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ABSTRACT 

Moving spent nuclear fuel between facili
ties often requires the use of lead-shielded 
casks. Criticality safety that is based upon 
calculations requires experimental validation of 
the fuel matrix and lead cross section libraries. 
A series of critical experiments using a high-
enriched uranium-aluminum fuel element with 
a variety of reflectors, including lead, has been 
identified. Twenty-one configurations were 
evaluated in this study. The fuel element was 

, modelled for KENO V.a and MCNP 4a using 
various cross section sets. 

The experiments addressed in this report 
can be used to validate lead-reflected calcula
tions. Factors influencing calculated k^ which 
require further study include diameters of 
styrofoam inserts and homogenization. 

INTRODUCTION 

Lockheed Martin Idaho Technologies 
(LMIT) transfers spent nuclear fuel at the 
Idaho Chemical Processing Plant using lead-
shielded shipping casks. Since lead reflection 
can increase the reactivity of a system, it is 
important to be able to model this effect with 
the criticality codes used. Experiments have 
been identified which allow for the isolation of 
effects associated with lead cross sections, and 
for the validation of lead cross sections from 
libraries commonly used with KENO and 
MCNP. 

A series of experiments using the High 
Flux Isotope Reactor element for Critical 

Experiment 3 (HFTRCE-3) was carried out in 
1965 at Oak Ridge National Laboratory 
(ORNL)[l]. The critical experiments included 
fourteen with water reflection, and seven with 
water and lead reflection[2]. 

The HFIRCE-3 element is highly enriched 
uranium, in the form of a uranium-aluminum 
cermet with aluminum cladding. The system 
was water-moderated and water-reflected. 
Criticality was attained by varying either the 
insertion of a safety rod or the moderator-
reflector water height. 

DISCUSSION 
Description of Experiment 

The assembled HFIRCE-3 element had a 
diameter of 43.5 cm and was 98.1 cm in 
height. Figure 1 shows radial and axial cross 
sections of the element, as it was oriented for 
a particular lead-reflected experiment. The 
element consists of two concentric fuel annuli. 
The annuli are connected with assembly hard
ware constructed of type 6061 aluminum (Al-
6061), which included inner and outer 
mounting plates, a target array support, and a 
support ring. 

Without the assembly hardware,. the 
HFIRCE-3 element consists of side plates and 
fuel plates, with a height of 94.46 cm. All side 
plates were constructed of Al-6061. Side 
plates are comprised of two parts, a fuel plate 
slot 60.96 cm in length adjacent to and the 
same length as the fuel plates, and another 
longer plate that extends past both ends of the 
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Figure 1. Example of Experiment Setup 
** Adaptedfrom Ref. 2,p.2S2, Experiment 384 ** 

fuel plates. The fuel plate slot portion has full 
length grooves equally spaced and parallel to 
the element vertical centerline, to accommo
date the fuel plates. The innermost and out
ermost side plates are 94.46 cm in length, 
extending 3.02 cm below the fuel plates. The 

adjoining side plates between the two annuli 
are separated by a coolant channel 0.84 cm 
wide. These interior side plates are 66.04 cm 
in length and extend 2.54 cm past the ends of 
the fuel plates. The equal spacing of the side 
plates grooves produces water channels be
tween fuel plates with equal thickness, for a 
water volume fraction of 0.5 within each 
annulus. General specifications for each fuel 
annulus are given in Table I. 

