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KMsztof AndrzeiewskL Teresa Kulikowska: Reference Monte Carlo Calculations of Maria
Reactor Core. The reference Monte Carlo calculations of the MARIA reactor core have
been carried to evaluate accuracy of the calculations at each stage of its neutron-physics
analysis using deterministic codes. The elementary cell has been calculated with two
goals: evaluation of effects of simplifications introduced in deterministic lattice spectrum
calculations by the VIMS code and evaluation of library data in recently developed WIMS
libraries. In particular the beryllium data of those libraries needed evaluation. The whole core
calculations concerned mainly the first MARIA critical experiment and the first critical core
after the 8-year break in operation. Both cores contained only fresh fuel elements but only in
the first critical core the beryllium blocks were not poisoned by Li-6 and He-3. Thus the
MCNP k-eff results could be compared with the experiment. The MCNP calculations for the
cores with poisoned beryllium suffered the deficiency of uncertainty in the poison
concentration, but a comparison of power distribution shows that realistic poison levels have
been carried out for the operating reactor MARIA configurations.

KMsztof Andrzejewski. Teresa Kulikowska: ReferenQjne obliczenia Monte Carlo rdzenia
reaktora Maria. Obliczenia referencAne rdzenia reaktora MARIA prowadzono w celu oceny
dokladnoici obliczen' na kaidym etapie neutronowo-fizycznej analizy tego obiektu za
pomocq kod6w deterministycznych. Obliczenia kom6rld elementamej prowadzono z dw6ch
podstawowych powodo'w: celem oceny wplyvvu uproszczeii modelowych niezbQdnych przy
prowadzeniu obliczefi kodem WIMS oraz dla ewaluacji nowo powstalych bibliotek tego
prograrnu a w szczeg6lno'ci danych bliotecznych berylu. bliczenia k-ef calego rdzenia
reaktora MARIA byly prowadzone gl6wnie da pierwszego zestawu krytycznego i
pierwszego rdzenia z 1993 roku po przerwie w eksploatacji. W obu przypadkach paliwo
reaktora byto Meie, ale tylko w pierwszym zestawie bloki berylowe byly §wieie i nie
wystQpowalo zatrucie berylu przez Li-6 i He-3, kt6re w p6iniejszym okresie stanowilo
ir6dlo niepewno6ci rzeczywistego skladu matrycy berylowej. Dla p6zm'ejszych konfiguracji
wyniki oblicze' MCNP por6wnywano z danymi eksperymentalnym w postaci rozidad6w
mocy w kanalach paliwowych wykazujlc, te obliczone poziomy zatru6 sit realistyczne.
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1. INTRODUCTION

The paper presents reference Monte Carlo calculations of the MARIA reactor core. The
need for such calculations emerged during development of geometric models for the
deterministic calculations using standard lattice cell and global diffusion, or transport, codes.
The complicated geometry of the MARIA core was difficult to represent without ambiguous
simplifications using these codes. The MCNP4 code [1] allows representation of the
geometry of the object considered with restrictions coming only from the capacity of the
computer used and manpower available. In the presented calculations the MCNP-4C code
with the ENDFB-VI library has been used.

The development of reliable computational tools for the ARIA reactor parameter
prediction needed comparisons with Monte Carlo results at various stages of the process.
Hence the reference calculations by Monte Carlo methods had to be carried out on the level
of the whole 3-dimensional description of the core as well as for an infinite lattice
represented by a single cell in its actual and simplified form. The test of reliability of
beryllium data in the applied libraries for the lattice cell calculations was made using a model
cell assuring proper geometry description by a standard lattice cell code.

The presentation starts from a description of the MARIA reactor used in the input data
for MCNP. Then the approach used and the results obtained are given for 3 different stages
of calculation. First, the infinite lattice represented by model cells with proper boundary
conditions is given, next the first critical experiment of the MARIA reactor with fresh fuel
and fresh beryllium blocks is presented, followed by the critical experiment preceding the
reactor operation after the break 1995 - 1993.

2. DESCRIEPTION OF MARIA CORE

2.1. Geometry

The core of the MARIA high flux multipurpose research reactor is highly heterogeneous. It
consists of square beryllium blocks forming the rectangular matrix in which tubular fuel
assemblies control rods and irradiation channels are situated. The reflector is also
heterogeneous and consists of graphite blocks with aluminum cladding. In addition six
horizontal experimental beam tubes are situated in the reflector.

