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How Can a Potential Moderation and/or Reflexion of the Neutrons between
the Fuel Units Be Modelled to Give the Maximum of the k-eff -

No Equivalence between a Water Layer and a Mist

C. LAVARENNE'*, A. COSSENET 2, N. LECLAIRE'

11RSN, BP] 7 92 262 Fontenay aux Roses, France

2 Consort Technologies - 159 avenue Charles de Gaulle - 92200 Neuilly sur Seine, France

This article points out the problem of "how can a potential moderation and/or reflexion of the neutrons between
the fuel units be modelled to give the maximum of the k-effective". It proves that there can be some very
important differences in k-effective between the two types of model. If only one type of model is used in a
criticality study, the maximum of the k-effective can be under-estimated by more than 9 in Akff, especially
when there are some important absorptions and/or leakages of the neutrons in the system.

KEYWORDS. criticality study, reflexion, moderation, mist, water layer

1. Introduction (borated steel or borated concrete) are placed every 2
or 3 rows.

In criticality studies, it is usual to model a device The configuration is presented on the following
without representing its exact environment. Then (1) graph.
the reflexion of the neutrons by the surrounding
environment is usually taken into account with a water conirete
layer 2 a potential moderator between the fissile
units (e.g. water flooding, operations of fire men,
presence of moderating materials, ... ) is considered by ------ ----
the mean of a mist or a water layer around the device. Half thickness

Actually, there is not special reason to Air or of the

preferentially model the reflexion or the potential mist absorbent stab

moderation with a mist or a water layer.
+1 A� +1This article shows that, for different realistic . . .......

configurations, there is no equivalence between a
water layer and a mist; moreover, the difference in
Akfrcan reach 9.

Therefore, it seems necessary to understand in co*rete
which situation a mist or a water layer should be used. Fissile basket

medium
2. Differences observed (83 x 83 W11

This paragraph presents 3 different criticality I goo MM) De [30,501 cm
studies with U-Al plates, MOX fuel rods, Pu239 fuels
for which an important difference between the two Fig.1 Storage of U-Al plates.
types of model was observed.

Calculations were performed with CRISTAL The distance between the different rows of fissile
package ), APOLL02-MORET4 codes. Mhen no units, the thickness of the neutron absorbers can vary.
value is given, the standard deviation in the Monte
Carlo code was set to 02%. The results obtained are given in table 1; the values

of keff are obtained for the water density in the mist
2.1 Case 1, storage of U-Al plates (dm) or for the water layer thickness (eL) leading to the

This case corresponds to a storage. It is modelled as maximum values. The moderation ratio (Xf,,,) varies
an infinite array of units, reflected on the top and the (ratio between the water thickness in the fissile
bottom by 60 cm of concrete. medium and the thickness of the U-Al Plate) in order

The fissile medium is U-Al with 26% of Uranium to determine the maximum k-effective.
(uranium 93% enriched); it has a section of
83x83x]900mrn' and the basket (not modelled) is
9Ox9Ox 1 920 mm'. Slabs containing neutron absorber
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Table I Values obtained for a thickness of the Table 2 Values obtained for an increasing
neutron absorber (borated stainless steel) equal to thickness of the borated stainless steel stabs (e,,.b,)

3 mm.
Borated Water layer Mist Ak D ejb� kfrmaximum(cr<l00pcm) Ak

stainless steel (mm) km (km-kL) (km-kL)
every 3 rows kL k,

kL % (eL in mm)

1.2214 11273Distance (D) 1.1201 1.1537
0 Xr,, = 0 14 M 12 AA60/between fuel X%, = 0 12 Xfl. - . +3.4%

mm
units 29.3 cm eL = mm 0?4 Om eL = dm 0,93

0.9276 0.9469
Distance (D) 0.9276 O�W 3

Xn.. = 0 12 xfw*�0.10:
between fuel Xr.. = . 2 O�W +1.9% 39.3 mm

eL = 10 4m 
units 29.3 cm eL= 10 ��AO6 cm 0.8491

10Distance (D) 0.7958 0.7949 X,, 0 14

between ftiel Xr. 0.15 Xfb.= .11 -0.090/0 mm eL 10

units 29.3 cm eL 15 d, 0.04
0.7948

Distance (D) 0.6744 4 Xr. = 0 16
between fuel X&I = 009 -3.1% cm

eL = 5
units 59.3 cm MRS, dm =0.04

eslabs

The values obtained with 4 cm of borated concrete Water layer Mist

leads to a higher Ak (D=29.3 cm) of 9.7%. OM ' A9047
0 X -01

Table I shows that: &i7 4 +0.07%
mm- when the distance between the fuel units is small, ei� 10 dm OMi i.