Table L Fuel Element Specifications 
Liner 

Annulus 
Outer 

Annulus 

Liner diameter 12.87 cm 28.58 cm 

Inner side plate thickness 0.478 cm 0.630 cm 

Radial inner edge cladding 0.152 cm 0.152 cm 

Radial outer edge cladding 0.155 cm 0207 cm 

Outer side plate thickness 0.649 cm 0.556 cm 

Outer diameter 26.90 cm 43.50 cm 

Number of fuel plates 171 369 

Eat fuel plate width 8.997 cm 8.138 cm 

Fuel plate active width 7.950 cm 7214 cm 

Total ^ U 2.596 kg 6.804 kg 

Flat fuel plates are shown in Figure 2. The 
fuel plates are 60.96 cm in length, including 
5.08 cm cladding on both ends and an active 
fuel portion of 50.8 cm. The fuel plates have 
a 0.076 cm fuel core, clad with 0.023 cm of 
Al-6061 on the outer edges and 0.0025 cm of 
type 1100 aluminum (Al-1100) closest to the 
fuel core, for a total plate thickness of 0.127 
cm. The fuel plate edges beyond the active 
fuel portion, called the edge cladding, consist 
of 0.066 cm Al-6061 sandwiched between 
0.0051 cm of Alr1100, with ordinary cladding. 
Axial edge cladding is 5.08 cm in length at 
both ends. Once the fuel plates were fit into 
the side plates, radial regions of edge cladding 
remained. Dimensions for radial edge cladding 
are given in Table L 
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Figure 2. Element Flat Fuel Plates 

** top view, cms S*C£OHI 

The fuel core has two parts, the fuel sec
tion and filler section. The fuel section 
contains the fuel meat: uranium enriched to 

• 93*7,, 73SUt in the form of a U 3 0 g / Al cermet. 
An inner annulus fuel plate has 15.18 g of 
735U, while an outer annulus plate had 18.44 g 
of ^U . The filler section of an inner annulus 
plate has 0.0124 g 10B in the form of natural 
B4C, mixed with Al-1100 powder. An outer 
annulus plate filler section consists of Al-1100 
only. The fuel core has a total internal void 
fraction of 0.025 to 0.030. 

The experiments were performed in a 
stainless steel tank; 152.4 cm in diameter and 
223.5 cm in height. The element was placed 
on an aluminum support cylinder in the center 
of the tank, to create an effectively infinite 
reflector on the element sides and bottom. An 
annular safety cylinder of outer diameter 12.38 
cm, consisting of 0.063 cm cadmium clad with 

0.079 cm stainless steel, was inserted in the 
central target region to control reactivity for 
most experiments. Reactivity was controlled 
in some other experiments by varying 
moderator-reflector water height. The cad
mium cylinder insertion and water heights 
were recorded as 0 cm when level with the 
bottom of the active fuel region, and 55.88 cm 
when level with the top of the fuel plates. 

A variety of styrofoam cylinders 60.96 cm 
long were inserted and centered radially in the. 
target region of the element during the experi
ments to simulate a void region. Diameters 
ranged from 5.556 cm to 12.065 cm. The 
styrofoam was specified as CgHjCHiCHj with 
a density of 0.024 grams/cm3. 

Experiments with reflector materials had 
an aluminum platform 1.905 x 91.4 x 96.5 cm 
placed around the base of the element to 
support reflector materials. All reflectors were 
60.96 cm in height. Most of the reflectors 
consisted of half-cylinders, which covered 
either 180° or 360°. Stainless steel 0.635 cm 
thick was placed closest to the element, fol
lowed by 0.127 cm mild steel. No specifica
tions were provided for the stainless and mild 
steels. Solid lead 10.16 cm thick was used 
next. With 360° of coverage, a 2.54 cm gap 
was present in the solid lead reflector (see 
Figure 1). Lead bricks 5.08 x 10.16 x 20.32 
cm were used to increase the lead reflection 
past 10.16 cm. These were used only for 180° 
coverage. The number of lead bricks used 
varied, with 27 or 33 bricks providing a 5.08 
cm reflector, and 72 bricks used for a 10.16 
cm reflector. The bricks were held in place by 
a thin metal band. 

Table II gives the parameters for each 
experiment, including styrofoam insert, water 
heights, cadmium cylinder insertion, and 
reflector materials. 



