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Abstract
In case of a failure of a coarse control arm (CCAs) at FRJ-2, reactivity is added to the reactor.

The amount of this reactivity depends on the efficiency of the individual CCAs which has been

measured as 180 % of the average reactivity of the six arms for the central arm For this design

basis accident, it is required that only 4 out of residual arms must be capable of shutting

down the reactor.
This minimum shutdown reactivity is provided by an optimum fuel management including an

experimental reactivity determination. Calculation of fuel burnup and material densities is

performed by the depletion code SUSAN, which has been verified by separate calculations

using ORIGEN. The difference in the reactivity values (between calculation and measurement)

is mainly a consequence of the limitation of the of the inverse kinetic method, which is not

capable of covering the effects of the flux deformation and interaction of the CCAs and core in

the process of reactor scram.

Introduction
According to an official safety review of the Gernian research reactor FRJ-2 a certain

shutdown reactivity must be ensured at the beginning of every operating cycle/I/. This results

from the fact that Coarse Control arms (CCA) used for reactivity control are held by a
supporting mechanism A failure of the supporting mechanism would aow an absorber ar to

swing out of the core and to cause a power excursion as a result of a positive reactivity/2/ if

the two independent scram systems (the residual coarse control arms and the fast scram

system) fail to operate in time. This design basis accident is extremely unlikely, but it is

required that only 4 out of residual arrns must be capable of controlling the accident and

shutting down the reactor. The reactivity absorption of the fast scram system which is inserted

in such a situation is not allowed to be taken into account for formal reasons. The guarantee of

this minnnum shutdown reactivity on the one hand and the provision of sufficient excess

reactivity for the whole period of the operating cycle on the other hand require a fuel

management that consists of a theoretical method with an experimental verification.

At first burnup calculations are performed for all fuel elements by the application of the

SUSAN code which calculates the density of the most important nuclides and absorber

material contained in the fuel element. The calculation of reactivity values resulting from the
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fuel bumup and composition changes is performed on the basis of reactivity coefficients and

flux distribution in accordance with the perturbation model.
To check the theoretical value of the calculated total shutdown and excess reactivity, a

measurement is performed after completing the loading steps using the inverse kinetic method.

Due to the space-independent character of the method, the results depend on the location of

the measuring device, so that the fal value is to be corrected regarding spatial effects. Due to

the uncertainties in the determination of reactivity, a criticality test is required at the beginning

of the operating cycle to experimentally verify shutdown of the reactor by 4 out of residual

CCAs in case of accident. For this airn, the most efficient CCA is withdrawn from the active

zone and the 2nd one is moved to the critical position(angle).

Description of the FRJ-2
The FRJ-2 is a DIDO-class tank-type research reactor cooled and moderated by heavy water

passing through the core in the upward direction. The core consists of 25 so-called tubular

MTR fael elements accommodated within an aluminiurn tank (Fig. 1). The tank is closed at the
top by a solid shield plug and is surrounded by a raphite reflector enclosed within a double-
walled steel tank as a second containment.
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Fig. 1: Arrangement of fuel elements and coarse control arms inside the reactor tank

The active part of the tubular fuel elements is formed by four concentric tubes having a wal.1

thickness of 1.5 nun and a length of 063 m. Each tube is formed by three material testing fuel

plates containing high-enriched uranium a UAIx-matrix clad with pure aluminum. The tubes

are accommodated in a shroud tube of 103 mm diameter, to wch they are attached by four

combs at either end. The annular water gap between the tubes has a width of about 3 mm

around a central hole of 50 mm diameter.
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The reactor is equipped with two independent and diverse shutdown systems, the coarse

control arms (CCAs) and the rapid shutdown rods (RSRs). In case of demand, the six CCAs

are released from their electromagnets and drop into the shutdown position by gravity,

whereas the three RSRs are shot in by their pneumatic actuators.

Calculational basis of fuel management

The bumup for each individual fuel element in the core configuration is calculated by the

application of the SUSAN code, which solves the differential equations for the most important

nuclides in the fuel composition including uranium, plutonium and neptuniurn isotopes as well

as for the absorber material contained in the fuel element as a fnction of the irradiation time.

The nuclide concentration is determined at each time step by application of a two-dimensional

shape function which is measured by the activation method. For this purpose, cobalt wires are

fixed along the active length of the fuel elements (axially) and irradiated at the nominal power.

The activity of Co-60 and the individual count rate is a measure of the neutron flux distribution

in the axial direction of each fuel element. Because of the averaging with the fission rates, the

ratio of the fuel element count rate to that of the core represents the flux shape function

(factors) of the respective fuel element. The reactivity changes resulting from fuel and absorber

burnup are calculated by applying the normalized squares of the flux shape factors in

accordance with perturbation model.

For the verification of the mathematical model of the SUSAN code, comparative calculations

were carried out with the ORIGEN code/3/. The calculation with SUSAN and ORIGEN was

performed for a BU (80 /ow enrichment) fuel element for a power of 092 MW and bumup

of 60 %w. According to Tab. I the results of the calculation with the two codes are in very

good agreement for U-235 and U-238. The maximum deviation amounts to 53 for the case
of Pu-239. The reason is to be found in the differences between the models for handling and

solving the burnup equations as well as in the consideration of a large number of subsequent

nuclides, in the case of the ORIGEN code.

