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SYNTHÈSE :

Lors de l'accident survenu sur l'Unité 2 de Three Miles Island en 1979, le
signal délivré par les chambres source s'est révélé très supérieur à la normale. Ce
phénomène fut expliqué par la réduction de l'inventaire du fluide caloporteur.

EDF a donc décidé, en collaboration avec le CEA, de réaliser un schéma de
détection neutronique externe dont le but est de corréler le signal des chambres source
avec le niveau d'eau dans le cœur dans un CPY. Ce schéma est basé sur trois codes de
calcul :

- une évaluation de sources : SONATE ;
- un code de diffusion 3D multigroupe traitant le problème de multiplication

sous-critique : CRONOS2 ;
- un code 3D de propagation des neutrons : TRIPOLI 3.3.

Enfin, une simulation d'un Accident de Perte de Réfrigérant Primaire (APRP) a
montré que dans le cas précis du CPY français, la détection externe était peu efficace.
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EXECUTIVE SUMMARY :

During the accident of TMI2, the signal delivered by source detectors was
exceptionally high. This phenomenon was found out to be due to the water inventory
in the primary system.

Thus, in their research activity, Electricité de France (EdF) and Commissariat à
l'Energie Atomique (CEA) have jointly launched a programme, whose aim was to
determine to what extent the response of ex-vessel neutron detectors are representative
of reactor water level (or sources positions) in a French 900MWePWR. In this
framework, both partners developed the methods needed for each step of the
calculation chain.

Finally, a simulation of a LOCA indicates that the loss of coolant can be
detected by existing monitoring system, and could be more efficiently found by
changing the position of the source range detectors.
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1. INTRODUCTION

The water level and pressure inside the primary system are both key parameters for Pressurized
Water Reactor (PWR) safety assessment. This assumption was illustrated during the TMI
accident. One of the first report on this accident pointed out the abnormal signal delivered by
source-range monitoring 1. It was early estimated as a consequence of the low water inventory
in the primary system. American university studies2 offered a full explanation of the different
stages of the accident as far as the water densities were concerned in TMI geometry. So,
Electricité de France (EdF) and Commissariat à l'Energie Atomique (CEA) decided to examine
the entire problem inside a French 900 MWe PWR, whose internal configuration is different
from TMI unit. This work has been undertaken simultaneously to the installation of an inside-
vessel water level measurement system based on delta-pressure detectors, as a second way of
assuring a good knowing of the coolant inventory.
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2. PRESENTATION OF THE CALCULATION CHAIN

There are three different calculation steps to be performed to meet the final goal of assessing
the detector response relevant to primary water inventory: primary neutron source assessment,
neutron multiplication in a subcritical reactor and total neutron source transport up to ex-
vessel monitoring.

2.1 Neutron emission inventory after the reactor shutdown

Three main types of neutron source exist in a reactor after shutdown :

. (a,n) due to the slowing-down of alpha particles in an oxyde medium. Alpha particles are
emitted by actinides such as Plutonium or Curium, their mean energy is 2 MeV;

• Spontaneous fissions in actinides such as plutonium or Curium The energy of the
resulting neutrons is distributed according to a fission spectrum;

. (y,n) due to collisions of gamma particles on isotopes such as Deuterium or Beryllium
(mainly Deuterium included in the coolant inside PWRs). The threshold of the reaction
and the energy of the neutrons depend on the isotope3.

The EdF software SONATE, interpolating in CEA fuel cycle database coming from CEA code
PEPIN4, assessed the different types of neutron sources (a,n), spontaneous fissions and (y,n)
reaction on deuterium for different burnups and times after shutdown. The neutron emission
D2O(y,n) has a specific treatment : the (y,n) reaction rate for each of seventeen energy-group
gamma was calculated by Monte-Carlo TRIPOLI35 in a fuel rod geometry. Then, these
reactions rates are implemented in SONATE which combines them with gamma sources to
give the complete D2O(y,n) time-and-bumup-dependant sources for all neutron energies.

2.2 Determination of the three dimensional fission rate distribution

In a subcritical reactor, primary neutron sources are multiplied to give induced fission
neutrons. This multiplication is a function of the multiplication factor Keff, it is roughly equal
to 1/(1-Keff). Keff, lower than unity in a subcritical core, depends on water density, fuel rod
burnup, control rods insertions, reflectors behavior... We calculated the induced fission neutron
distribution with the multigroup diffusion code CRONOS26 developed by CEA/SERMA using
the external source option. The numerical method was 6-energy-group finite difference on a
core quarter with 100 meshes per fuel assembly. The preprocessed libraries needed for a
diffusion calculation were obtained by cell code APOLLO 1". The method to evaluate
multigroup reflector constants was developed by CEA8. It is based on group-to-group albedos
matrix. For each water density, these albedos were determined using ID Monte-Carlo
calculations with the TRIPOLI3 computer code in core boundary conditions
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2.3 Neutron transport calculations from the core to the ex-vessel detectors

The total neutron source transport up to the ex-vessel detectors calculations were performed
by the three dimensional Monte-Carlo code TRIPOLI3 using ENDF-BVI library associated to
the Probability Tables9 developed by CEA/SERMA and including neutron thermalisation. The
calculated response is the Helium production by boron neutron capture on the source detector,
behind the pressure vessel, at the quarter of the active height of the core as shown in Fig. 1 and
2.

