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 Why such a study?
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Clayton’s study on anomalies of nuclear criticality (1979)

Early in the past, the mixing effect has been well known.
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Main conclusion of previous studies

According to previous studies, the following parameters have an impact
on reactivity of mixed array:

= Neutron spectrum,

= Shape of fissile medium,

= Interstitial moderation,

= Structural materials.

But, in most storage in facilities, the packages (or fissile units) are very
different:
= The content (metal, oxide, moderated...),
= The shape of the containment vessel (safe or unsafe geometry),
» The packaging materials (neutron poison...).

=» In such configuration, it is not possible to conclude
easily and quickly on mixing effect.
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Reason of this study

Keff with different estimators
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Is It possible to use these outputs

to predict mixing effect?
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» Description of the calculation model
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Calculation model
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 Parameters studied:

e Part 1: fissile medium
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Part 1: fissile medium / description of fissile media

Name Physical Moderator Isotopic Mass Configuration
form composition | U+Pu () studied
Pu-mod Metal Water 100 % 23°Pu 461
oh Both
- 2 05 235
U-mod Metal (d=0.96) 4 % >3>U
Oxide Water
- * 04 235
UO,-wet_A (d=3.5) (10WtHh) 26 % +°U .
Oxide .
- 04 235
UO,-dry_A (d=max) None 24 % >>>U No limit
Oxide Water
_ *% 05 235
DOrEL Il (d=3.5) (10wt%) 15.5% U Interstitial
Uo,-dry v | Oxide None 11.5 % 2350 moderation
(d=max)
* Air ** Interstitial Moderation
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Keff for non-mixed configuration ~ 0.950

All usual penalizing hypothesis are considered
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Part 1: fissile medium 7/ results

Result = Keff _mixed _units_AB - Max (Keff _unit_A, Keff_unit_B)

Air between fissile media
Name Pu-mod U-mod UO,-wet_A [ UO,-dry_A
Pu-mod 0 - - -
U-mod 0.5% 0 - -
UO,-wet_A 1.4% 0 -
Interstitial moderation between fissile media
Name Pu-mod U-mod UO,-wet_IM UO,-dry_IM
Pu-mod 0 - - -
U-mod 0.5% 0 - -
UO,-wet_IM 1.0% -0.6% 0 -
UO,-dry_IM 1.0% -0.3% 0.1% 0
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Part 1: fissile medium / analysis of results

For part 1, the fission rates
could explain mixing effects

But, this output does not correspond
to usual outputs, requires new calculations and is
complicated to interpret
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Part 1: fissile medium / analysis of results

EALF % thermal |% thermal % Mean energy of
Name (eV)* neutron in | neutron | thermal collision in the
all media**| in FM fission*** | interstitial area (eV)

Pu-mod 0.059 42% 32% Q7% 1.5
U-mod 0.2 35% 20% 87% 2.7
UO,-wet_A 8 24% 4.6% 56% 34
UO,-dry_A 1230 20% 0.85% 30% 140
UO,-wet_IM 0.75 40% 8.7% 77% 1.1
UO,-dry_IM 7.4 41% 3.7% 65% 1.1

* Energy corresponding to Average Lethargy of neutrons causing Fission.
** Fraction of neutron with an energy lower than 4 eV in the whole model.
*** Eraction of fission due to neutron with an energy lower than 4 eV.

2 Indicators seem to predict mixing effect for part 1:
% thermal neutron in all media
 Mean energy of collision in the interstitial area

IRSH
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 Parameters studied:

e Part 2: geometry of the containment vessel
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Part 2: geometry / description of fissile media

Name Diameter | Height Isotopic_: Mass Configu_ration
(cm) (cm) composition U+Pu (g) studied
Pu-mod_D8.5 A 8.5 120 100 % 239Py 1614 Air
Pu-mod_D12 12 120 100 % 23°Pu 461 Both
Pu-mod_H60 17 60 100 % 23°Pu 373 Both
Pu-mod_D17 17 120 A 883 Both
Pu-mod D8.5 IM | 8.5 120 100 % 9Py 1396 Interstitial
moderation
UO,-dry D12 A 12 120 24 % 2354
UO,-dry_H60_A 17 60 23.8 % 235U Air
UO,-dry D17 A 17 120 13.2 % 2351
UO,-dry D24 A | 24 | 120 | 9.1%%%U No limit
UO,-dry D12_IM 12 120 11.5 % 235U
UO,-dry_H60_IM 17 60 18.5 % 2351 Interstitial
UO,-dry D17 _IM 17 120 5 % 235U moderation
UO,-dry D24_IM | 24 | 120 | 3.2% 25U
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Part 2: geometry / results

Air between fissile media

N Pu-mod UO,-dry
p8.5 | D12 | H60 | D17 | D12 | He0 | D17 | D24 |

D8.5 | O

D12 | 1.1% | O

H60 | 1.7% | 0.2% | O

D17 | 2% | 0.1% | 0.1% | o©

Pu-mod

0.1% 0
0.3% | 0.5% 0
0.8% | 1% | 0.2% 0

High effect for mixed array of moderated and dry units.
No/limited mixing effect for array with only moderated or dry units

= Mixing effect only due to geometry is not observed.
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Part 2: geometry / results

Contrary to part 1, there is still a mixing effect in some cases when

NCSD 2017 - Which parameters might help to predict an impact on reactivity for mixed fissile units in a storage array?

