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Abstract— CABRI is an experimental pulse reactor operated
by CEA at the Cadarache research center and fundety the
French Nuclear Safety and Radioprotection Institutg(IRSN).

For the purpose of the CABRI International Program (CIP),
operated and managed by IRSN under an OECD/NEA
framework it has been refurbished since 2003 to bable to
provide experiments in prototypical PWR conditions (155 bar,
300 °C) in order to study the fuel behavior under Ractivity
Initiated Accident (RIA) conditions.

This paper first reminds the objectives of the powe
commissioning tests performed on the CABRI facility The design
and location of the neutron detectors monitoring tle core power
are also presented.

Then it focuses on the different methodologies usedo
calibrate the detectors and check the consistencyd co-linearity
of the measurements.

Finally, it presents the methods used to check thignearity of
the neutron detectors up to the high power levels~@0 GW)
reached during power transients. Some results obtaéd during
the power tests campaign are also presented.

|I. INTRODUCTION

CABRI is an experimental pulse reactor operatedCBA
and funded by the French Nuclear Safety and Ragiegtion
Institute (IRSN) at the Cadarache research ceSiace 1978
the experimental programs have aimed at studyiregftiel
behavior under Reactivity Initiated Accident (Rlégnditions.
Since 2003, it has been refurbished in order toable to
provide RIA and LOCA (Loss Of Coolant Accide

nt)

This paper focuses on the analyses of the lineanfty
CABRI experimental ex-core compensated ionization
chambers used to measure online the power of thBRTA
driver core during RIA power transients.

In the first part, the method used and the tesifizexl to
calibrate the neutron detectors at low power véllexplained.

The second part will concentrate on the method useed
demonstrate the linearity of the detectors undensient
conditions.

Each one of the above experimental goals will lsxdeed,
as well as the target uncertainties regarding tloavep
measurement.

A. Description of the CABRI reactor

CABRI is a pool-type reactor, with a core made 4871
U0, fuel rods with a 6 %°U enrichment with stainless steel
clads. The reactor is able to reach a 25 MW ststate power
level. The reactivity is controlled via a systembofontrol and
safety rods made-up of 23 hafnium pins for each (wee
Fig. 1). The core is cooled by a forced water flak
3215 ni.h™ when the core power is higher than 100 kW and
by natural convection with the pool water otherwjise

CABRI REACTOR AND COMMISSIONING TESTS

experiments in prototypical PWR conditions (155,
300 °C). This project is part of a broader scopzuiding an

Outer graphite

overall facility refurbishment and a safety revielhe global
modification has been conducted by the CEA prdjeatn and

Fuel assembly

funded by IRSN, which is operating and managing @ie
experimental program (CABRI International Program)the
framework of an OECD/NEA agreement.

During the reactor restart,
performed for all equipment, systems and circuifstre
reactor. In particular power commissioning testgehaeen
carried out in 2016 and 2017.
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Fig. 1. CABRI core




The key feature of the CABRI reactor is its redtfiv detector during power transients up to power lewdls

injection system [2]. This device allows the vergstf about 20 GW.
depressurization of the®He (strong neutron absorber)
previously introduced inside 96 tubes (SO callecarisient 11l. DESIGN AND LOCATION OF NEUTRON DETECTORS

rods”) located among the CABRI fuel rods. The rapid
absorber depressurization translates into an elgnitva
reactivity injection possibly reaching 3.9$ withia few
10 ms. The power consequently bursts from 100 kWtaip
~20 GW (see Fig. 2) in a few ms and decreasesfufdst due
mainly to the Doppler effect. The total energy dapmn the
tested rod is adjusted by dropping the control safeéty rods
after the power transient.

During steady states and transients conditions, cibre
power is measured by the mean of specific ex-can®rb
ionization chambers.