One of characteristic features of the ARIA reactor core is its conical shape - see Fig.
2. 1. Therefore the beryllium blocks are 14x 14 cm wide at the top and 12x 12 cm wide at the
bottom. The transversal cross section of the core is given in Fig. 22, where its complicated
structure can be seen.

The beryllium matrix is assembled of types of beryllium blocks with vertical channels of
different shape, number and size. The effective length of beryllium in a block is II 0 mm.
The fuel assembly channels with 82 mm diameter are formed by suitable cut-outs in the
beryllium blocks. Besides, fuel channels may contain beryllium or graphite plugs. The
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vertical channels inside the beryllium blocks are used for reactor control and isotope
irradiation. When inactive, the channels may contain beryllium plugs or water. The
production of Ph-32 required further complication of the core with insertion of a special
alurrinum block at position IN with peripheral channels of 17 mm diameter and one
central channel of 60 mm diameter.

The fuel assembly is of tubular type - see Fig. 23. The fuel assembly in Fig. 23 is coded
as M6. Besides, several assemblies coded M5 were used occasionally, which had the
innermost fuel tube replaced with an aluminum tube of equivalent dimensions. Two fuel
enrichments have been used in the reactor - 80% and 36%. The dimensions of the fiiel tubes
are the same in both cases, but for 36% the fuel meat is thicker which results in thinner
cladding with different thickness of the outer and inner layers - see Table 2 1. In both cases
the central position is occupied by SAVI tube with outer diameter of mm and thickness of
I mm. The fuel elements are placed in an aluminum tube with outer diameter of 79 mm and
2 mm thickness.

W, 0 W

......... ... ......... ...

.......... .......

........ ... ..... .........

... ... ..... ...... ... .. .......................

Figure 21. Vertical cross section of the URIA reactor core.

Table 2 1. Geometry of the fuel element
Type of element

Thickness, mm NM6-36% MR6-80%
- Fuel meat 0.745 0.4

- Clad - inner/outer 0.645/.610 0.8

- Water gap 2.5 2.5

Length, mm
- Fuel assembly 1220 1220

- Fuel meat 1000 1000
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In Fig. 23 the longitudinal spacer fins are not shown. The fuel distribution is not
homogeneous in vertical direction because of production method, but the effect was not
taken into account. Throughout the calculations the balance of materials was preserved.

Two types of control and safety rods have been used in the MARIA reactor - cf Table
2.2. For both types the length of absorbing material is 975 mm and the length of the
aluminum follower is 175 mm. At present both old and new types are used in the core. In
the calculations only the old material specification was used.

Table 22. Control rod/follower diameters.
Layer Outer diameter [mm] Composition

absorber/Al 18.0 Old: 30% B4C+70% Al /Al
New: 50% B4C+50% Al /Al

canning 20.0 Al
water gap 23.0 H20

guiding tube 25.0 Al
water gap 28.0 H20

Graphite blocks surrounding the beryllium matrix play a role of the reactor reflector.
They are placed in the square mesh analogous to beryllium blocks. The effective length of
graphite in a block is 1000 mm. Blocks are covered with aluminum canning 2 mm thick. The
water gaps between graphite blocks are 25 mm thick.

In the years 1993 - 1996 the position f8 was occupied by the Reactor Test Facility with
dimensions given in Table 23.

Table 23. Speci cation of Reactor Test Facility channel, f8.
Ring No Outer radius [cm] composition Ring No Outer radius [cm] composition

I 2.5 H20 5 4.9 gas------------- ------------------------ -----------------------------------------------
2 2.55 Ss 6 5.5 Ss------------- ------------------------ -------------------- ----------------------- ------------------
3 3.975 H20 7 5.55 H20------ ------ -------- - --------- ----------------
4 4.4 Zr

Position h8 has been occupied since the year 1993 by a hydraulic rabbit system,
composed of an aluminum tube (outer diameter 79 cm, wall thickness 0.2cm) filled with
water and containing 2 tubes (outer diameter 2.8cin, wall thickness 0.2cm).

