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In this article, we present the results of a few energy groups calculations for the NUR
reactor fuel depletion analysis up to 45 000 MWd/tU taken as the maximum fuel burn
up. The WIMSD-4 cell code has been employed as a calculation tool. In this study, we
are interested in actinides such as the uranium and plutonium isotopes, as well as fis-
sion products Xe-135, Sm-149, Sm-151, Eu-155, and Gd-157.

Calculation results regarding the five energy groups are in a good agreement with
those obtained with only two energy groups which can, therefore, be used in all subse-
quent calculations. Calculation results presented in this article can be used as a micro-
scopic data base for estimating the amount of radioactive sources randomly dispersed
in the environment. They can also be used to monitor the fuel assemblies inventory at

the core level.
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INTRODUCTION

The isotopic composition inventory of nuclear
fuel is in a state of continuous evolution during the op-
erating lifetime of a nuclear reactor. It is the result of
fuel depletion or burn up due to nuclear reactions. Fuel
irradiation induces long-term changes in its isotopic
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composition which should be determined by means of
calculation.

The main parameters accompanying this phe-
nomenon are the distribution of power densities, the
variation of the flux, the power picking factors, and re-
activity. All these variations strongly influence the op-
erating life, stability, and control of a reactor.

To compensate for the loss of reactivity due to
fuel depletion, a high-enough initial excess of reactiv-
ity should be provided, ensuring that the initial total
mass of uranium is greater than the critical mass.

Among the phenomena that negatively influence
total reactivity, we can cite the effect of temperature, poi-
soning by Xe-135 and Sm-149 and fuel depletion [1].

The conversion factor, which is a positive effect,
is too small in thermal research reactors to compensate
for the negative effects.

The quantity and activity of each fission product
during the reactor’s operation can be used to evaluate:
the radioactive sources randomly dispersed in the en-
vironment, the amount of fuel element activity after its
discharge from the core, the residual heat in a fuel ele-
ment, and the parasitic capture of neutrons by fission
products accumulated during the reactor’s operation.
This analysis has focused on the two main fission
products, Xe-135 and Sm-149.

The change in the isotopic composition with
burn up causes changes in the macroscopic cross- sec-
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tions which should be evaluated by a transport code in
each burn up step.

For that purpose, the cell code WIMSD-4 [2, 3]
has systematically been used in our study. Nuclide
chain equations are solved in the homogenized equiv-
alent cell by using the diffusion theory.

The main objective of this work is to present and
discuss the fuel lattice depletion analysis approach
used at NUR.

NUR REACTOR CHARACTERISTICS

NUR isa 1 MW nuclear research reactor moder-
ated and cooled with light water [4]. It is an open
swimming pool reactor using U;Og MTR type fuel en-
riched to 19.7%. Light water and blocks of graphite
are used as reflectors. The fuel elements are fixed on
an oblong grid which permits a variable configuration
arrangement.

A schematic diagram giving the cross-sectional
view of the reactor core is shown in fig.1. Figures 2
and 3 show schematic views of the standard and con-
trol fuel elements, respectively. Table 1 gives the NUR
reactor main data.

The reactor went critical on March 23, 1989.

REVIEW OF LATTICE BURN UP
AND DEPLETION CALCULATION
IN WIMSD-4

In this section, a brief review of WIMSD-4 cal-
culation methods for local burn up calculations is
given. The main reference from which the data are
taken is that of Kulikowska [5].

WIMSD-4 performs burn up calculations in
module chains 12 and 16. APOWERC input card initi-
ates the process. The general scheme of burn up calcu-
lations in WIMSD-4 is given in fig. 4.

Lattice calculations are executed for a
steady-state reactor and the time variation is not ex-
plicitly taken into account. Thus, the macroscopic
cross-sections which are the coefficients of the trans-
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Figure 1. Cross-sectional view through NUR reactor core
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port equation are considered to be constant within
each time interval.

WIMSD-4 is set out to perform burn up analysis
on a lattice unit cell.

Burn up calculations constitute the last step of a
WIMS run. They are performed in chains 12 and 16
and are executed if a POWERC control card (which
defines a mean power density RQ, a time step between
criticality calculation RTAU, and the number INDNB
of such time steps between lattice calculations) is in-
cluded in the main data group of input cards.

