for Experiment 4. The effect of the detector was small 
and the critical water heights were the same for both experiments, within the reported uncertainty. 

As seen in Table 3, Experiments 6 - 9 used the identical vertical and lateral spacings. The difference in the 
these experiments was the way in which the sleeves were handled in loading the assembly. Experiment 7 was a 
repeat of Experiment 6 with the sleeves rotated through a specified angle. This increased the water height by 6.1 
mm. This is believed to be due to the position of the inner plutonium can within the outer steel can. For these two 
experiments, no attempt was made to locate the plutonium cans in the outer can. For the remainder of the 
measurements, an effort to locate the cans radially was made by applying a sleeve loading technique. This 
technique involved orienting the sleeves in the same direction as determined by their weld bead and tapping the 
sleeve before rotating it into a vertical position. It was believed that this process would keep all the plutonium 
systematically to one side of the outer can. 

111. ANKYSIS 

To determine the effect on kff due to measurement uncertainties, a sensitivity study was performed on each 
different experiment. A base case was established for Experiments 1,2, 3,6,  10, and 13 which included the 
doubIe-canned plutonium parts, the aluminum sleeves, and the water reflector. MCNP with continuous energy 
ENDFB-V cross section data was used for all sensitivity studies. For each case, MCNP was run with 2 million 
active neutron histones after skipping 250,000 histories. This reduced the uncertainty in the computed to less 
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than 0.0006. For each sensitivity parameter, the base case was perturbed by the desired amount and a kEvalue was 
found The uncertainty in kff due to a parameter was found by comparing the perturbed case k~. and the base case 
tff (i.e., Ak = - L). 

The plutonium density, height, and diameter were reported with limits of accuracy of i0.08mg/mm3, iO. 15 
mm, and M.05 mm, respectively. Limits of accuracy for the critical water heights varied between 33.1 mm for 
Experiment 7 to f2 mm for Experiment 1. However, there was some discrepancy on the amount of water located 
below the bottom can. Therefore, a value of 32 mm was used for the uncertainty on the critical water height for all 
experiments. 

For all base cases, each of the above parameters was adjusted independently by adding the value of the limit of 
accuracy and by subtracting that same value. The absolute value of the resulting differences in kff were then 
averaged to obtain the uncertainty in kff due to that parameter. For the case of plutonium densityy the uncertainty 
value used in the analysis was 0.5% to avoid losing the difference in statistics. After averaging, the result was 
linearly scaled to correspond to an uncertainty of 0.41% (0.08 mg/mm3). 

An additional uncertainty exists in the plutonium can positioning within the outer steel can. As described in 
Section II.B, there was no attempt to locate the plutonium cans within the outer can for Experiments 1-7. However, 
the effect of the random positioning of the plutonium was seen by Experiments 6-9. Experiment 6 was repeated as 
Experiment 7 with the sleeves rotated through a given angle. Experiments 8 and 9 used the same spacing as 
Experiment 6 but used the systematic loading technique described earlier. The range of the critical water heights in 
these four experiments was between 623.0 and 630.8 mm. For the benchmark model, the average critical water 
height of Experiments 6-9 was used. One standard deviation on the four trvalues found using the reported water 
heights was found and this value (0.001 1) is used as the uncertainty due to plutonium can positioning. 

Although no similar measurements were made for Experiments 1-4, the results of Experiments 6-9 do give an 
indication of the randomness in positioning for this kind of configuration. Therefore, the uncertainty value due to 
plutonium positioning found for Experiments 6-9 is also used for Experiments 1-4. In addition, since the 
systematic loading techniques was applied for Experiments 10 and 13, no uncertainty is associated with the 
random positioning for these two measurements. 

Another study was done on the effect of the impurities in the water reflector. Since the water was not analyzed 
at the time of the experiments and the impurities listed in Table 2 are only typical values of the water used at 
Rocky Flats, this parameter was treated as an uncertainty. The water impurities’ effect on keg was found by adding 
the typical values from Table 2 into the pure water and comparing the result to the base case. 

To find one value of the uncertainty in bff due to measurement uncertainties the results of the study on each 
parameter were combined as the quare root of the sum of the squares. The results of all sensitivity studies as well 
as the combined uncertainty is found in Table 4. 

Table 4. Results of Sensitivity Studies 
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IV. BENCHMARK MODEL 

A. Geometry 

To simplifj the benchmark model of these experiments, the framework, alignment equipment, plastic tank 
walls, and mom configuration were neglected. Therefore, the benchmark model consisted of the plutonium metal, 
aluminum can with mild steel lid, stainless steel outer can, aluminum sleeves, and water reflector. All other 
structures, including alignment and support equipment in the tank, the tank walls and bottom, the mom walls were 
neglected for the benchmark model. A correction, addressed in Section IV.B, is made to account for the support 
structure in the tank and the room. 