"Ex-vessel
Instrumentation

CORE

middle

quarter

Intermediary

Range
Detector

Source
Range
Detector

Fig. 1 : Horizontal view of a PWR Fig. 2 : Vertical source-range
monitor position
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3. NEUTRON MULTIPLICATION AND TRANSPORT

The first studies were dedicated to the understanding of one of the physics phenomena
occurring in this problem, that is to say which source contributes the most to the ex-vessel
signal in the different coolant inventory situations.

3.1 Importance of each neutron source

(y,n) source position in the reactor: First, we focused on the D20(y,n) source, and we
studied which deuterium zone (core, downcomer or concrete) plays the major role in the ex-
vessel signal in a water filled PWR and a voided one. For this part of the study, we compared
the results of the French Monte-Carlo code TRIPOLI3 (used with ENDF-BVI) and the
English code MCBEND8 (with UKNDL) used by the Belgian team of Tractebel Energy
Engineering. MCBEND is a general-geometry Monte-Carlo program for radiation transport
problems, developed and distributed by the ANSWERS Service (AEA Technology, Winfrith,
U.K.). The induced fissions are excluded from the calculations of this part. The final results are
obtained for two water densities (1 and 0.05) as described : one gamma transport calculation
all over the reactor (up to the concrete part), relevant neutron sources assessment by
calculating the local D2O(y,n) reaction rate, and final neutron transport to the detector. Results
are shown in TABLES I and II; there are normalized for each code so that the downcomer
contribution is equal to unity. Both codes found out that the main contributor in the water
filled reactor is the downcomer, hundreds of times more than the core or the concrete. In the
voided case, the sources of the core contribute the most (two times more than the
downcomer).

TABLE I - Comparison of different water zones contribution to total response
(homogeneous water density : 1)

Neutron source position

Active core

By-pass and downcomer

Concrete

TRIPOLI

0.002

1

0.01

MCBEND

0.005

1

0.008

TABLE II - Comparison of different water zones contribution to total response
(homogeneous water density : 0.05)

Neutron source position

Active core

By-pass and downcomer

Concrete

TRIPOLI

2.3

1

0.002

MCBEND

2.2

1

0.002
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Induced fission contributions : For the second step, we compared the contribution of the
three primary sources ((a,n), spontaneous fissions and (y,n), time: 30 minutes after shutdown)
with induced fission sources in the filled and the voided situations. Keff is about 0.93 in the
filled case and 0.80 in the voided one. Results are presented in TABLES III and IV. In the
filled case, fission sources induced by (y,n) turn out to be the major contributor : 93% of the
total response. We also notice that fission sources induced by (y,n) contribute 4000 times more
than the primary (y,n), this means 20 times more than the downcomer sources. In the voided
case, the fission induced by spontaneous fissions represent 60% of the total response on the
ex-vessel detector. In this last case, the decrease of the water density leads to a decrease of the
deuterium inventory, whereas the spontaneous fissions are not affected. These spontaneous
fissions could even contribute more, indeed they are mainly due to the curium-242 and curium-
244 appearing in the fuel pellets all the more as the burnup increases or as Mixed Oxide fuel is
burnt in the reactor. Moreover, as far as spontaneous fissions are concerned, we notice that the
total response is just three times more than the one due to the primary source, though
1/(1-Keff) is roughly equal to 5. This can be explained by the dominant position of a few very
burnt next-to-periphery inside assemblies where control rods are inserted. In these assemblies,
the spontaneous fissions are numerous, but the local multiplication factor is very low (average
of 0.4), so the total response does not follow the global core Keff.

Thus, it was shown that an assessment of the total induced fission sources was necessary to
assure a good accuracy on external detection calculations for any situations that could occur in
the French operating reactors.

TABLE III - Primary and induced fission sources contribution (standard water density).

Source type

(y,n) in the core

Spontaneous fissions

(<x,n)

TOTAL

Response due to
primary source

0.02

0.22

0.02

0.24

Response due to fission
induced sources

92.4

6.6

0.8

99.8

Total response

92.4

6.8

0.8

100

TABLE IV - Primary and induced fission sources contribution (voided reactor).

Source type

(y,n) in the core

Spontaneous fissions

(a.n)

TOTAL

Response due to
primary source

4.7

19.6

2.5

26.8

Response due to fission
induced sources

27.8

40.1

5.4

73.2

Total response

32.5

59.7

7.8

100
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3.2 Neutron transport in homogeneous void

In order to understand the physical phenomena occurring in the voidage, we realized simplified
scenario calculations, i.e. voidage with homogeneous distribution along the active height. This
approaches reality if the motor pumps go on working as the water floods out We, thus, can
quantify the competition between the losses of reactivity and of (y,n) sources and the gain in
neutron transport. The results are shown in TABLE V. The conclusion is that, in homogeneous
voidage, the losses of reactivity and of (y,n) sources are hardly compensated by the easier
neutron transport. This conclusion is different from the TMI study2; this can be explained by
the thinner downcomer in a French 900 MWe PWR, the transport differential effect due to the
loss of water is then lower in our case. In other French PWRs (1300 and 1450 MWe) the
downcomer is thicker, the increase of the response during voiding can be expected to be
higher.

