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INTRODUCTION

It has long been known that concrete
reflection can be an important factor in deter-
mining the critical state of any fissile system,
single unit or storage array. In fact, Section 5.4
of ANSI/ANS 8.7, “Guide For Nuclear Criti-
cality Safety in the Storage of Fissile Materi-
als”’[1], states,

The mass limits in the tables are also
applicable for concrete reflectors of
thicknesses up to 127mm (5 in.)....
mass limits shall be reduced to 75% of
stated values for a concrete reflector of
203mm (8 in.) and to 60% for greater
thicknesses.

Since there can be a large variation in the
chemical makeup of concrete, the reduction
factors are necessarily conservative, and may
lead to a very uneconomical storage arrange-
ment. In this case, relief is provided by the
standard by allowing for “calculations specific
to the system of interest.”

However, for the purposes of computation
the questions of the concrete makeup, and
variations in that makeup, immediately arise.
Differences in the composition of concrete and
its effects on reactivity have been documented
in the past [2,3]. As recently as 1990, the
results of a study (based on Monte Carlo com-

putations) concluded that the kg of a system,

depending on the concrete mixture selected,
could vary by as much as 24% for systems
containing interstitial concrete, and as much as
12% for systems in which concrete was used
as a reflector alone. The study goes on to con-
clude:

“Clearly, there is no substitute for cal-
culating reality, i.e., one must know the
constituents of the concrete of interest.
In studies of exiting facilities, the ana-
lyst must obtain data on the existing
concrete, preferably from physical and
chemical analyses at various depths, or
assume and verify that worst case
selections have been made.”

While it is agreed that the above statements
are true for the most part, the bounds associ-
ated with the statements, “know the constitu-
ents”, and “assume and verify worst case
selections” are not clearly defined. As such
this study was undertaken in an effort to clarify

1) the importance of the various con-
crete constituents and

2) to determine some general guidance
as to the magnitude of the reactivity
effects for the more likely fissile mate-
rial storage conditions.
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COMPARISON STUDY

Using the ONEDANT [4] discrete ordi-
nates code and the Hansen Roach 16 group
cross section set [5], the neutron reflection and
absorption behavior of eight different mixtures
of concrete were compared. The concrete mix-
tures are listed in Table I in descending order
of water content along with their reference
sources.

Table I: Concrete Mixtures
Mixture % Water Reference
Hanford 109 | 6 |
Ordinary 9.38 7
Regular 8.94 8
Rocky Flats 6.70 8
Oak Ridge 5.53 8
NBS2 5.00 9
Los Alamos 4.05 10
Magnuson 297 8

a. National Bureau of Standards

Table II shows the elemental components
of each of these mixtures by weight percent.
Examination of the table reveals that it is pos-
sible to categorize the mixtures into two basic
sets, lime based, characterized by high calcium
content, and silica based, characterized by high
silicon content.

Figure 1 is a comparison of the fraction of
neutrons absorbed and reflected as a function
of reflector thickness. The results were
obtained using a fixed neutron source incident
on the left hand boundary of the media. The
source was uniform, isotropic, and had the fis-
sion energy spectrum of U-235.

For concrete thicknesses below approxi-

mately 25 cm (~10 inches) it is difficult to dis-
cern any type of pattern in either the
absorption or reflection curves. However, for
thicknesses greater than 25 cm, it is possible to
make several conclusions,

1) the higher the water content, the
greater the absorption fraction of the
neutron population,

2) generally speaking the lower the
water content, the more effective the
mixture is as a reflector,

3) at 70 cm the neutron transmission
for all of the mixtures is below 2% of
the incident population,

4) 50 cm is essentially an infinite
reflector thickness for each of the mix-
tures.

Despite the fact that these curves appear to
form a distinctive pattern based on the water
content alone, drawing conclusions about the
general reactivity effects of the different mix-
tures is not possible with this information
alone. Clearly, knowing the total fraction of
neutrons reflected without any indication of
potential differences in the spectral pattern,
could lead to false conclusions.

