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ABSTRACT

This paper describes the recent upgrade, the isfument, the safety reassessment and the
recommissioning of the CABRI facility. It also pesds the organization of the commission-
ing tests and in particular the neutronics and paests that will be performed in 2015 and
2016 in order to demonstrate the ability of the GABore to provide complete, appropriate
and improved testing conditions and safety margihde controlling the associated uncer-
tainties in the best possible way. It finally ditahe experimental techniques that will be
used and the targeted experimental uncertainties.

The first divergence of CABRI in the pressurizedavdoop configuration was achieved in
October 2015. The neutronics and power commissjorgsts of CABRI, including a total of
around 300 experiments, are under progress.
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1. INTRODUCTION

CABRI is an experimental pulsed reactor operate€ B at the Cadarache research center. Since
1978 the experimental programs in CABRI have bderea at studying the fuel behavior under
Reactivity Initiated Accident (RIA) conditions. Thpeirpose of the transient tests performed as part
of these programs was to improve the safety oftoesén nominal and accidental operating situa-
tions, at validating the multi-physics calculatioodes and at designing and testing innovating types
of fuels (e.g. accidents tolerant fuels). For ge&3R’s fuel studies, a sodium experimental loop was
designed and implemented at the center of the CABREr core, in order to accommodate the
instrumented test device that contains the fueltoodle tested, and to cool this fuel rod into the r
quired thermal-hydraulic conditions.

In order to study the PWR high burn up fuel behguioe facility was modified to have a water
loop able to provide thermal-hydraulic conditiompresentative of the nominal operating PWR’s
ones (155 bar, 300°C). This project which bega2(@3 was driven within a broader scope includ-
ing an overall facility refurbishment and a safetyiew. The global modification is conducted by
CEA. The experiments take place in the frameworkhefOECD/NEA Project CIP (CABRI Inter-
national Program) which is conducted by IRSN (stile Radioprotection et de Sdreté Nucléaire).
IRSN finances the refurbishment and the operatioth® CABRI reactor that is currently put at
disposal of the IRSN for investigations into théesaof fuel.

This paper first focuses on the upgrade, the reshrbent and the safety reassessment. Then it ad-
dresses the recommissioning of the CABRI facilihd dn particular the neutronics and power



commissioning tests that have been designed to nignade the ability of the CABRI core to pro-
vide appropriate testing conditions and safety marg/hile controlling the associated uncertainties
in the best possible way. Another goal is to vaédéne preliminary neutronics calculations per-
formed for the design of the safety and of the ggeninces of the CABRI core. One details how
those commissioning tests were prepared, the erpatal techniques and the targeted experi-
mental uncertainties.

2. GENERAL PRESENTATION OF CABRI

The CABRI facility (see Fig. 1) is made of the CABgbre and of 3 main systems (pressurized
water loop, transient rods and primary cooling eyst allowing to perform transient tests (RIA,
LOCA) with a high level of representativeness, aacy and safety. Those different components of
the facility are described in the following secson

Water loop tank

Test device

Reactor core

Figure 1. Overall view of the CABRI facility (left) and of éhpressurized water loop (right)

2.1. CABRI Core

CABRI is a pool-type reactor, with a core made 4817 stainless steel clad fuel rods with 6%
enrichment. The reactor is able to reach a 23.7N®&dy state power level. The reactivity is con-
trolled via a system of 6 control and safety ro@glenof 23 hafnium pins for each (see Fig. 2).
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Fig. 1. CABRI core

Figure 2. CABRI core vessel (left) and with core loaded (t)jgh



2.2. Pressurized Water L oop

The new test loop allows reproducing the thermalraylics conditions of a pressurized water re-
actor (300°C, 155bar, up to 68fn flowrate). It is composed (see Fig. 1 and Fjgofdan in-pile part
connected to the experimental device and of aridrutank containing the main components (pres-
surizer, pump, regulation valves...).