Dimensions of each component of the model are the same as those found in Section 1II.A. The plutonium was 
modeled with a height and radius of 46.33 mm and 32.625 mm, respectively. The aluminum can fit just around the 
plutonium and had a wall thickness of 0.37 mm, resulting in an outer radius of 32.9995. The aluminum bottom 
was 0.87 mm thick and its mild steel lid was 0.2 1 mm thick. The aluminum can rests on the bottom of the outer 
steel can and is centered within it. The steel can has an outer radius and height of 38.125 and height of 69.47 mm, 
respectively. Using thickness of 3.4 mm on the sides, 6.7 mm on the top and 9.1 mm on the bottom, gaps around 
and above the aluminum can existed. These were 1.73 mm thick on the sides 6.26 mm on the top. 

Each perforated aluminum sleeve fit tightly around the outer steel can and had a thickness of 1.6 mm (outer 
diameter of 79.45 mm). The sleeves extended their full length of 914 mm with the bottom of the can 250 mm from 
the bottom of the sleeve. The holes of the sleeves were included in the model as aluminum with reduced density. 

The water reflector is square and extends 355.5 mm in each direction, measured from the center of the middle 
sleeve. Water floods the array from the bottom of the sleeve to the reported critical water height. The water height 
as well as the center-tocenter lateral and vertical spacings for each experiment are listed in Table 3 of Section 
11.33. 

Since Experiments 3 and 4 were effitively the same experiment, Experiment 3 is chosen as a representative 
benchmark model. Since the results of the critical water height were the same within the reported uncertainty, no 
additional correction or uncertainty is needed to use Experiment 3 as the benchmark model. 

Experiments 6 - 9 also had the same lateral and vertical spacings, making them the same experiments. For the 
benchmark model an average critical water height of 627.8 mm is used. The results of the sensitivity study on 
Experiment 6 is assumed to be applicable to this benchmark model since all other parameters except the water 
height are the same. The uncertainty associated with the range in water heights of the individual experiments was 
combined in the sensitivity study as the uncertainty due to plutonium positioning. 

B. Material data 

The materials for the inner can was Type 3004 aluminum for the bottom and sides and mild steel for its lid. 
The outer can was made of Type 304L Stainless Steel while the sleeves were fabricated of Type 3003 aluminum. 
All material densities and atom densities for these components are found in Table 5. 

No impurities were included in the plutonium benchmark model. This reduced the density to 19.52 g/cm3 
while still preserving the atom densities of the plutonium isotopes. The atom density for 24'Am were found by 
decaying the 23'pu from July 1965 to May 1982. MCNP calculations verify that neglecting the impurities had an 
insignificant effect on the knvalue. Therefore, a correction or uncertainty due to omission of the impurities is not 
needed. The atom densities for the plutonium and americium isotopes are as follows (in atoms/barn-cm): 4.6007e- 
02 for =%, 2.9234e-03 for 24%, 9.2694e-05 for 241Pu, 4.8563e-06 for 242pY and 1.3162e-04 for 241Am. 
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Table 5. Atom Densities of Structural Materials 

The weight percents used for 3004 aluminum were 96.05% for Al, 0.25% for Cu, 0.7% for 

The weight percents used for mild steel were 0.08% for C, 99.2% for Fe, 0.37% for Mn, 

The weight percents used for 304L stainless steel were 0.03% for C, 19% for Cr, 67.97% for 

The weight percents used for 3003 aluminum were 97.2% for Al, 0.2% for Cu, 0.7% for Fe, 

Fe, 1.05% for Mg, 1.25% for Mn, 0.3% for Si, and 0.25% for Zn. 

0.015% for P, 0.025% for S, 0.01% for Si, and 0.3% for Sn. 

Fe, 2% for Mn, 10% for Ni, and 1% for Si. 

1.2% for Mn, 0.6% for Si, and 0.1% for Zn. The full density of this material was 2.7 g/cm3. 

Atom densities for the water reflector were found using a density at 20°C of 0.9982 g/cm3. They were 6.6735e- 
02 atom/barn-cm for hydrogen and 3.3368e-02 atomharncm for oxygen. 