Table IL Critical Experiments Parameters 

Expi Styrofoam 
OJD. (cm) 

Moderator/ 
Reflector 
Ht(cm) 

Cd 
Insertion 

(cm) 

Reflector 
(displacing water 

reflector) 

381 6.51 66.85/66.0 3721 
1.905 cm steel, 

10.16 cm Pb 
cylinder, 360° 

382 6.51 67.08/66.0 34.77 381+27 Pb bricks 

383 6.51 67.16/66.0 34.44 381+33 Pb bricks 

384 6.51 66.83/66.0 3332 381+72 Pb bricks 

389 6.51 6728/66.0 42.70 
1.905 cm steel, 

10.16 cm Pb 
cylinder, 180° 

390 6.51 6734/66.0 39.17 389+33 Pb bricks 

393 6.51 66.83/66.0 37.90 389+72 Pb bricks 

310 730 66.09/66.0 44.09 water only 

311 6.51 66.09/66.0 4928 water only 

367 6.51 6632/66.0 5032 water only 
396 6.51 66.83/66.0 49.86 water only 

397 6.51 66.93/66.0 49.83 water only 

401 10.64 67.46/66.0 33.68 water only 

419 10.64 70.48/66.0 31.70 water only 
510 10.64 49.02 66.0 water only 
511 12.06 49.53 66.0 water only 

512 9.84 4933 66.0 water only 

513 8.26 50.98 66.0 water only 

514 730 52.91 66.0 water only 

515 6.51 55.73 66.0 water only 

516 5.56 5839 66.0 water only 

Data Sensitivities 
Some experimental data was not specified 

in any sources. These parameters include: 
• Aluminum alloy compositions 
• Tank wall thickness 
• Tank surroundings 
• Aluminum support cylinder dimensions 
• Styrofoam cylinder axial placement 
• Cadmium safety cylinder height 
• Stainless steel specification 

. • Mid steel specification 
• Delineation between water regions 
• Absence of platform in non-lead cases 
• Aluminum platform axial placement 
• Effect of 2.54 cni gap, 180° Pb reflector 

Other uncertainties arose due to tolerances 
specified in fabrication drawings, and impor
tant parameters without an associated uncer
tainty. The sensitivity of the calculational 
results to these factors was assessed by run
ning cases which varied by one parameter from 
the baseline data, which is detailed in the 
Calculational Model section of this report. 
Thirty-six parameters were identified; these 
are specified in Table IE. All cases were run 
using KENQ V.a with ENDF/B-IV 27-group 
cross sections. 

To obtain a representative result, sensitiv
ity cases #1 to #30 were applied to three 
experiments, 310 and 311 (water reflector 
only), and 381 (lead reflector). Due to the 
unique setup of experiment 381, cases #31 to 
#34 could not be run for experiments 310 and 
311. Case #35 compared the results from 
experiments 401 and 419. Due to tank and 
element cleaning prior to 419, the critical rod 
insertion for these otherwise identical experi
ments varied by about 3 cm. Case #36 varied 
the styrofoam insert densities from 0.012 to 
0.028 g/cm3, using experiments 381 and 511 
to envelope the range of styrofoam diameters. 

The parameters examined in cases #5-8 
and #11-36 change k^from the baseline value 
by less than 2a, and do not have a statistically 
significant effect on the calculated results. 
Only six of the cases, #1-4, 9, and 10, consis
tently yielded values outside the 1.5a - 2a 
error band of the experiment baseline values. 
These cases occurred in pairs, cases #1-2, #3-
4, and #9-10. Each pair examined a tolerance 
which was ± per plate. The values for the "+" 
and "-" parts of a pair were opposite but of 
about equal magnitude, giving a cumulative 
effect for a pair of about zero. Since such a 
large number of plates were involved the 
effects are not statistically significant. 

The overall uncertainty associated with 
these experiments is no greater than ±0.004. 
All sensitivity cases are within this range when 
cumulative effects per plate are considered. 