The various computational steps performed are:
(1) Preparation of tables of effective absorption and

fission microscopic cross-sections for the nuclides

of'each material undergoing burn up on the basis of:

(a) code library microscopic data, and

(b) resonance data and fluxes resulting from the
spectrum calculation step;
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Table 1. NUR fuel elements main data

Standard fuel element (SFE)
Fuel type U;04-Al
Enrichment 20%
Uranium density in the meat 2.96 g/em?
Average U plate content 765 ¢
Void fraction in the meat 10%
U;05 density 8.1 g/em?
Uranium weight fraction in the U;0q 0.8477
Al density 2.7 g/em?
Number of fuel plates 19
Plate thickness 0.150 cm
Meat thickness 0.070 cm
Clad thickness 0.040 cm
Water channel thickness 0.270 cm
Meat width 6.0 cm
Meat height (or active height) 61.5 cm
Frame thickness 0.45 cm
Inner distance between frames 6.7 cm
Frame length 8.01 cm
Structural material (frames and clads) Al-6061
Control fuel element (CFE)
Fuel plate same as SFE
Number of fuel plates 14
Water channel thickness same as SFE
Frame thickness 0.45 cm
Inner distance between frames 6.7 cm
Frame length 8.01 cm
Absorber material Ag-In-Cd
(80%, 15%, 5%)
Clad material for absorber ANSI 316
Material gap within the absorber He
Guide plates material Al-6061
Grid dimensions 7.7x8.1 cm

N=N+1

3)

“4)

(2) Preparation of macroscopic cross-sections with

absorption and fission cross-sections corrected
for number densities modification due to burn up;

Solution of the few group criticality equation,
with the appropriate control option for the homog-

enized cell;

Flux renormalization to the required power level
and calculation of reaction rates (absorption, cap-
ture, and fission) for each burnable nuclide in each
burnable material;

dv;
dt
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Figure 4. General scheme of burn up calculation in WIMSD-4

(5) Numerical integration of the following nuclides
concentration equations

(1

where N is the density of the nuclide i, 1; — the decay
constant of the nuclide i, 4; — the microscopic absorp-
tion reaction rate for the nuclide i, F — the micro-
scopic fission reaction rate for the nuclide k, C — the
microscopic capture reaction rate for the nuclide k,
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Yii — the fission yield of the nuclide i for a fission of
the nuclide k, a, Bi; — the fractions of the nuclide 1 is-
sued from capture or radioactive decay of the nuclide
k, respectively, ji(k), j(k) — the products identifiers
of the nuclide k by capture or radioactive decay, re-
spectively, and 6(i, j) — the Kronecker symbol indi-
cating that the contribution occurs if i=].

CALCULATION CONDITIONS,
RESULTS AND DISCUSSION

Calculation conditions

The NUR core includes two types of fuel ele-
ments: standard fuel elements (SFE) and control fuel
elements (CFE). The SFE is made of 19 fuel plates,
while the CFE includes 14 fuel plates. The calcula-
tions were made in 2 and 5 energy groups based on the
69-WIMS library [6]. Table 2 shows the detail of the
energy structure adopted for the libraries. The list of
nuclides employed in the present burn up calculation is
shown in tab. 3 for actinides and fission products, re-
spectively. WIMS executes burn up calculations in
CHAINS 12 and 16 when a POWERC input card is
given. The calculations were performed for both a cold
state core (7 = 20.0 °C for all materials) and a hot state
core (T = 63 °C for fuel material, 7 = 52.6 °C for
Al-clad material, and 7 = 42.2 °C for the H,O modera-
tor and all others materials).

A boron equivalent quantity of 8 ppm/g is added
to the U;0¢-Almeatand 48 ppm/g to the structural alu-
minum in order to account for the presence of impuri-
ties in these materials [7].