the mist leads to greater values of k-effective, 0.6744
- when the distance between the fuel units increases, 3

the differences in k-effective decrease; the two 59.3 Xr.. = 0.09 -3.1%
models are equivalent for a distance D of 50 cm, dm = 04

- when the distance between the fuel units is cm 0.6178
important, the water layer leads to greater values 10
of k-effective. Xr.' 0. 0 -5%

mm d, 0.06

Next table gives the results of the calculations when

the distance D is given 2 extreme values of D are 4 0.5961
studied) with various thicknesses of the neutron- Xfi,,= 0.08 -4.5%
absorbing slabs. cm d, 0.06

The results obtained show that the differences in k-
effective between the two models increase with the
borated slabs thickness; moreover, a saturation of this
effect can be observed (here for a slab thickness
around I cm).
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2.2 Case 2 storage of MOX fuel rods
Table 3 Results obtained for MOX rods storage

This case corresponds to the storage of MOX fuel Water layer Mist
rods in normal and accidental conditions.

The model of the storage consists in 10 units, each Thickness keff Water kff
containing 3 columns; between each unit there is a

concrete wall of 30 cm and, between each column of mm a < 200 pcm density c < 200 pcin
the units, there is a wall of 28.5 cm (consisting in PPB,
neutrons absorber). Each column has 21 plates placed
one above the other (vertical distance of 17 cm). There 5 0.7482 0 0,5705

are 32 rods on each plate and the distance between the

pins is 1.5 cm. The geometrical configuration is 10 0.84955 O'l 0,8560
presented on the next figure.

concrete
1 5 0.8835 0,2 0,9698

20 0.8941 0,25 0,9832... .. .. .. ...

25 0.8914 0,3 0,9700

30 0.8598 0,4 0,9 I 90
-------- --- ------

Therefore, as in the previous case, there is a great
difference in k-effective between a model with a water
layer or with a mist. The choice of the model to
represent a potential moderation can lead here to a
k-effective under-estimation of at least 89%.

2.3 Case 3 Pu metal Storage

Two types of configurations have been modelled
here:

case 3 I., the fissile medium is a metallic sphere of

AZ 3.54 cm of diameter 37 kg); it is placed in a
plates concrete X container (not modelled) of 13 cm diameter 20 cm

high); there are 4x4x6 containers and the distances
between them is I6.4x40x40 CM3; the array is, on

One unit of storage one side, placed at 60 cm from the concrete wall,
and surrounded by 20 cm of water on all other

Fig.2 MOX storage sides;

case 32., the fissile medium is a metallic sphere of
The ftiel consists in moderated MOX rods 9.5 mm 2.52 cm of diameter 1.33 kg); it is placed in a

of diameter) with a P02 ratio On U02+PU02 of 12.5% container (not modelled) of 13 cm diameter 20 cm
(7 1% 29pU, 17% 240pit, II% 241 pU 1% 241pti). high); there are 5x5x5 containers and the distances

between them is ]3xl3x2O CM3 ; The array is, on
The potential moderation between the fuel plates one side placed directly on the concrete wall, and

can be modelled in two different forms: (1 a water surrounded by 20 cm of water on all other sides.
layer srrounding the fuel plates, 2 a mist between

the plates. These two configurations correspond to normal and

accidental conditions of storage.
Next table gives the results obtained with a varying The fissile medium is 100% 239pU (density

water layer thickness and a varying density of the 19.84 g/CM3).

water in the mist. For this study, the potential moderation can be

considered in different manners:
- a water layer is directly placed around the fissile

sphere Of 239pU;
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- a water layer is placed around the container of presence of water in the container is allowed or not.
13 cm diameter 20 cm high); This point might seem obvious, but it highlights the

- a mist is present inside and outside the container; fact that the distribution of water is here again
- air is present in the container and there is mist responsible for differences in k-effective up to 4 A

outside the container. fortiori, the presence of water or mist gives different
maximum values of k-effective!

For the two cases (case 31 and 32), the results
obtained are given in the next tables.