Experimentally, five detectors are used to moniar core
power during transients, four of them were manufiazt by
Reuter Stokes and the last one by Merlin Gerin {sdde ).
They are operated in the current mode.
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Fig. 2. Typical CABRFHe Pressure and core power shapes durir|
a RIA transient
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B. Focus on the power commissioning tests

The neutronics commission tests aimed at precisg
characterizing the neutronics parameters of the RlA8dre
[3]: reactivity effects, power distributions and nétic
parameters.

After carrying out those tests at low power (< k00), the
CABRI facility was ready for power commissioningte
The main objectives of these tests were:

e to assess the thermal leakage coefficient assdcisite
the water mixing in the upper water box area duthng
reactor forced cooling phase (see Fig. 3: the @rabn
and safety rods and the experimental pressurizedrwa

loop aTe not represented in the figure), the detectors, the experimental signals overlapdifierent
* to calibrate the neutron detectors thanks to thbrm?anges of operation of the chambers and electrohains

balance measurements performed on water of th&ich aliows to measure the whole power range éncise of

primary cooling system passing through the coreeséh power transients (i.e. from few kW up to ~20 GWagF able

thermal balance measurements are carried out tipeto | and Fig. 4).

maximal steady state CABRI driver core power level In the Figure 4, HN1 and HN2 are the neutron detsct

(~25 MW), used to control the reactor in normal operatingda@ns

+ to verify the co-linearity of the experimental neut (€xcept for transients). They are used in the gafedin of the

detectors during the power increase as well aDuari reactor. The response time of their electronic rchand
steady state power levels acquisition system is too long to be able to maritwrectly a

. . . ower transient.
e to study the consistency of the different experitaken P

) - G2.1 and G2.2, which are the detectors closedtdatre,
neutron detectors measurements and the lineargpdi 4.0 mainly used to measure power during steadye stat

conditions (before transients). They also follow tieginning

n

Fig. 3. Mixing zone in the upper water box area

The neutron detectors are positioned outside the, co
behind a lead shield designed to reduce the garurgdee

Fig. 4).

Thanks to increasing distances between the drioes and



of the transients before the overlap of the expenial

detectors signals is ensured by the G3 detectors.

Note that preliminary tests on the neutron detsctoere
performed at low power levels in order to checkirthe
operability, to determine their high-voltage, distnation

curves and their neutron sensitivity.
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Fig. 4. Positions of the neutron detectors

TABLE |. CABRI EXPERIMENTAL BORON IONIZATION CHAMBERS

G2.1 G2.2| G3.1.1] G3.1.2 G34
Supplier Reuter| Merlin | Reuter | Reuter | Reuter
pp Stokes| Gerin | Stokes | Stokes| Stokes
Min Power ~10 kW ~10 MW ~100 MW
. N > Max transient power of
Saturation 450 MW CABRI

IV. CALIBRATION OF THE NEUTRON DETECTORS

The power commissioning tests aimed at calibratimg
neutron detectors thanks to thermal balance measmts
performed on the primary cooling system.

This calibration realized in steady state condgigop to
25 MW) is very important since the core power dgrife
transients is only assessed online by the neuttactbrs.

The objective of the thermal balance measurement® i
define the neutron detector sensitivity coefficientwhich
connects the powePyp (W) to the detector signab (V)
according to the following equations [4] (see HEy.
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A. Experimental evaluation of the thermal

coefficient

RPp =¢CS
PND = I:?I'B

P = P.C, Qxc '(THL ~Ta ) th
_TPW)

PI'L = K'(THL

detector Signal (V)

water density (kg/f)

Reactor Coolant flow rate (its)

Hot Leg water temperature (°C)

1)
)
3
(4)

core power measured by the Neutron Detector (W)

neutron detector sensitivity coefficient (W/V)
core power measured by Thermal Balance (W)
water isobar specific heat (J/kg*C

Cold Leg water temperature (°C)

Thermal power Leak through the upper box (W)

thermal leakage coefficient (W/°C) (see § IV. A)

Pool Water temperature (°C)

leakage

The thermal leakage coefficient has been measweadgd

primary

cooling

system

operations

with  significant

temperature differences between the reactor podl the
outside tanks (see Fig. 5). This measurement doesequire
power operating phases of the reactor, i.e. at pewer.



the tanks. The value obtained is about 0.3 MW/°@hvain
estimated uncertainty of 20 % o2 This high level of
uncertainty does not significantly affect the globacertainty
of the thermal balance measurements of power bectnes
thermal power leakage represents only approximaély of
the total power obtained by thermal balance.