2.2. Composition

Specification of the two fuel materials used in MARIA reactor is given in Table 24. Isotopic
composition of fresh beryllium blocks is given in Table 25.

In the course of operation the parasitic isotopes of He-3 and Li-6 are produced in a
transmutation chain beginning with beryllium (n,(x) reaction 2 3 The maximum
concentration of He-3 equal to 2AE-6 atib-cm in the block at position FIX has been
reached after eight years break in MARIA operation 4, 5]. Before the break the block
occupied position G-VIII and therefore was strongly iadiated. It was observed that the
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average block irradiation depends not only on the block position but also on the control rod
pattern.

The graphite blocks are composed of graphite with aluminum cladding as shown in Table
2.6.

Table 24. Fuel specificat on for the MARIA reactor.
Quantity MR6-36% MR6-80%

Mass of U-23 5, g 545.61 350.0

Mass of uranium, 1511.385 437.5
Enrichment, 36.1 80.0
Fuel volume, c� 639.44 343.06

Atom density, at/b-cm,
U-23 5 2.3069E-3 2.6150E-3
U-238 4.0494E-3 6.4540E-4

Al 4.2876E-2 4.8470E-2
0 4.9233E-2 0.0

Table 25. Isotopic composition of fresh beryllium blocks. Density = 82 g/cm�. Number
densities in at/b-cm.

Isotope Weight % Isotopic Be block
[w/o] composition of homogenised

the Be material with water gaps

Be 97.81 1. 1896E I 1. 1668E I

0 1.80 1.2336E-3 1.85IOE-3
H 0.15 1.6315E-3 2.8823E-3

Al 0.04 1.625IE-5 1.5939E-5
Si 0.02 7.8049E-6 7.6550E-6

Cr 0.03 6.3254E-6 6.2040E-6

Mn 0.02 3.9905E-6 3.9136E-6

Fe 0.10 1.9628E-5 1.9251E-5
Ni 0.01 1.8678E-6 1.8319E-6

Cu 0.015 2.5886E-6 2.5389E-6

Mg 0.005 2.2746E-6 2.2309E-6

Table 26. Isotopic composition of graphite blocks [at/b-cm].

Isotope Density Volume Number densities of Homogenised number
[glcm3] fraction the block materials densities of the block

C 1.600 0.886500 0.0803 0.071186
Void - 0.015990 - -

Al 2.699 1 0.0594141 0.0602 0.003577

H20 1.000 J 0.0380961 0.0335 0.001276
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Description of control and safety rods is given in Tables 27, 2.7a. Both types of rods are
presently in use with rod placement shown in the Table 2 1 0.

Table 27. Isotopic composition of control and safety rods.

New type Old type
absorbing material 50% B4C+50% Al. 30% B4C+70% Al.
element weight 680 g 809 - 855 g
weight of the meat 490 g 365 - 495 g
average density of the meat 2.02 g/cm3 85 - 93% of theor. dens.
average filling up density 78% -
canning material I I A2

Table 2.7a. Control rod/follower structure.

Layer Outer radius Composition

meat/Al 0.90 absorbing material/Al
canning 1.00 PA2
water gap 1.15 H20

guiding tube 1.25 Al.
water gap 1.40 H20

2.3. Operation

The main operation parameters of the reactor, relevant to neutron physics calculations are
given in Table 28.

Table 28. Operational parameters of the MARIA reactor.

Parameter: unit Value
Mean power in the fuel channel MW 1.15

Fuel temperature: minimum 0C 40
maximum 140

average 90
Water temperature: inlet 0C 50.0

outlet 103.4
average 76.7

Pressure MPa 1.32
Water density G/cm�

for minimum temperature 0.9886
for maximum temperature 0.9565

for average temperature 0.9726
Maximum burnup % of U-235 40-45

MWd 110-125 (80%)
160-185 36%)

The first operation period of the MARIA reactor lasted from 1974 to 1985. The period
from 1974 to 1976 was devoted to staff training and breaking-in of the new technical device.
Between 1986 and 1994 the reactor was reconstructed to increase its safety. Operation was
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resumed in 1993. Operating times are given in Table 29. Since 1996 the reactor has been
operated on a basic weekly cycle of 100 hours operation and 68 hours break. The
operational cycles are separated by technical or economical breaks of few weeks' duration.