Table HL Sensitivity Cases Descriptions 
1 **U mass +2% 

2 J 3 5Umass+2% 

Fabrication 

tolerances or 

drawing 

specifications 

3 Total 1 0B mass +10% 

4 Total'"B mass-10% Fabrication 

tolerances or 

drawing 

specifications 

5 Active fuel length increased 
6 Active fuel length decreased 

Fabrication 

tolerances or 

drawing 

specifications 7 Fuel plate length increased 

8 Fuel plate length decreased 

Fabrication 

tolerances or 

drawing 

specifications 

9 Cladding thickness-2% 

10 Cladding thickness+2% 

Fabrication 

tolerances or 

drawing 

specifications 

11 Fuel core void fraction, 0.02 

12 Fuel core void fraction, 0.035 

Range given 

by phone 
13 Cladding 100% Al-6061 
14 Cladding 25% Al-1100 

15 Cladding and filler Al, 100% Al 

Potential 

variations in 

parameters not 

defined or 

material 

compositions 

not specified 

in the 

experiment 
reports 

16 Tank wall thickness, 0 cm 

17 Tank water reflected 

18 Tank concrete reflected 
Potential 

variations in 

parameters not 

defined or 

material 

compositions 

not specified 

in the 

experiment 
reports 

19 Al support h t decreased 
20 Al support OD. decreased 

21 Al support solid, O.D. increased 

22 Al support wall thickness, 0 cm 

Potential 

variations in 

parameters not 

defined or 

material 

compositions 

not specified 

in the 

experiment 
reports 

23 Styrofoam axial location varied 

Potential 

variations in 

parameters not 

defined or 

material 

compositions 

not specified 

in the 

experiment 
reports 

24 Safety cylinder h t decreased 
25 Safety cylinder h t increased 

Potential 

variations in 

parameters not 

defined or 

material 

compositions 

not specified 

in the 

experiment 
reports 

26 Stainless steel type 316 

27 Stainless steel type 347 

Potential 

variations in 

parameters not 

defined or 

material 

compositions 

not specified 

in the 

experiment 
reports 28 All water at reflector h t 

29 All water at moderator h t 

Potential 

variations in 

parameters not 

defined or 

material 

compositions 

not specified 

in the 

experiment 
reports 

30 Platform present or missing 

31 Platform axial location varied 

Potential 

variations in 

parameters not 

defined or 

material 

compositions 

not specified 

in the 

experiment 
reports 

32 Mild steel 100% Fe 

33 Mild steel, ASTMA36 varied 

Potential 

variations in 

parameters not 

defined or 

material 

compositions 

not specified 

in the 

experiment 
reports 

34 Lead cylinder gap not present 

Potential 

variations in 

parameters not 

defined or 

material 

compositions 

not specified 

in the 

experiment 
reports 

35 Safety rod insertion variation No given 

uncertainty 36 Styrofoam density variation 

No given 

uncertainty 

Calculational Model 
The calculational model varied little from 

the experiment descriptions, given in Table II. 
The geometry of the fuel plates could not 

be modelled explicitly in KENO, and the large 
number of plates made modelling them explic
itly in MCNP difficult. The plate regions for 
each annulus were homogenized. Axially each 
annulus has edge cladding regions at both ends 
of the fuel plates, and radially two thin regions 
of edge cladding, on both sides of the active 
fuel. These regions have a consistent mixture 
of water and cladding, and were homogenized. 
The inner annulus active fuel area, containing 
the fuel core, cladding, and the intervening 
water channels were homogenized into one 
region. The active fuel region in the outer 
annulus was modelled similarly. 

The effect of homogenizing the fuel plate 
regions was assessed by using several TWO-
DANT calculations to model homogeneous 
and discrete fuel plate regions. Four cases 
were considered, including different combina
tions of inner and outer annulus fuel plates, 
and a case with no B4C in the inner annulus 
plates. Each used infinite rows of fuel plates 
between side plates, with top and bottom 
water reflection. For the discrete model, the 
fuel core was approximately separated into 
fuel and filler; the cladding and water were 
discrete. The situations considered showed 
that k,^ increased by about 0.005 for the 
discrete cases. 