B. Calibration of the neutron detectors by thermal balances

and check for the consistency and co-linearity of the

measur ements

During the power commissioning tests, thermal bedan
with increasing power levels (8, 10, 12, 15, 19 amdto

e 23 MW) were used to calibrate the neutron detect®rse

Fig. 5. View of the primary cooling system of CABdlue) neutron detector sensitivity coefficients were festbd
whenever the power delivered by the detectors thvirom
the core power measured by thermal balance.

The mixing zone in the upper part of the water (alxove
the core, downstream since the cooling water ctesl down
to top) is illustrated on the figures 6 and 7. istcase, the
temperature of the pool water was higher thanehgperature
of water inside the primary cooling system. Thetfifigure
was obtained from images taken with a thermal caraéthe
beginning of the homogenization phase (cold wateblue).
The second one comes from 3D CFD calculations padd
with the STAR-CCM+ code [5].

Some tests have also been carried out with vartfireg
initial temperature of the primary cooling systemnknow the
neutron detectors sensitivity dependence on thisnpeter.

This sensitivity variation is equal to -0.30 %/°0r fall
neutron detectors.

The consistency and co-linearity of the neutronedetrs
power measurements was checked during the differener
increases and steady states of power.

The figure 8 presents the results obtained during t
different phases of the power increase to reacB &\& final
steady state of power (comparisons of HN and G2atiets).

| Y For power higher than a few kW, the signals arefepty
Fig. 6. Thermal camera pictures of the mixing zan¢he upper consistent.
part of the water box
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Fig. 8. Evolution of the neutron detectors sigrthlsing a 23 MW
steady state power level
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Fig. 7. STAR-CCM+ calculation of the mixing zonetlme upper
part of the water box

The three G3 neutron detectors signals are noesepted
on this figure because there are not representfatiaich low
power level (see Table I). For these detectors sthesitivity
coefficients, obtained thanks to thermal balandepaavers
below 25 MW, are not precise and will be refined dower
88mparisons with G2 detectors (up to 450 MW) dupogver
Hransients (see 8 V).

In order to assess the thermal leakage coeffitdembobile
thermocouples have been used to monitor the temperaear
the mixing zone.

Measurements were made during three homogenizati
phases of the primary cooling system when thereew
significant water temperature differences betwéenpool and



V. LINEARITY OF THE NEUTRON DETECTORS DURING POWER Evolution of primary cooling system temperature
TRANSIENTS OG 250 during power transient and associated DeltaT 5o
The last objective of the power commissioning tesl g 245 45
concerning the neutron detectors was to check timaarity | 2. 54 —Ta 4
during the power transients. @235 |\ —Tm 55
RIA power transients have been realized increagimgl | 130 ‘ DeltaT | . &
energy, that means starting from Ide pressure and low ;2245 f \ 75 ;
valve aperture of the transient circuit [2]. E 2.0 ’ \ 20 E
S 15 | \ 158
The coherence and co-linearity of the neutron detsc ‘é 21.0 LN 1.0
power measurements was checked during the diffg@mer | 5 205 O{fset 0.5
transients. E 200 =% : : — 0.0
The G3 detector sensitivity coefficients have besfimed |~ 0 1020 30 40 50 60 70
. . . Time (s) from TOPonset
from the power comparisons with G2 detectors duri

9 —. - - - -
transients up to their saturation (~ 450 MW) asvshmn Fig. 10. Evolution of primary cooling system termgtere during