Table 4 results obtained for case 31 3. A try to explain
remote fissile units (Normal conditions). The first observations of the k-effective differences

kff + 3cr maximum (a = 200 pcm) were not expected. For that reason, different
investigations were carried out. The first type of

Water in the No water in the investigations were linked to the codes used and are

containers containers presented in paragraph 3 . Then, in paragraph 32 a
study of the neutron histories tries to determine "why

Water 0.9790 0.9484 is there important differences when a neutron absorber

layer e - 4 cm eL = 2 cm is present?" and "why is there a change in the most
limiting configuration when the distance between the

mist 0.9580 0.9416 fuel units is increased?".

dm= I dm = .1 3.1 Codes used

Ak (kL- 2.1% 0.7%

km) As the differences between the two types of models
to represent a potential moderation was not expected,
the method used related to the Monte Carlo method

Table results obtained for case 32 - fissile (MORET4) and to the Anisotropy (P5) of the water
units close each other (Accidental conditons). were investigated.

kfr + 3a maximum (a = 200 pcm) In order to determine if the Monte Carlo Method

Water in the No water in the should be responsible for the observed discrepancies,

containers containers exact calculations were achieved with the APOLL02-
SN code 20 gr.). The calculations are not exactly

Water 0.9245 0.9642 based on the same libraries as APOLL02-MORET4

layer uses 172 energy groups.
e = 25 cm eL = 1.5 cm Since APOLL02-SN is a 2-Dimensions code, the

Mist 0.9737 0.9611 configuration of case I (Fig. 1) was modelled with an
infinite height. The results in table 6 were obtained for

dm = 02 dm= I a distance between units of 29.3 cm and a borated
concrete wall of 4 cm was placed every 3 rows of

Ak (kL- 4.9% 0.3% fissile units.

km) The optimum. moderation was determined with
APOLL02-MORET4. It has been verified with

As for case I (presented above), the same APOLL02-SN that those values correspond to the
conclusions are obtained: maximum of k-effective.
- when the distance between the fuel units is small,

the mist leads to the greatest values of k-effective,
- when the distance between the fuel units is

important, the water layer leads to the greatest
values of k-effective.

It is also important to note that if a device is
designed with one type of model to represent the
potential moderation, e.g. a water layer, it might be
conservative for the normal case but non-
conservative for the accidental one (with an under-
estimation, here, up to 37%).

Moreover, the tables above points out that the
maximum values of k-effective are not the same if the
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Table 6 Difference between SN and Monte 3.2 Neutron Histories
Carlo methods for case I

The studies carried out deal with the geometrical
kL Water layer km Mist Ak case of paragraph 21 with borated steel every 3 rows

(eL = 10 MM- (d,=0.11. kL-km of fissile units.
The neutrons distribution of the is studied for the

XrSS = 0. 18) X" = 0 I 1) following cases:

- no borated steel is present;

Sn 0.94465 1.04462 -10% - the thickness of the borated steel slabs increases;
- the distance between the units increases for a given

Morct4 0.94950 1.03990 -11% thickness of the borated steel slabs 3 mm).

(c = 164 pcm) (c = 150 pcm) 3.2.1 No absorber

Ak 0.48% -0.47% In that case, the values of k-effective are very
similar for both types of models (the difference is less
than 0.5%), but the total quantity of water introduced

The use of a Monte Carlo code is not responsible in the system to obtain the maximum k-effective
for the observed discrepancies: the same Ak between differs from one case to the other.
water layers or mist is observed with a SN code. Actually, if the distance between the fissile units

increases (table 8):
The previous version of APOLLO (APOLLOI) - the density of the water in the mist, corresponding

used a PI anisotropy for the water, whereas to the maximum of k-effective, decreases;
APOLL02 in CRISTAL uses a P5 anisotropy. - the thickness of the water layer increases.
Therefore calculations were achieved with Moreover, for a given quantity of water in the
APOLLO2-MORET4 172 gr.) with a P I or a P5 system:
discretisation for the water anisotropy. The obtained - the reflexion of the neutrons to the fissile units is
results are given in table 7 increased in the case of a water layer;

- the number of collisions and absorption in water is

Table 7 Effect of the PI or P5 anisotropy of lower than in the case of a mist;
water - case I with borated steel of 3 mm every 3 - the number of neutrons leakage in the concrete
rows. (above and below the fissile units) depends on the

distance between the fissile units but doesn't vary
in the same ratio depending on the model used.

kff (cr< I 00 pcm) In conclusion to those calculations, it appears that,
depending on the model used, the maximum of k-

Water layer Mist Ak effective is not obtained for the same quantity of water,
the same distribution of the collisions in water and the
same leakage in the concrete.