At present the reactor is run on new 36% fuel and the remaining old 80% fuel (see Table
1). The first experimental loading of a 36% fuel assembly was performed in April 1998 As
of December 2000, eleven 80% elements reside in the core and remaining five are 36%
enriched.

Table 29. Time table of MARIA operation in the years 1977 - 2001.

Year Number Year Number
of hours of hours

77 1413 93 382
78 2294 94 863
79 1967 95 2180
80 723 96 2507
8 1 2215 97 3850
82 2437 98 3110
83 3451 99 2816
84 3616 00 3710
85 2298 01 -3600

Total 20414 Total -23018

2.4. Control and safety rods

Control and safety rods occupy the centers of beryllium blocks. The safety rods are fully
withdrawn and they are not represented in 2D calculations. There are or 6 control rods and
one rod for automatic regulation in the MARIA core. The horizontal positions of control
rods, including the automatic one, are given in the Table 2 0. Their geometry and material
structure is described in Table 27. The absorbing material was 30%B4C+70%Al. in the old
rods and is 50%B4C+50%Al. in the presently used. VAen rods are fully withdrawn the
absorbing material is replaced with Al.

The automatic control rod moves around its position in the middle of the core height. The
position of other rods differs with reactor configuration. Very often 2 or even 3 of them are
withdrawn from the core, as can be seen on the example of chosen configurations used for
comparison of calculated and measured power density distribution.

Table 2 1 0. Positions of control rods in the years 1993 2000.
Date Positions

Year 1992 J-VI, I-VI, I-VIII, H-VU, G-VI, G-VIII

17.09.93 J-V1, J-VII, I-VI, I-VIII, H-VII, G-VI
30.01.95 J-VII, I-VI, I-VIII, H-VII, GVIG-VIII

20.06.95 J-VII, JVIII, I-VI, I-VIII, H-VII, G-VIII
04.07.95 J-VII, J-VIII, I-VI, IVIII, H-VII, G-VIII, F-VII

08.08.95 J-VII, I-VI, I-VHI, H-VII, G-VI, G-VIII, F-VII
13.11.95 J-VII, J-VIII, I-VI, I-VIII, H-VII, G-VIII, FVII

02.06.97 J-VII, I-VI, IVIII, I-IX, H-VII, G-VIII, F-VII
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3. CALCULATION OF ELEMENTARY TEST CASES

3.1. Influence of model effects

Deterministic calculations always include obligatory physical model simplifications. The
effect of each simplification can be estimated only through a Monte Carlo type calculation
with detailed geometry and continuous energy description. In case of the MARIA core two
types of effects have been evaluated through a MCNP calculation. The first one, typical for
the MARIA reactor, concerns the description of water gaps separating beryllium blocks. The
gaps cannot be taken into account in a deterministic calculation as in this case the elementary
cell is treated by a lattice spectrum code in I-D cylindrical geometry. For MARIA it means
that its fuel channel has to be surrounded by a homogeneous mixture omprising four
quarters of beryllium blocks adjacent to that fuel channel with admixed water from water
gaps. The geometry of elementary cell with explicit water gaps treated by MCNP is shown
in Fig. 3. 1. Central circle corresponds to the fuel channel shown in Fig. 23.

Fig. 31. Elementary MARIA cell used in MC lattice calculations.

The elementary cell has a side size equal to 13cm i.e. the average size of the beryllium
block used in the beryllium matrix with its adjacent water gap. In the center of Fig.3.1 there
is a fuel channel, in the middle of which the fuel element is placed (cf Fig.2.3) in an
aluminum guiding tube. Four water gaps separating beryllium blocks are directed outwards
ftom the channel.

MCNP calculations were carried out in 3-13 with reflective boundary condition applied at
all boundaries. The square boundary of the elementary cell was preserved. The results
obtained for the model with explicit water gaps was compared with that with a
homogeneous mixture of beryllium and water from the gaps. The multiplication factor with
gaps was equal to 169285 with an estimated standard deviation of 000084. This should be
compared to the value 168936 ± .00058 with water gaps homogenised with beryllium. Just
the effect of explicit treatment of water gaps in MARIA is 02% in k-eff.