C. Lsvalues 

Since these experiments were all critical experiments or extrapolated to critical, the measurement kgvaiue 
was 1.0000 for all experiments. However, since the tank and room configurations were ignored, a correction to this 
number was necessary. The correction factor was the difference between the case in which the framework, 
alignment and support structures, the tank walls and bottom, and the room walls (as described in Section 1I.A) 
were modeled and the benchmark model case. The associated MCNP calculational uncertainty of 0.0008 for all 
experiments was combined with the uncertainty value found from the sensitivity study. The total uncertainty was 
then combined with the corrected kEvalue to form the benchmark kE. The results are listed in Table 6. 

As can be Seen in Table 6, the only sig&cant difference in the room return case and the benchmark was for 
Experiment 1. This is believed to be due to the fact that Experiment 1 was not completely flooded. In fact, this was 
the only experiment in which some plutonium was exposed above the water reflector. 
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Table 6. Benchmark kff 

a The difference in k~ due to tank and room return was actually negative. This is 
unrealistic and believed to be due to statistics. For this reason, the cormtion 
factor is set to the smallest realistic value, &E = 0 (i.e., no effect). 

The differences in &E due to tank and room return were 0.0009 for Experiment 
3,0.0005 for Experiment 6-9, and 0.0001 for Experiment 13. These values are 
within the associated standard deviation of 0.0008. Therefore, the effect of room 
return neutrons is assumed to be negligible and the correction factor is set to 
o.oo00. 

V. RESULTS AND CONCLUSIONS 

A. Calculated LEvalues 

MCNP with the standard continuous energy ENDFB-V and ENDFB-VI cross section libraries was used to 
calculate kffvalues using the benchmark description for the six experiments which were acceptable for 
benchmarking purposes. These results are also listed in Table 7. Also, kffvalues using the benchmark model and 
KENO-Va with Hansen-Roach and 27-group ENDFB-IV cross sections are found in Table 7. These results are 
given for information purposes only and are not intended as a validation of any code or cross section package. 

As can be seen by Table 7, the kgvalue for Experiment 1 is consistently calculated as being approximately 1% 
higher than the other experiments. The reason for this discrepancy is not known and was beyond the scope of this 
work. 

Table 7. Ks Values Found Using Benchmark Models 

Exp.  MCNP MCNP KENO-Va 
Number (continuous energy (continuous energy KENO-Va (27-Group 

ENDFB-V) a ENDFB-VI) (Hansen-Roach) ENDFB-IV) 
l b  I 1.0160 f 0.0006 1.0140 f 0.0006 1.0009 f 0.0017 I 1.0119 f 0.0017 
2 b  I 1.0044 f 0.0006 1.0029 f 0.0006 0.9930 f 0.0017 I 1.0026 f 0.0016 
3 I 1.0030f0.0005 I 1.0013 f0.0006 1 0.9909f0.0017 I 1.0010*0.0015 1 

6 - 9  I 1.0036 f 0.0005 I 1.0011 f 0.0005 0.9897 f 0.0018 I 1.0001 f 0.0017 
10 1 1.0021 f 0.0005 1 1.0003 k 0.0006 0.9907 f 0.0017 I 1.0011 f 0.0016 

I 1.0050f0.0006 I 1 1.0039 f 0.0006 I 0.9904 f 0.0018 I 1.0028 f 0.0016 
a All cross sections used for ENDFB-V data were ~xxxx.50~ cross sections, except for =?F’u. For 
this isotope, the recommeded cross section, 94239.55c, was used. 

13 
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B. Spectrum calculations 

The energy of neutrons causing fission was computed with KENO-Va with 27-group ENDFB-N cross 
sections. For these arrays approximately 68% of the fissions are caused by fast neutrons, neutrons with energies 
greater than 100 keV, 23% with thermal neutrons and the balance with intermediate energy neutrons. The 
plutonium components are fairly large, approximately 3 kg each, so that, even though the arrays are fully flooded, 
these are fast spectnun assemblies. 

C. Concluding Remarks 

As part of the International Criticality Safety Benchmark Evaluation Project, a set of flooded plutonium metal 
array critical experiments were evaluated. It was found that six of the thirteen experiments were acceptable for 
validation of computer des and cross section used by nuclear criticality specialists. Three other experimentk 
remained subcritical upon full reflection and, for this reason, are not acceptable as benchmark experiments. In 
addition, the four remaining experiments were repeated experiments. Benchmark models of the six acceptable 
experiments were described, including geometry, material data, and k~values.  Using these models, &@values 
were found using two different d e s  (MCNP and KENO-Va) and four different cross section data (continuous 
energy ENDFil3-V and ENDFB-VI for MCNP, and Wen-Roach and 27-group ENDFB-IV for KENO-Va). 
These results were presented for information purposes in Section V.A. Finally, it was shown that although these 
arrays were flooded, the system was fast with respect to the fission energy spectrum. 
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