In order to determine the reactivity differ-
ences, ONEDANT was again used. However,
the curves of Figure 1 suggested that a differ-
ent approach be taken in order to get at the
desired result. Searches to determine the criti-
cal slab thicknesses for U(100) metal at 19.05
g/cc, and for a 40 g/l U(100) metal-water mix-
ture were performed with the Hanford mixture
(highest water content) as the reflector. Once
these values had been determined as a function
of reflector thickness, the Hanford concrete
was simply replaced by the other seven mix-
tures (one at a time, of course) and a simple
eigenvalue calculation was performed. The



Table II: Concrete Mixtures by Weight Percent

Han Ord Reg RF OR | NBS LA Mag

pgiec | 235 | 237 | 230 | 2321 | 22994 | 235 | 225 | 2147
 H [ 123] 105] 10| 0.75] 06187 0.56 | 0.453] 0.3319
C 321 552| 17.52 10.53

N 0.02

0 513 | 46.54| 532| 4849 41.02| 4956| 5126| 49.94
Na 02| 049 29| 063] 00271 171] 1.527| 0.1411
Mg 13 1.00 125| 3261 024 9.420
Al 64 1.39 34| 217| 1083 456| 3555 0.7859
Si 256 | 1188 334 155| 3.448| 31.35| 36036| 4210

S 0.19 0.12 0.2483
Cl 0.0523
K 12 137 | 0.1138 1.92 0.9445
Ca 74| 3254 44| 230| 3213 826| 5791| 22.63
Ti 0.10 0.1488
Mn 0.0512
Fe 53] 077 1.4 101 | 0.7784 122| 1378| 05595
Total 99.03 | 98.87| 100.0| 1000| 1000| 99.50| 100.0 | 99.9935

results of this comparison are shown graphi-
cally in Figures 2 and 3.

Confirmation of the previous [2] and dra-
matic differences in the calculated k-effectives
is afforded by both of these figures, with the
difference being as much as 8% (Los Alamos
vs. Hanford) in the case the of a metal slab,
and as much as 9% (Magnuson vs. Hanford) in
the case of the solution slab.

The shift in the identity of the most effec-
tive reflector is due to the differences in the
energy spectra of the incident neutrons and in
the two concrete mixtures. As the comparisons
of Figures 4 and 5 show, there is no significant
difference in the total absorption between

these two mixtures in either casel. Conse-
quently, the shift is likely due to differences in
the reflected neutron spectra. In the case of the

metal slab the Los Alamos mixture is a more
effective moderator, leading eventually to a
greater thermal neutron return than the Magnu-
son is able to produce. In the case of the solu-
tion slab since the energy spectrum of the
neutrons entering the concrete is softer, the
Magnuson mixture with its relatively high car-
bon content, is a more efficient thermal neu-
tron reflector.

The second and more important item to note
about these figures, is that eventually it is
established that the drier mixtures are the more
effective reflectors. While it is difficult and
possibly dangerous to generalize below ~35
cm, it is clear that above 35 centimeters,
regardless of the other constituents within the

1. The small deviation in the thick reflector region
of Figure 5, results in a difference in transmis-
sion, not reflection
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Figure 1. Absorption and reflection comparison
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Figure 2. k-effective comparison for various concrete mixtures acting as a
reflector for a U(100) metal slab.
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Figure 3. k-effective comparison for various concrete mixtures acting as a
reflector for a 40 g/1 U(100) metal-water solution slab
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Figure 5. Absorption Comparison For Concrete Reflecting a 40 g/l U(100) Solution Slab




concrete, that the water content controls the
reactivity contribution of the mixture. After
all, examination of Table II shows that the Los
Alamos and Magnuson mixtures differ greatly
in their compositional makeup, yet produce
very similar calculational results. This is also
born out by comparing the Los Alamos and
Regular mixtures of Table II. These two mix-
tures are essentially identical with the excep-
tion that the Regular mixture has slightly more
than twice the water content, yet their reactiv-
ity contributions differ greatly. This is not to
say that the other components are unimportant
(since they provide a large degree of the
absorption) but that their identities, i.e.
whether it is a silica or lime based, with or
without carbon, with or without any number of
minor constituents, is unimportant for these
thicknesses.