The second effect is important for all reactors as the deterministic calculations assume as
a standard a white boundary condition at the outer surface of the elementary cell or
macrocell. In MCNP calculations the reflective boundary condition is usually applied.
Besides, the lattice spectrum code model is a cylindrical Seitz-Wigner cell while an arbitrary
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shape of the cell can be treated by MCNP calculations. A set of calculations has given
differences of results obtained by those models. A rather thick beryllium layer separating the
neutron source from the boundary can explain the indifference of the results presented in
Table 31 for the MARIA reactor cell.

Table 3 1. Multiplication factors of MARIA elementary cell for different boundary condition.

B.C. W11ITE REFLECTIVE
SQUARE 1.68858±00056 1.68936±.00058

CYLINDER 1.68966±00058 1.68681±00057

3.2. Reference MCNP calculations for library testing

Under the Co-ordinated Research Programme on the WIMS Library Update Project realised
in the period February 1998 - November 2001, several new VVIMS libraries have been
developed [5]. They have been thoroughly tested on available benchmarks but none of them
included beryllium data. To test beryllium data in the WIMS libraries three test cases have
been calculated 6]. The first one consisted of the elementary MARIA cell. This case under
the deterministic approach included all the uncertainties of physical models and
approximations needed to represent the complicated structure of a tubular fuel element in
WIMSD-5B calculations. This made difficult separation of the beryllium data effect from
modelling uncertainties. For that reason in parallel to the MARIA cell two simplified cells
have been calculated. The first of them was a homogeneous ixture of MARIA cell
materials rounded off and with admixed boron to achieve criticality. Such cell with fuel
homogenised with water and moderator has been found useful for evaluation of libraries
applied with the deterministic lattice spectrum code, as it is free of all model assumptions
concerning the spatial corrections in deterministic resonance calculations. The composition
of the homogenised cell is given in Table 32.

The second cell has been chosen as an infinite plate fuel with thickness equal 0.5mm
surrounded by a can of 0. 5 Imm and beryllium of 1.45mm. The infinite plate model required
the calculation of resonance integral corrections in WIMS but in its simplest possible
approximation. The plate composition is given also in Table 32.

For all the three test cases MCNP calculations were done and the results obtained in the
form of multiplication factors, the neutron flux values and numbers of reactions in uranium
enabling calculations of the lattice parameters:

P28 epithermal U - 23 8 captures (3.1)
thermalU-238captures

825 epithermal U - 23 fissions (3.2)
thermal U - 23 fissions

8 28 U - 23 8 fissions (3.3)
U-235fissions

C* U-238captures (3.4)

U - 23 fissions
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Table 32. Number densities for the homogeneous and plate benchmarks [atlb-cm 2

Isotope Homogeneous Plate test cell
test cell

Fuel Can Moderator

U-23 4.OE-05 1.7552E-03

Al. 7.OE-03 3.8898E-02 6.026E-02

U-23 8 LOE-05- 7.0419E-03

H 1.6E-02

0 8.OE-03

B e 8.OE-02 0.117

B-10 6.OE-06

The results from the MCNP code, treated as reference, have been transformed into the
standard WLUP reference file containing:

k-infinity, P28,625,528,C*,

each one followed by the absolute value of its uncertainty. The standard thermal cut-off
value has been adapted equal 0625 eV.

The uncertainty for k-infinity has been taken as the standard deviation printed by the
code. The uncertainties for other integral parameters have been obtained from Monte Carlo
standard deviations using the fact of dependence of each calculated reaction rate on the
calculated neutron flux. An approximate formula has been used, following Eqs. 3.5 36):

2 2
4epi 4tjj

XW �epi + �th x P28 or 825 (3.5)

4tot 2
*2 Y=528ory=C*, (3.6)

y �tot

The results obtained from MCNP have been compared to WN4SD-5B results with
various libraries and are presented in Tables 33 through 35.