The fuel core void volume fraction was set 
midway in the suggested range of 0.025 to 
0.030, at 0.0275. 

The lead bricks and intervening water used 
as reflector in experiments 382,383, 384,390, 
and 393 were homogenized. The instances of 
27 and 33 bricks were modelled as a half-
cylinder of the same thickness as one brick, 
5.08 cm, with the volume of bricks conserved 
and the remainder filled with water. Similarly, 
the reflector of 72 bricks and water was mod
elled as a half-cylinder 10.16 cm thick. 

The thin metal band which held the bricks 
in place was ignored. 

Most material data was specified in 
experimental data. The compositions of Al-



6061 and Al-1100 were obtained from various 
materials handbooks. The steels, which were 
not specified in experiment report, were set at 
type 304 stainless steel, and (for the mild steel) 
at ASTM A3 6, a carbon steel. Experiments 
510-515 required that the upper regions of the 
fuel plates be model without water, since the 
water height required for criticality was below 
the top of the fuel plate region. 

Calculational Results 
The codes used were the KENO V.a 

module from SCALE 4.0 and MCNP 4a. 
KENO was run stand-alone with the Hansen-
Roach 16-group cross section library, and with 
CSAS25 for the ENDF/B-IV 27- and 218-
group, and GAM & THERMOS 123-group 
cross section sets. MCNP calculations used 
the ENDF/B-V continuous energy cross sec
tion library. 

Calculational results for all experiments 
considered are shown in Figure 3. A cursory 
examination of this graph indicates several 
trends in the calculated results. 

The results are on the order of 1.02 for the 
Hansen-Roach/KENO calculations, and 1.04 
for the SCALE/KENO and MCNP calcula
tions, with l c on the order of 0.002 for all 
calculations. 
• There is a pattern to .the lead experiments 

results. Experiments 381-384 all included 
the full 10.16 cm lead cylinder, while 389, 
390, and 393 had only a lead'half-cylinder. 
Each of the 180° lead reflector experiments 
had a corresponding 360° experiment with 
the same amount of lead bricks. Comparing 
the calculated Xff for each pair of experi
ments across all cross sections sets shows an 
average decrease in k^ of 0.005 when 
decreasing lead reflection from 360° to 180° 
of coverage. 

• With the exception of the Hansen-Roach 
runs, the calculated k^s for the lead-re
flected experiments are higher than those 
without lead reflection. The results from the 

Hansen-Roach calculations show that the 
kjgS for the lead-reflected experiments are in 
the same range as those for the non-lead. 

• Experiments 510 to 516 had no lead, with 
the styrofoam insert diameter varied from 
5.56 to 12.06 cm. The experiment with the 
largest diameter, 511, has the smallest calcu
lated k^ of the seven experiments, while 515 
and 516, with the smallest diameters, have 
the largest Ic^. Comparing the results for 
510 and 512-516 with 511 shows that the 
average difference in le^is: 

510 - 511 (O.D. = 10.64 cm) 0.008 
512-511(O.D. = 9.84cm) 0.009 . 
513-511(O.D. = 8.26cm) 0.012 
514-511(O.D. = 7.30cm) 0.015 
515-511(O.D. = 6.51cm) 0.019 
516-511(OJX = 5.56cm) 0.018 

• The results for the lead-reflected and non-
lead experiments can be reconsidered in light 
of the styrofoam diameter reactivity depen
dence. The lead-reflected experiments all 
used the same styrofoam cylinder, with a 
diameter of 6.51 cm Four experiments 
without lead reflection (311,367, 396, 397) 
also used the same styrofoam insert. The 
lead and non-lead results for each cross 
section set were compared by averaging the 
seven lead-reflected experiments k ^ and 
then the kjgs for the non-lead experiments. 
For Hansen-Roach, the increase in k^ for 
the lead experiments was not statistically 
significant, at 0.001. For the remaining 
KENO and MCNP. results, the increase in 
kjg- from the non-lead to the lead-reflected 
experiments was significant, at 0.007. 