Table 2. Two and five energy groups structure

Energy (eV)
Group Upper energy Lower energy
boundary boundary
1 1.000E+7* 0.625
G, 0.625 0.0
1 1.000E+7 0.821E+6
2 0.821E+6 5530.0
5G 3 5530.0 0.625
4 0.625 0.080
5 0.080 0.0

* E+7 read as 107

Table 3. Nuclides considered in the present
burn up calculation

Actinides Fission products
U-235 Cd-113
U-236 Xe-135
U-238 Sm-149
Pu-239 Sm-151
Pu-240 Eu-155
Pu-241 Gd-157

| 0.0350 cm 0.07766 cm 0.16120 cm |
! Fuel meat Clad Coolant I

Figure 5. Calculation cell of NUR reactor core

The equivalent cell model adopted in the calcu-
lations is a three regions model, as recommended in
ref. [8]. The geometrical representation of such a cell
is given in fig. 5.

It is seen that region (2) includes the Al-clad and
the structural aluminum of the fuel assembly. Region
(3) includes H,O of the inter-plates and that of sur-
rounding channels.

Results and discussion

The results of WIMSD-4 fuel lattice depletion
analysis for the three regions lattice equivalent cell of
the NUR standard fuel assembly in two and five en-
ergy groups are presented in figs. 6-8 and tab. 4. All the
results are obtained by assuming the reactor is operat-
ing at a constant power of 1| MW.

The nuclear fuel depletes with burn up and
changes occur in its isotopic composition. This has an
influence on the neutron spectrum. The effects on the
NUR fuel can be seen in fig. 6, where the isotopic de-
pletion of U-235 and U-238, as well as the build-up of
U-236, Pu-239, Pu-240, and Pu-241 are observed
through the variation of their atom number densities
with burn up. These results show a decrease of densi-
ties for U-235 and U-238 as the fuel depletes. We also
notice that after a year of reactor operation ata 1| MW
constant power, only 10% of the initial fissile material
is consumed. In the opposite case, an increase is ob-
served for other actinides. The examination of the
curves in fig. 6 shows that the various plutonium iso-
topes appear one after another, because Pu-240 is pro-
duced from Pu-239 by neutronic capture, Pu-241 from
Pu-240, and so on.

Results in fig. 7 show the evolution of fission
products that have an influence on reactivity, notably
the Xe-135. Its concentration increases rapidly and sat-
urates just after a few days of reactor operation, then it
decreases slowly with burn up. The effect of burn up on
reactivity is given in fig. 8 and tab. 5. Apart from the be-
ginning of the curve which corresponds to the appari-
tion of Xe-135, the decrease of the cell reactivity con-
forms to the reactor operating time or burn up. For the
core conditions: cold, fresh, and without Xe-135, the re-
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Table 4. Variation of isotopic densities with burn up for major fissile, fertile, and poison isotopes

Burn up Density [10%* cm™]
Isotope Error [%]
[MWd/tU] 2 groups 5 groups
U-235 0.0015148 0.0015148 0.000
U-238 0.0059631 0.0059663 0.000
1000 Pu-239 8.6978E-7 8.7389E-7 0.470
Pu-241 1.0680E-11 1.0759E-11 0.730
Xe-135 7.9639E-9 7.9639E-9 0.000
Sm-149 6.0956E-8 6.0973E-8 0.027
U-235 0.0014959 0.0014959 0.000
U-238 0.0059613 0.0059612 0.000
3000 Pu-239 2.5826E-6 2.595E-6 0.470
Pu-241 2.8614E-10 2.8825E-10 0.730
Xe-135 7.9275E-9 7.9321E-9 0.057
Sm-149 1.1271E-7 1.1276E-7 0.035
U-235 0.0014771 0.0014771 0.000
U-238 0.0059594 0.0059594 0.000
5000 Pu-239 4.2769E-6 4.2769E-6 0.000
Pu-241 1.3219E-9 1.3219E-9 0.000
Xe-135 7.8982E-9 7.8982E-9 0.000
Sm-149 1.2789E-7 1.2789E-7 0.000
U-235 0.0014583 0.0014583 0.000
U-238 0.0059575 0.0059575 0.000
7000 Pu-239 5.918E-6 5.9184E-6 0.000
Pu-241 3.5822E-9 3.5822E-9 0.000
Xe-135 7.863E-9 7.8634E-9 0.000
Sm-149 1.3201E-7 1.3201E-7 0.000
U-235 0.0014396 0.00144396 0.000
U-238 0.0059557 0.0059556 0.000
9000 Pu-239 7.4846E-6 7.5194E-6 0.460
Pu-241 7.4529E-9 7.5073E-9 0.720
Xe-135 7.8231E-9 7.8279E-9 0.060
Sm-149 1.3277E-7 1.3283E-7 0.045
U-235 0.0014209 0.00142 0.000
U-238 0.0059537 0.0059537 0.000
11000 Pu-239 9.0386E-6 9.0804E-6 0.460
Pu-241 1.3406E-8 1.3504E-8 0.720
Xe-135 7.787E-9 7.7918E-9 0.350
Sm-149 1.326E-7 1.3267E-7 0.051
50007 Table 5. Variation of reactivity with NUR reactor operating
‘s 4500 time
Z 4000 NUR reator operating Burn up Reactivity
g ] time [day] [MWd/tU] [10°5]
8 35004
= ] 0 0 4273
S 3000
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Figure 8.NUR reactivity variation at 1 MW constant power