Table 33. Results of beryllium benchmark for the MARIA reactor cell

Library k-inf p28 625 528 C*
MCNP(REF) 1.6868 ±03% 8545 ±1 1%: 0.0528 ±19% IE-4 ?.6%: 1 I E-2 +2.6%--------------------- ---------------------------- --------------------
w86 1.6946 8.097 0.0536 0.0001 0.010------------- ----- - ------ -------------------- --------------------
jend13 1.6219 8.362 0.0597 0.0002 0.011--------------------------------------- -- --------------------- - --------------------
endf69 1.6750 7.546 0.0535 0.0001 0.010------------------ ----- - ------ --------------------- --------------------
e69of 72 1.6731 6.391 0.0519 0.0001 0.009

------------------- -------------------- __' ---------------------- -----------------------

endfl. 72 1.6712 7.569 0.0536 0.0001 0.010

I 0



Table 34. Results of beryllium benchmark for the homogenised MARIA reactor cell

Library �]- k-inf I p28 1 825 528 ]� C�*
MCNP(REF) 10004 ±06%:13.150 ±08%:0.0699 ±08% IE-4 ±0.4%: 1.6E-0.4%--------------------------------------- ---------------- -- ---------------

w86 1.0121 13.141 0.0668 0.0001 0.016------ ------ ------------------- ------------------- -------------------
..... jend13 0.9597 13.196 0.0657 0.0001 0.016

------ ------ - -----j- ------------------- ------------------- 1 ----- - ----------

endf69 1.0024 13.215 0.0656 0.0001 0.016
----- ----- ------ ------ ----- -------I ---------- ---------------

endfl72 1.0000 13.216 0.0656 0.0001 0.016

Table 35. Results of beryllium benchmark for the plate cell.

Library k-inf I p28 1 825 1 828 C*
MCNP(REF) 13310 ±09%:54.980 ±17%:1.1972 ±17%: 7.6E-3 ±04%:0.549 ±04%1 1 1-------------------------------------- ------------------ ------------------- -------------- -----------------------

w86 1.3224 53.791 1.1923 0.0082 0.539
------------------ ------------------- ------------------ ------------------- 4------------------- 4-----------------
...... jend13 1.2907 54.955 1.2492 0.0095 0.540t--------------------- r------------------ ------------------- ------------------- ------------------

endf69 1.3469 50.340 1.1514 0.0081 0.522----- ----- --- ----------------- ------------------ ------------------- ------------------- - ----------------
e69ofl72 1.3402 51.281 1.1655 0.0078 0.528- - ---L ------------------- ------------------ ------------------- ------------------- ------------------

endfl 72 1.3385 51.482 1.1675 0.0077 0.530

Additionally the beryllium reaction rates have been obtained. Their definition for group G
including the whole energy range, material M beryllium moderator and type of reaction x is:

ox MI Y M49'M'V
RR x gcGmc:M (3.7)

G'M YVM
mcm

The MCNP code can calculate separately absorption and (nxn) reactions. The algorithm
used in aMS does not include direct treatment of the (nxn) reaction. The absorption
microscopic cross sections in the WIMS library are defined as absorption mnus production
from the (nxn) reaction. Thus effective absorption resulting from those two processes may
be negative. If we consider the (nxn) reaction as an additional source of neutrons then the
difference of both types of reactions from MCNP should be equal to the effective VaMSD-
5B absorption. As can be seen in Table 36 the results calculated with 172 groups give the
effective absorption reactions closest to those obtained by MCNP.

Table 36. Number of beryllium absorption reactions in the infinite lattice spectrum.

Library/method MARIA cell Homog ous Plate cell
Group 1 2 1 2 1 2

MCNP -(nxn) 7.2616E-2 0.0 8.8107E-2 0.0 9.860E-2 0.0
MCNP abs 2.9233E-2 2.6680E-2 3.3947E-2 1 1869E-2 4.280E-2 1.6240E-3

Effective abs. -4.3384E-2 2.6680E-2 -5.4160E-2 1 1869E-2 -5.580E-2 1.6240E-3
w86 -4.5480E-2 2.0770E-2 -5.9030E-2 8.61 1 OE-3 -6.1844E-2 1 1688E-3

jend13 -5.7933E-3 2.5124E-2 -9.003 I E-3 1.0066E-2 -5.0174E-3 1.4458E-3
endf69 -4.5985E-2 2.95 1 OE-2 -5.9964E-2 1 1980E-2 -6.2598E-2 1.7115E-3

e69ofl 72 -4.3713E-2 2.9523E-2 -5.9622E-2 1.6928E-3
---- [2 - -2 1.1941E-21 -5.9404E-2 1.6

endfl 72 -4.3 6 OE-2 9455E-2 1-5.7220E 891E-3 I

It can be seen that application of JENDU library leads to high errors in the multiplication
factor, 525 ad828,while P28 and Conversion Ratio errors do not exceed those from other
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libraries. Table 36 shows that a non-negligible part of that error can be caused by a too low
effect of (nxn) reaction.