Fig. 9. power transient
TABLE Il. G3.4INTEGRATED POWER(G3.4)AND CALORIMETRIC
1 0E+05 CABRI transient of power example . BALANCES RESULTS ON THE CORE ENERGY COMPARISONS
LoEsos ‘ A —G2.1 Maximal E_CTB* E_G3.4* E_G3.4
’ L / \ T e34 10 power peak /
_ 10e403 —Helium-3 Pressure T (GW) (MJ) (MJ) E_PCS
3 . %
%1,0902 s 35 77.4 80.0 0.968
% 6 £ 8.1 128.7 130.1 0.990
g . & 12.8 170.4 170.0 1.002
1,0E+00 2 16.8 201.9 202.8 0.996
1,0E-01 0 2 5.9 208.1 209.6 0.993
1,0E.02 ‘ 0 0.6 55.4 58.1 0.952
0 01 02 e ¢) 03 04 05 19.1 233.5 232.9 1.003
Fig. 9. CABRI transient of power example 21.3 245.5 244.6 1.004
* Calorimetric Thermal Balance energy on primary cooling
The linearity of the neutron detectors and thepatxdlity to system

measure precisely the energy deposit during poresisients
have been checked using transient calorimetricnicala

The energy deposit in the core during the transient
evaluated by determining the energy carried awaythsy
primary cooling system (integration of the instaeus

** (3.4 energy (integration of the neutron detector power)

Integrated power (G3.4) and calorimetric thermal balance

300 on primary cooling system energy comparisons

power) until the core power drops below the initmdwer 250 -
before transient (see Fig. 10). e
This energy is then compared to the energy integricbom 200 /,x"

(V)
[}

the power of the neutron detectors during powersients.
This comparison is carried out for several powangients
with various total energies and maximum power peaks 100
The figure 11 and the table Il show an exampleesilts o
for the G3.4 neutron detector and conclude to ib®dg 50 — A
linearity for different energy and power rangesyearing the .

e 0 : :
whole range of the CABRI capabilities. 0 50 100 150 200 250 200

E_G3.4 (M)
Fig. 11. G3.4 and calorimetric thermal balanceslte®n the core
energy comparisons

E_CTB
—
w
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Given the results obtained during the power comionissg
tests, an envelope uncertainty of 8 %)(2an be applied to
the energy deposited in the core, measured from the
experimental neutron detectors.



VI. CONCLUSION

This paper presents the results of the power testgpaign
performed during the commissioning tests of the @AB
reactor.

The methods used to qualify the core power measemtsm
(either steady state or power transients) wereaixgdl and
some results of the power commissioning tests wergented.

The neutron detectors have been calibrated thaoks t
thermal balances performed on the primary coolysgesn for
steady states of power up to 23 MW.

The consistency and co-linearity of the neutroredets
power measurements were checked.

Finally an important point was devoted to the stoflyhe
linearity of the detectors on typical RIA power riséents
considered in the CIP program.

REFERENCES

[1] JP. Hudelot, Y. Garnier, J. Lecerf, M. FournierM&agnetto, E. Gohier,
“CABRI reactor commissioning: results and analysfishe tests on the
primary cooling system and on the control and gafedds,”
IGORR2014 conference, 17-21 November 2014, Bardpgingentina

[2] B. Duc, B. Biard, P. Debias, L. Pantera, JP. Hugelo Rodiac,
“Renovation, improvement and experimental validaitd the Helium-3
transient rods system for the reactivity injectinrthe CABRI reactor”,
IGORR2014 conference, 17-21 November 2014, Bardpgingentina

[3] G. Ritter, O. Guéton, F. Mellier, and D. Beretz, €Nron
Commissioning in the New CABRI Water Loop FacilitylEEE
Transactions on Nuclear Science, Vol. 57, n°5, bet@010

[4] F. Jeury, L. Pantera, Y. Garnier, “CABRI experina@nteactor:
experimental reassessment of CABRI core power aedsorement
uncertainties”, IGORR2013 conference, 13-18 Octd#¥¥3, Daejeon,
Korea

[5] CD-Adapco User Guide, STAR-CCM+ Version (11.02)