TABLE V - Detector responses for different homogeneous water densities.

Water density

0.75

0.65

0.50

0.38

0.20

0.02

KefT

0.93

0.90

0.85

0.79

0.66

0.45

1/(1-Keff)

15

10

7

5

3

2

He production
in ex-vessel detector

1

0.44

0.56

0.80

1.28

3.46
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4. CALCULATED EX-VESSEL DETECTOR RESPONSE DURING A
LOCA

Finally, we performed the validation of the calculation chain by comparing the response of the
ex-vessel detector during a standard shutdown and a realistic incidental voiding of the core.

4.1 LOCA scenario

The selected scenario is a 2-inch cold leg break in a 900 MWe PWR without High Pressure
Safety Injection. This scenario leads to core uncovery, ultimate procedure set out and finally
accumulator injection. It was experimentally simulated in BETHSY mock-up in
CEN/Grenoble". The chronology of this LOCA is detailed in TABLE VI.

The needed hydraulics parameters were calculated with CEA-developed code CATHARE 2,
which proved its accuracy compared to this experiment". The main parameters, downcomer
level and Keff, are presented in TABLE VII. CATHARE2 also provided the needed 15-axial-
meshed water density distribution for the 6 times mentioned in TABLE VII.

TABLE VI - Chronology of the selected LOCA

Event

Transient Initiation

SCRAM signal

Safety Injection signal (failed)

Start of pump coastdown

End of pump coastdown

Start of first core unrecovery

Ultimate procedure initiation

Accumulator injection

Chronology

0 second

41s

54 s

356 s

971s

1830 s

2562 s

2962 s

TABLE VTI - Downcomer level and Keff during the LOCA

Time (second)

0

427

692

818

980

2538

2911

downcomer level (cm)

366

334

305

285

245

138

52

Keff

0.93

0.917

0.907

0.902

0.874

0.872

0.778

1/(1-Kcff)

15

12

11

10

8

8

4.5
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4.2 Source-range detector response and other responses

The total neutron sources were prepared for the 6 times mentioned in TABLE VII by
SONATE The CRONOS2 and TRIPOLI3 calculations were performed using the
CATHARE2 15-axial-meshed water density distribution. The main phenomenon to evaluate is
the competition between the loss of the multiplication factor induced by the decreasing
efficiency of the moderation during the voidage and the increase of the neutron transport to the
ex-vessel due to the loss of the water, particularly in the downcomer. The variation of the
response between the filled case and the LOCA scenario (in Fig. 3) turned out to be slightly
superior to unity at the very beginning, moderately increasing before the uncover of the core,
and finally reaching 10 just before the heavy depressurization of the core (30 minutes after the
emergency shutdown). These results differ from the previous ones (in homogeneous cases)
because the bottom of the core is not voided, the moderation remains high so that fissions
sources in the bottom of the core are still numerous.

To complete this study, we have also simulated the response of the intermediary detector,
which is located above the source detector, at the middle of the active height As the void first
appears in the higher part of the core, the intermediary detector is earlier affected by the
incident (see Fig. 3). During the first ten minutes, the variation of the response between the
filled case and the LOCA scenario is twice as much on the intermediary detector than on the
source detector. At the end of the LOCA, the variations on the two detectors are just the
same

Finally, we calculated what the variation would be if the source detectors were located at the
middle of the active height, in the sector where the downcomer thickness is the largest This
position should enable the maximal variation of the signal as the influence of the water in the
neutron transport is maximal. Indeed, 15 minutes after the shutdown, the variation is equal to 6
(see Fig.3), increasing up to 15 at the time of the uncover of the core, finally reaching 17 at the
time of the depressurization. As expected, this position sees the maximum differential effects
during the voiding.
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Time (s)

0 Source range detector 0°

• Source range detector 45*
D Intermedjairy range detector 0°

*3 Intermediairy range detector 45*

Fig. 3 : Ratio of detector response during LOCA and standard response
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5. CONCLUSION

Electricité de France and Commissariat à l'Energie Atomique have together established a
calculation chain which is constituted by fuel cycle simplified software, three-dimensional
multigroup diffusion code with external source option and three-dimensional Monte-Carlo
neutron transport code. This calculation chain can be applied in any incidental situation
involving changes in water distributions and in neutron sources to evaluate the responses of
reactors detectors. The particular application to a LOCA in a French 900 MWe PWR indicated
that this incidental situation could be detected by the existing ex-vessel detector, but the
detection would be more effective by locating the source-range monitoring in the upper pan of
the active core in the angular sector where the downcomer thickness is the largest.
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