Interstitial moderation between fissile media
Pu-mod UO,-dry
Name
D8.5 | D12 | H6O | D17 | D12 | H60
D8.5 0
©
g D12 0.5% 0
C:'Ls H60 1% | 0.2% 0
D17 1.6% | 0.1% | 0.1% 0
D12 | -0.9% 1% 2% 3.9% 0
>
S [ Heo | 0.1% [2.8% [3.4% | 8% | ov | o
E): D17 | -0.5% | 0.7% | 1.4% | 3.3% 0% |-0.1% 0
=--0.1% 0.7% | 1.2% 2% 0.1% | -0.2% | -0.2%

Interstitial moderation is considered between units.

IRSH



Part 2: geometry / analysis of results

0,
EALF . thgrmal % thermal | % thermal Mea_n _ene_rgy of
Name (V) flux in all flux in EM fission collision in the
media interstitial area (eV)
Pu-mod D8.5 A 0.24 31% 11% 88% 5.3

Pu-mod D8.5 IM| 0.18 40% 13% 90% 1.8
UO,-dry D12 A | 1230 20% 0.85% 30% 140
UO,-dry H60 A | 1850 220 0.73% 25% 410
UO,-dry D17 A | 1560 18% 0.88% 21% 530
UO,-dry D24 A | 3310 17% 0.72% 16% 1000
UO,-dry D12 IM| 7.5 41% 3.7% 65% 1.1
UO,-dry H60 IM | 68 38% 1.7% 50% 1.2
UO,-dry D17 IM| 5.9 42% 5% 67% 1.0
UO,-dry D24 IM| 8.3 41% 5.2% 66% 1.0

Based on these spectrum indicators, it is possible to classify units
which explain the presence or absence of mixing effect.

But, indicators of part 1 do not explain part 2 results.
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 Parameters studied:

e Part 3: structural material
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Part 3: structural material 7/ fissile media

Name Structural material colr?:;[gspi)ic(i:on U+NF|,?JSS&9) Cor;i;iggir:dtion

PuO,-mod-No - 100 % 23°Pu 461

PuO,-mod-steel Stainless steel (0.5 cm) 100 % 23°Pu 604 _
PuO,-mod-poison | Colemanite concrete (2 cm) | 100 % %3°Pu 13911 Al

P00, mod-CH, 0%y | el

UO,-dry-No_A - 24 % 235U _
UO,-dry-steel A Stainless steel 30 % 23°U Al
UO,-dry -poison | Colemanite concrete (2 cm) 61 % 23°U

No limit Air

U0,y <, 19.25 % 70

UO,-dry-No_IM - 11.5 % 235U Interstitial
UO,-dry-steel_IM Stainless steel (0.5 cm) 26.25 % 2354 moderation

Keff for non-mixed configuration ~ 0.950

All usual penalizing hypothesis are considered
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Part 3: structural material /7 results

Air between fissile media

Name PuO,-mod UO,-dry
No Steel | Poison CH, No A | Steel A | Poison [BNez%
. No 0
g‘\"g Steel -0.6% 0
= Poison
0
> No A 14% 0
= Steel A 0.1% 0
o -0.4% -0.8% 0 |
> 9.5% | 55% [ 6.8% [ 0
Interstitial moderation between fissile media
Name PuO,-mod UO,-dry
No Steel | Poison No IM | Steel IM [ Poison
UO,-dry No IM 1% 0.6% 9.4% 0 -0.5%
UO,-dry Steel IM | 2.3% 2.6% 8.2% -0.5% 0

Steel has a limited effect compared to no material.
The presence of neutron poison leads to a negative mixing effect.

Hydrogenated material may lead to a high positive mixing effect.

IRSH
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Part 3: structural material / analysis of results

eaLp | othermal o o rmal | % thermal | Mean energy of
Name (eV) flux In all flux in EM fission . coII|_3|.on in the
media interstitial area (eV)

PuO,-mod-No 0.059 42% 32% 97% 1.5
PuO,-mod-steel 0.072 36% 27% 97% 2.6
PuO,-mod-poison 9.2 20% 4.4% 56% 81
0.059 56% 31% 97% 0.93
UO,-dry-No A 1240 20% 0.86% 30% 140
UO,-dry-steel A 4250 21% 0.59% 23% 68
UO,-dry -poison 98200 19% 0.07% 1.6% 210
m 32.7 47% 2.5% AT% 1.2
UO,-dry-No IM 7.5 41% 3.7% 65% 1.1
UO,-dry-steel IM 232 33% 1.3% 41% 1.7

Few differences in spectra indicators between steel and no material.

No spectrum indicators could predict alone a mixing effect.

When air is present between fissile units, indicators of part 1 seem
good predictors of “mixing effects™
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Conclusion

Mixing effect only due to geometry is not observed.

Interstitial moderation between fissile media does not nullify
mixing effect.

Based on a comparison of several spectrum indicators, it
seems possible to predict mixing effect.
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Conclusion

But, no spectrum indicators, present in the usual output results of
CRISTAL V1.2, could predict alone the mixing effect.

Another spectrum parameter which provides indication on the
energy of neutron in the interstitial area could be tested.

Such indicators are not easily accessible in usual results from
APOLLO2-MORET 4 (CRISTAL V1.2 package) but are directly
accessible in results files of new APOLLO2-MORET 5 (CRISTAL V2
package).
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Thank you for your attention

Question?
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