activity excess is seen to be 4273 -10~> pcm. This value
is high enough to compensate for the decrease in reac-
tivity with burn up for a cycle greater than 100 days.
The lowest value will actually depend on both experi-
mental needs and the operability of the reactor.

The isotopic inventory of some actinides and fis-
sion products in the NUR nuclear research reactor
have been estimated for a fuel cell of the MTR type en-
riched to 19.7%, using the cell code WIMSD-4 based
on the WIMS-69 energy group library.

The fuel depletes with burn up, leading to a sig-
nificant change in its composition and reactivity. The
analysis allowed us to give an estimation of the isoto-
pic concentrations of actinides and some fission
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products present in an average fuel assembly in func- [3] Halsall, M. J., Summary of WIMSD-4 Input Option,
tion of the reactor operating time or burn up. It also fiEW'M 1327, 1980 o ,
gave an estimation of the decrease of the reactivity as (4] - INVAP SE, Réacteur nucléaire pour formation -

a function of time. The initial reactivity excess of Rapport final (.16 sireté, Haut Commissariat 2 la
4273 - 107 drops to a value of 500 - 107 after about Recherche, Algiers, March, 1989 -

. o [5] Kulikowska, T., Reactor Lattice Transport Calculation,
150 fiaYS.Of reactor operation. This gives us an ap- Workshop on Nuclear Data and Nuclear Reactors, Phys-
proximation of the reactor’s fuel cycle period. ics, Design and Safety, Trieste, Italy, March-April, 2000
[6] Taubman, C. J., The WIMS 69-Group Library Tape

166259, AEEW-M1324, 1975
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IMPOPAYYH YTPOIIKA TOPUBA Y MTP-JIEY HYP PEAKTOPY

Y papy ce nmpukasyjy pe3yJaTaTH BHUIIETPYIHOr €HePreTCKOr NpopadyyHa CHPOBEACHOr pafu
aHanm3e yrpoiika ropusa HYP peakropa no makcumanzor usrapama off 45 000 MWd/tU. Kao cpepctso
IpopadyHa KopmuheH je heJII/IjCKI/I nporpaM WIMSD-4. luTepec y 0BOM u3ydaBamy je 3a aKTHHUE, KAo
IIITO CY YPAaHUjYMOBH ¥ IITyTOHN]YMOBH U30TONH U (pricnoHu TpopyKTu Xe-135, Sm-149, Sm-151, Eu-155 n
Gd-157. PGSYIITaTI/I IETOTPYIHOT €HEPreTCKOr NIpopayvyHa y )106]:)0] Cy carJIaCHOCTH ca OHMMa JJOOMjeHUM
ABOTPYIIHO, T€ je ABOTPYITHY IPOpavyH KOpulltheH y CBUM KacHHUjUM npopauyHuMa. [Ipukazanu pe3ynratu
[popadyHa MOTr'y ce KOPUCTUTH Ka0 MUKPOCKOIICKa 0a3a [ofjaTaka 3a IIpOLEeHYy KOIMYUHE pafuOaK TUBHUX
U3BOpa HaCyMHIEe pacyTuX y >KMBOTHY cpefuHy. Mory ce Takobe ynoTpeOUTH 3a HaJrleflamkbe CTamba
TOPUBHUX CKJIONOBA Y je3rpy.