4. WHOLE CORE CALCULATIONS

4.1. First critical configuration

The MCNP model of the first critical configuration of 1974 comprised the whole reactor
with its core and graphite reflector cf. Fig. 4 1. Due to the block structure of MARIA it was
possible to construct the 3-D MCNP geometry model using 13x I 3 cm modular structure. It
was assumed that the beryllium and graphite blocks are not slanted, which greatly simplified
the vertical structure of the model. It was shown by separate calculations, that the effect of
this assumption is - 0 14% in k-eff.

..................................................................... .......................... ....................................... ................................................................................

nKm

01�? !again

..........

Graphite

............
I

...................... .. .................Control rods/ .............
followers .. ..

Graphit .....
........ ...

............ ..... ....
... . .....
..... .... .....

ryll

Be ium
blocks

H20

Fig. 41. Transverse cross section of NIARIA core - the MCNP model.
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Horizontal cross section of MARIA core at half height is shown in Fig. 42. The fuel
channels are described in full detail. The same pertains to the control/safety rods. The
graphite and beryllium blocks are homogenized with their water gaps to simplify the
calculations - cf. the analysis in 31. The beryllium blocks contained either control rod
followers or irradiation channels with 28 mm diameter. It is not known whether the channels
were filled with water or plugged with 25 mm diameter beryllium cylinders. Therefore
blocks at positions G-VI and F- VI, VII, VIII are treated as beryllium metal. A separate
calculation has been carried out with central channels of those blocks filled with water but
the effect has been negligible - less than 002% in k-eff. The effective multiplication factor
from MCNP with ENDFB-V library for this configuration is 101923 with an estimated
standard deviation of 0. 00 128. With ENDFB-VI library k-eff is 1. 0 1 666±

The figures 41 - 46 are taken from the MCNP using FELE command and therefore
represent geometry used in actual calculations.
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Fig. 42. Horizontal cross section of MARIA core at half height.

The vertical structure of the first critical assembly is shown in Figs. 43-4.6. The vertical
structure is defined using planes with elevations shown in Fig. 43. In the center are placed
the cooling channels, surrounded by beryllium, with fuel elements inside. Further from the
center are graphite plugs and graphite blocks. From top and bottom there are two layers of
water, each 14 cm. thick. The core is supported by the aluminum separator 25 cm. thick.
Between 1.5 and 19.3 cm. there is a layer of water homogenized with aluminum forming
lower constructional part of beryllium and graphite blocks. Proper core extends from 19.3 to
119.3 cm. From 119.3 to 125.1 cm extends a layer of water homogenized with aluminum
forming upper constructional part of beryllium and graphite blocks. As both graphite and
beryllium blocks have solid layer of aluminum on top, it was necessary to introduce
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additional layer of aluminum at the top of core from 125.1 to 127.6 cm. As can be seen, the
vertical structure of the blocks was simplified, but the structure of fuel channel is
represented in full detail, cf. Fig. 44.
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Fig. 43 Vertical cross section of MARIA core at line 'h' -FO --OCM-1

Fig.4.4. Details of fuel channel model

The vertical structure of control rods is shown in Fig. 46. In the critical experiment all
the rods were withdrawn, so that only aluminum followers are represented. The tips of
control rods in the upper water layer were not taken into account.
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Fig. 45. Vertical cross section of MARIA core at line T
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Fig.4.6. Vertical cross section of MARIA core at line 'VII'
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4.2. Nine element low power configuration

The MCNP calculations were performed for the first critical configuration from June 1993..
Besides k-eff the power distributions were also obtained when the reactor reached 71 W

ARer the break in reactor operation in years 1985 - 1993 a reloading of beryllium blocks
has been carried out with fresh beryllium blocks added. The resulting beryllium matrix
occupied 48 positions: D through L, and V through X (cf, Notation in Fig. 22 and Fig. 47).
Nine fresh fuel elements 80% enriched were loaded into fuel channels: g5, g6, g7, h5, h6,
h7, 15, 16, and i7. The control rods and their followers were taken into account explicitly.
The control rods were placed in positions: J-VI, I-VI, IVIII, H-VII, G-VI, G-VIII, but only
J-VI and HVII were partially submerged - cf, Fig. 48 and Table 43.