Table 1: Nuclide densities fox the fuel element EU 170

SUSAN ORIGEN SUSAN ORIGEN Diff 

Fluence 0.0 20.148E+20

TJ-235 (g) 170.0 170.0 68.020 68.000 0.03

U-236(g) - - 14.535 14.355 1.24

U-238(g) 42.5 42.5 40.442 40.435 0.02

Pu-239 (g) - - 0.1113 0.1067 4.13

NP-237(g) 0.3378 0.3200 5.27

Pu-241 (g) - - 0.09044 0.0884 2.26

Flux(nv) 1.727 1.725 4.2440 4.1740 1.65
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Reactivity balance and kinetic measurements
After calculation of the neutron flux distribution and material densities, the total reactivity loss
is determined for the whole period of the operating cycle. On the basis of the limiting values
for bumup and the minimum shutdown reactivity for the cold and xenon-free core, the number
and positions of the fuel elements for replacement are fixed. The total reactivity change of the
core is determined by the calculation of the reactivity values for each individual replacement
resulting from changes in the density of U-235 and absorber. On the basis of the reactivity
value of the core at the end of each operating cycle, the shutdown reactivity of the next core is
determined with the consideration of all replacements.
To check the final reactivity value and to determine the shutdown value of the whole bank
under normal operating conditions, a measurement is carried out using the inverse kinetic
method. For this purpose the CCAs are dropped from the critical angle after starting up and
stabilizing the power at 2 MW. Normally, an acceptable agreement is found with the result of
the measurement at a particular location of the measuring detector. In the case of
measurements using dferently located ionization chambers, the difference in the reactivity
values amounts to a maximum of approx. I % dk/k for the same core and configuration.The
amount of the deviations depends on the location of the detector, burnup state of the CCAs
and fuel elements (including loading inhomogeneity). The reason for the discrepancies is that
the point kinetic approach for the reactivity determination does not cover the effect of flux
deformation taking place in the course of dropping the CCAs. By inserting CCAs, the neutron
flux is redistributed in such a way that the flux reduction at the detector position does not
represent the same ratio as the average flux of the core. Because of spatial effects, a more
sophisticated method is needed for the correction of the measured reactivity values.

Experimental verification of minimum shutdown reacgyj�:
In the case of a loss of the most efficient CCA a fraction of the total excess reactivity of all 6
CCAs will be released which is determined by the excess reactivity of an average CCA and the
weighting factor of the CCA in question. The worth and also the weighting factor of the
individual CCAs depends primarily on the position, bumup and core condition. Due to the
complexity of the calculational procedure and related uncertainties, the determination of the
individual worth is performed by measurement. To this end, the individual CCA is successively
kept at the shutdown position ffly down) and the remaining five are raised to the critical
position 100 KW). The difference of the measured angle from the critical angle of al 6 CCAs
is considered to be proportional to the worth of the CCA kept at the inserted position. The
individual worths are determined by adjusting the efficiency curve of a CCAs to the CCAs
on the assumption that for the criticality of the reactor in any combination of the CCAs the
same reactivity value is needed. The individual worth and consequently the individual
weighting factor results from the dference of the two efficiency curves for a given angle. The
results of the measurement indicated in Fig. show that the efficiency of the central CCA with
1.80 (above the average) is higher than that of the peripheral one by a factor of 4.14.
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On the basis of a weighting factor of 1.80 for the central CCA and a total reactivity worth of -

17 %dk/k for a 6 CCAs, the reactivity insertion in case of accident will amount to 2.94 

dk/k(for a shutdown reactivity of 7.2 dk/k). By comparison the insertion of 4 out of 

CCAs will compensate the positive reactivity by absorbing 3.25% dk/k.

Due to the uncertainties in the determination of the worth of the CCAs and reactivity

coefficients as well as in the reactivity values resulting from the bumup calculation, a criticality

test is performed after completing the loading procedure and before starting the power

operation. The undercriticality of the reactor for the accident is proved by withdrawing the

most efficient CCA from the reactor core and raising the d one to the angle corresponding

to the criticality value of the whole bank. By this test, the configuration of the CCAs under

accident conditions is simulated and the reactor shutdown by 4 out of 5 CCA is proved.

Conclusion
A comparison with the ORIGEN code shows that the depletion model of SUSAN is capable of

precisely calculating the bumup behavior of the fuel elements of FRJ-2. The accuracy of the

calculation depends on the other hand on the accuracy and influence of the flux distribution,

which is measured once in an operating cycle and is kept constant in SUSAN during the whole

irradiation tme. This also influences the reactivity values which are needed for an optimum and
safe operation with sufficient shutdown and excess reactivity. Verification of the reactivity

values by the inverse kinetic method represents an approximate procedure and needs flirther

correction due to the spatial eects.
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