• All cross section sets show a decrease in k^ 
when comparing results for experiments 
having small styrofoam diameters (310, 311, 
367, 396, 397) with those for experiments 
having large styrofoam diameters (401 and 
419). This was expected due to the styro
foam diameter dependence of calculated k^. 

• When comparing results from the styrofoam 
diameter variation experiments (510-516) 



Figure 3. Calculated Results 
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with those of the same diameters and no lead 
reflection, there is generally a slight increase in 
calculated k^ Experiments 510-516 have the 
cadmium cylinder fully withdrawn, at 15.24 
cm above the element active fuel portion. The 
other experiments achieved criticality by 
cadmium rod insertion, and insertion height 
varied from 31.75 to 50.3 cm. Although it 
was previously stated that change in k^ due to 
the tank and element cleaning was not statisti
cally significant to the results, the decrease of 
0.002 should be applied for isolation of the 
cadmium insertion effect. This shows that 
experiments 311, 367, 396, and 397, with the 
cadmium insertion at about 50.3 cm, exhibit an 
average increase in k^ of 0.001 when com
pared to the cadmium rod withdrawn, which is 
not statistically significant. However with the 
cadmium cylinder inserted 43.18 to 31.75 cm 
(experiments 310,401,419), the k^ is increas
ed significantly, by 0.004 to 0.005 over experi
ments without the cadmium rod inserted. 

CONCLUSIONS 

The HFIRCE-3 element experiments 
considered in this report can be used for lead 
cross section validation. The results for the 
lead experiments using 27- and 218-group 
ENDF/B-IV, 123-group GAM & THERMOS, 
and ENDF/B-V continuous energy cross 
sections exhibit a consistent increase in k^ 
over those experiments with no lead reflection. 
On average, the Hansen-Roach lead experi
ments results are only slightly higher than 
those without lead reflection. 

The parameters examined for sensitivity 
showed no significant effects. Only changing 
^ U mass, 1 0B mass, or fuel plate cladding 
thickness impacted calculated k^. However, 
since the tolerances were specified on a per-
plate basis and there are 540 plates in the 
HFTRCE-3 element, the overall effect is 
deemed not statistically significant. 

Lead experiments with 360° of solid lead 
reflector have a calculated k^ 0.5% Ak greater 



than similar experiments with the same number 
of lead bricks but only a 180° lead reflector. 

As the styrofoam void cylinder diameter 
for experiments 510 to 516 decreases from 
12.065 cm to 5.556 cm, the calculated k^ 
increases about 2% Ak. 

Two factors with small but consistent 
effects were observed. The tank and 
HFIRCE-3 element cleaning prior to experi
ment 419 resulted in a slight decrease in calcu
lated reactivity of 0.2% Ak, about lo\ Also, 
when the cadmium safety cylinder was inserted 
at least 7 cm in the target region of the ele
ment, the calculated reactivity increased by up 
to 0.5% Ak over cases without the cadmium 
rod inserted. 

A cursory examination of the effects of 
homogenization of the fuel plates on the re
sults showed that discrete models of the fuel 
plates yielded a higher k^ than the homoge
nous models, by about 0.5% Ak. 

Further study of the calculational model is 
needed. One area to consider is the effect on 
calculated results induced by the various 
styrofoam cylinder diameters would be useful, 
since this parameter seemed to have the largest 
impact on calculated k^. The effects from 
homogenization of the fuel plates, particularly 
from the fuel meat and poison distribution, and 
brick reflector regions also should be exam
ined more closely. Explicit Monte Carlo 
models may be more enlightening than the 
deterministic models used for this report. 
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