Position h8 was occupied by the rabbit facility and position 8 by Reactor Test Facility,
with specification described in Table 23. The effect of their explicit treatment has been
separately evaluated.

Each beryllium block was treated as a separate material. The basic composition
corresponded to that from Table 25. The old blocks had admixtures of Li-6, H-3 and He-3,
calculated in 2D by REBUS, which resulted from the operation in the period 1975 1985
and decay of H-3 into He-3 during the year break in operation. Thus each block had a
different composition 4]. In 3D MCNP calculations the block compositions were assumed
uniform in the vertical direction.

H

Fig. 47. Horizontal cross section of the 9 element core.

1 6



a

fln

mA
MM'

0 'K

'W
X M

MEN
Fig.4.8. Vertical cross section of the 9 element core at line H-H.

The calculations were done with and without the explicit treatment of water gaps. The effect
of explicit treatment of water gaps on k-effective has been found.

Table 4 1. Reactivity effect of explicit treatment of special core heterogeneity

Heterogeneity Akeff/keff

Homogenization of water gaps 0.0119

C plugs instead of Rabbit RTF -0.0050

The experimental power density values in fuel channels were obtained through cooling
water temperature difference measurements. Their accuracy is estimated as 10%. Their
comparison with results of MCNP calculations with control rods withdrawn is given in Table
4.2 and with control rods inserted in Table 43. The positions of active control rods have
been marked by 'CR! in the Tables. The MCNP k-effective for the first case was
1.05483 ± 000187, for the second 101458 ± 000191. The average errors were respectively
4.3% and 52%.

It can be noted that k-eff from the configuration with control rods is comparable to that
of the critical 6 element configuration. The maximum error in power distribution 8.4% is,
paradoxically, smaller for the configuration with control rods withdrawn than 10.4 for more
realistic configuration with control rods inserted. It can be, at least in part, explained by the
uniforrn distribution of helium and lithium poisoning in the vertical direction assumed in the
MCNP spatial model.
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Table 42. Comparison of measured and calculated power densities, control rods withdrawn.
- MCNP
- Experiment
- Per cent error

v 5 VI 6 Vil 7 Vill.. ...... ... ......... ..... .............. . .....
... .. ......

0.730 0 799 0.546
i 0.710 0.750 0.520

2.8% 6.5% 5.0%

1.003 1.104 0.698
h 1.000 1.030 0.740 Rabbit

0.3% 7.2% -5.7%
788 0.805 0.537

..................................................................................................................................................................... ..................? ..... . ..... ...............................................
9 860 0.830 .................. 0.570

-3.0% ...... -5.8%

..........

.4% .... .. .....

RTF

Table 4.3. Comparison of measured and calculated power densities, control rods inserted.
- MCNP
- Experiment
- Per cent error

v 5 VI 6 VII.. 7 Vill 8

0.757 0.797 0.564
i 0.710 0.750 0.520

6.6 6.2% 8.4%

1,027 1.075 0.681
h 1.000 1.030 0.740 Rabbit

2.7% 4.4% -8.0%
5S ... .. .. ...

0.807 0.792 0.510
g 0.860 0.830 0.570

-6.1% -4.6% -10.4%
... .......

NMI RTFmm mm
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5. CONCLUSIONS

The paper delivers three types of Monte Carlo results. The first concerns benchmarks for
library intercomparisons. The second may be useful when establishing geometry models in
deterministic codes. For MARIA cells the importance of several simplifications was
assessed. The most elaborate are the results for the whole MARIA reactor core. In spite of
many efforts it was impossible to get k-eff for these calculations closer to 1.0 than 16%.
The nature of this discrepancy needs further investigation.
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