D=39.3cm P5 0.9276 0.9469 +1.9%
Table quantity of water per fissile unit

PI 0.9265 0.9448 +1.8%
Water Water

10-2 kg/cm e L 10-2 kg/cm for
Ak 0.11% 0.21% D cm dm for I fissile 1 fissile unit

nit cm WATER
41ST LAYER

D--59.3cm P5 0.7054 0.6744 -3.1%

29.3 0.06 4.74 0.5 1.76
PI 0.7037 0.6739 -3.0%

39.3 0.03 4.42 1 3.72

Ak 0.17% 0.05% 49.3 0.02 4.22 1.5 5.88

There is no influence of the anisotropy degree 59.3 0.01 3.44 2 8.24
considered in the calculations.

The question then is "why do we obtain the same k-
effective"? The analysis of the listings showed that the
influence of air (modelled in the case of the "water
layer" but omitted in the case of the mist) plays an
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important role. Actually, if the air is omitted in the 3.2.3 Distance between the fissile units
case of the "water layer", the k-effective becomes
1.9% greater than the "mist case". On the other hand, All the studies achieved indicate that the distance
if the air is inserted in the mist, the maximum k- between the fissile units is a fundamental parameter to
effective becomes 2 lower than the case with "water determine which model of the moderation/reflexion of
layer and air". the neutrons will be the most constraining.

This could lead to the conclusion that, when a water Finally, the competition between reflexion/
layer is represented with air (air is distributed as a leakage/ absorption and moderation leads to:
mist), the maximum k-effective can be the same as the - for small distances between the fissile units, the
case of "mist" alone. highest k-effective is obtained in the case of mist;

this is due to a greater amount of water in the
3.2.2 Introduction of the absorbers configuration, that gives less leakages to the

concrete walls, less absorptions in the absorbers
The comparison of the listings for the calculations (shape of the flux) and an amount of neutrons

related to a distance between the fissile units of absorption in water which is not considerably
39.3 cm with no absorbers or 4 cm of borated steel greater than the case of "water. layer";
showed that: - for remote fissile units, the amount of water
- the spectrum is hardened, as thermal neutrons are needed to limit the leakages is important and leads

absorbed; in the case of a mist to much more absorption of
- the quantity of water in the system corresponding the neutrons in the water; therefore the highest

to the maximum of k-effective is greater than in value of k-effective is obtained for a water layer.
the case with no absorber, in order to reduce the
leakage (to the concrete walls and to the absorbers
- see table 9; 4. Conclusion

- the flux shapes sinks near the absorber slabs; this

modification is more sensible in the case of a mist For two types of water distribution, which differ
(in that case, the distance covered by each neutron because of the water distribution (water layer or mist),
is greater and the configuration is closer to a the presence of absorbers emphasizes the differences
homogeneous medium with a cosine shape); when in the course of the neutrons and, consequently, leads
the neutron flux sinks, there are less absorption in to greater differences on the k-effective; these
the absorbers. differences can reach 9.

Table 9 quantity of water (presence of There are different effects that compete:
neutron absorbers - 3 mm borated steel) I- the neutrons moderation,

Water in 10- water 10-2 2- the reflexion of the neutrons that entails less
2kg/cm eL kg/cm for leakage outside of the system or to the

D cm dm for fissile unit fissile unit absorbers,
cm WATER 3- the absorptions of the neutrons by water,

MIST LAYER 4- the flux shape.

29.3 0.06 4.74 0.5 1.76 Still, it seems difficult to know a priori the most
reactive case; however, for small distances between

39.3 0.06 8.84 1 3.72 the fissile units, the mist is likely to give the greatest
k-effective, while for remote fissile units, the water

49.3 0.04 8.44 1.5 5.88 layers correspond to the most constraining case.

59.3 0.04 13.76 2 8.24 Finally, the study shows that this problem needs to
be assessed, especially when non-nal and accidental

Consequently, two opposite effects appear when conditions leads to different distances between the

absorbers are introduced: fissile units.
- as the quantity of water increases, it involves an

increase of the absorption in the water, for the case
of mist; this is particularly true in the case of References
remote fissile units; i) J.M.Gomitetal.,CRISTALVI:"Criticality

- the number of absorption in the borated steel is Package for Burnup Credit Calculations", ICNC 2003.
smaller in the case of a mist due to the shape of the
flux.
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