APPLICATION OF RESULTS

These results suggest that there may be
conditions under which the requirement of
identifying all of the material constituents of a
concrete mixture may be relaxed. For vault
storage situations in which the concrete
appears as a reflector alone, conservative
results can be assured by,

1) modeling the concrete at the thick-

ness which maximizes the reactivity of

the system, i.e., 250 cm for all mix-

tures (this, of course is not additionally

conservative if the vault walls are
2 50 cm thick in reality),

2) using the most reactive concrete
mixture, in this case Magnuson,

3) varying the water (H) content to
account for credible changes in the
moisture content of the concrete with
time.

While it may be argued that the Los Alamos

mixture is slightly more reactive under some
conditions (metal storage), the difference is
inconsequential from a practical criticality
safety perspective. Furthermore, item 3) from
the list above would envelop any potential dif-
ference.

Finally, the question arises as to whether
such an approach would result in any benefit or
end up being just as conservative and uneco-
nomical in terms of storage as direct applica-

tion ANSI/ANS-8.7 [1] itself. Considering the

magnitude of the differences as seen in Figures
2 and 3 of the previous section, this is not an
unreasonable question. However, those results,
because of the slab geometry of the fissile
material, maximized the effects of and there-
fore the differences in the concrete mixtures.
This geometric model is unrealistic for most
vault storage conditions in which discrete
items are stored with some type of spacing
arrangement. Intuitively, the impact on reactiv-
ity of a concrete reflector, will be less for items
that present smaller solid angles to the con-
crete face.

To illustrate consider the results shown in
Table I1I that were generated by KENO V.a for
a mock storage vault. The vault model con-
sisted of 6.1 x 3.7 x 3.1 meter volume in which
20 Kg U(100) metal spheres were placed in the
geometric center of 70 cm cubic cells along all
of the interior walls. The total vault load was
then140 items. The vaults walls, floor, and
ceiling were each 70cm thick. For this portion
of the study, only three mixtures, Hanford, Los
Alamos and Magnuson were used. As the pre-
vious results suggested, the reactivity differ-
ence would be maximized by comparing the
Hanford and Los Alamos mixtures. Magnuson
was included to show that, indeed, the differ-
ences between the Los Alamos and Magnuson
mixtures is inconsequential in practicality.

The results do show that reactivity differ-
ence in a realistic storage situation due to dif-




ferences in the concrete mixtures is much
smaller. These results also point out, for the
same load per location, that the difference
becomes larger as the solid angle of the objects
being stored increases, but that this rise is also
accompanied by a subsequent decrease in the
k-effective of the system.

Clearly, under these circumstances,
defaulting to the most reactive concrete mix-
ture, would not lead to an inordinate reduction
in the allowable mass storage limits.

Table ITI: Mock Vault Results: 20 Kg/location

k-effective?
Density | Hanford LA Mag
Full® 0.89 0.92 092
172 0.70 0.75 0.74
1/4 0.63 0.70 0.68
a. All standard deviations ~0.003
b. 19.05 g/cc

In conclusion, it should be strongly pointed
out, that these results only apply to concrete as
a reflector. These results are not applicable to
situations in which concrete appears as an
interstitial moderator, e.g., the use of concrete
storage bins, or in the case of “vault pairs”, as
defined in ANSI/ANS-8.7 [1]. Obviously in
such a situation, the reactivity affects of the
different mixtures becomes much more com-
plex.
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