2.3. Transient Rods Circuit

The key feature of the CABRI reactor is its reatfivnjection system [1]. This device (cf. Fig. 3)
allows the very fast depressurization into a disphaank of théHe (strong neutron absorber) pre-
viously introduced inside 96 tubes (so called “siant rods”) located among the fuel rods (see
Fig. 2). The rapid absorber depressurization tedeslinto an equivalent reactivity injection possi-
bly reaching 4$ within a few 10ms. The power consedjy bursts from 100kW up to ~20GW (cf.
Fig. 4) in a few milliseconds and decreases judasisdue to the Doppler effect and other delayed
reactivity feedbacks. The total energy deposithim tiested rod is adjusted by dropping the control
and safety rods after the power transient.
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Figure 3. Global view of the transient rods system (left) ahthe typical CABRFHe Pressure and
core power shapes during a RIA transient (right)

2.4. Primary Cooling System

The primary cooling system [2] is illustrated irgFil. A steady water flowrate (up to 321%m) is
needed to cool the fuel pins of the reactor dro@e so as to respect the safety margins about the
temperature of the claddings and of the oxide dueing the power steady states and transients. The
two tanks (250rheach) feeding the cooling system are visible & lihckground. Water is sucked
by two lines at the bottom of the tanks that joi anerge into a single line of 600mm diameter.
The suction and discharge pumps of the circuil@ated at 11m below ground. Water thus passes
initially by the suction pump, and then passeshi driver core of the reactor located in the pool
and finally water is sent back to the top of thektathrough the discharge pump, which engages in
order to regulate a stable level in the pool.



3. UPGRADE AND REFURBISHMENT OF THE CABRI FACILITY

Since 2003, the CABRI facility has been deeply adgd and refurbished in order to be able to
provide an improved experimental capacity with espurized water loop and to fit with ageing and
safety issues. The description of the upgradeoétite refurbishment is given below.

3.1. Upgrade of the CABRI Facility
3.1.1. For experimental needs

The new pressurized water loop (cf. Fig. 4) for GABas been manufactured and set up. Before
the set up, it has been necessary to dismantlprthaous sodium loop and to disassemble some
internal structures of the pool.

Besides, a dedicated handling cask (cf. Fig. 4) masufactured to be able to transfer or ship the
test devices loaded with the irradiated test fules pnside and outside of the reactor building. Fi-
nally, the radiography, imaging and spectrometrit (iIRIS) and the reactivity injection system
have been upgraded and improved in terms of ogityaénd of experimental capability and accu-
racy.

Figure 4. Handling cask inside the reactor (left), suppatictures for the new CABRI water loop
(center) and pressurized water loop vessel (right)

3.1.2. For regulatory needs

Heavy works were done on several systems and caanpoiof the CABRI facility in order to fit
with the regulatory requirements. Most of them i@lated to the implementation of the new pres-
surized water loop, to seismic reinforcements anftré protection.

A non-exhaustive list of the main works is giverope
- Replacement of the core vessel (see Fig. 2),
- Design and fabrication of high activity efflueniscaits,
- Upgrade of the overhead crane,



- Seismic reinforcements (cf. Fig. 5) of equipmerga@tor vessel, circuits, tanks, doors,
chimney...) and of the reactor and auxiliary building

- Fire protection: division into fire areas, sepamatof the neutronic channels, revision of the
ventilation,

- Creation of an ultimate emergency system, of anrgemey shutdown panel, of an auxiliary
building for storing sodium wastes, of a changiogm and of a new public road network.

Figure 5. View (in red lines) of seismic reinforcements oé ttacility building (at left) and of the
reactor vessel (at right)

3.2. Refurbishment of the CABRI Facility
The main refurbishment operations have been acthiévMgey mainly concerned the power and in-

strumentation & control systems, the reactor boddioof, the soil of the pump hall, the primary
cooling system, the ventilation and the gasoil tank

4. CABRI SAFETY REASSESSMENT
The authorizations for divergence and for realizstayt-up transient tests (without test fuel pin in
the center of the reactor) are delivered by thedheegulator. We describe hereafter the main stag-
es of the instruction of safety and the main sadatgies that were made at this date.
4.1. The Main Stages of the I nstruction of Safety
Two permanent groups of experts were organizedd¥#2nd 2008 by the French regulator. They
have issued opinions and recommendations that @nalibke position on measures envisaged by

the CEA for the restart of the CABRI reactor witprassurized water loop.

In parallel, a huge work has been carried out twatg and complete the organizational and safety
documents. Concerning safety, the CABRI safety ntepas been updated to take into account all



the modifications of the facility and to address tlew safety rules and recommendations emitted
by the French regulators. The main rules of openaéind the operation procedures were also up-
dated. Reflex files were also created in caseisfscmanagement.

In the continuity of the permanent groups, afteliration of different safety studies (see section
4.2) and modification of the safety report of CABRIe authorization of divergence of CABRI was
obtained in September 2015. The final authorizatmrthe CIP experimental tests is expected for
2017.

4.2. TheMain Safety Studies

The update of the safety report needed numerowsyssifudies. Linked to the pressurized water
loop implementation, studies were made about tkessurre inside the loop due to the interaction
between the fuel and the pressurized water in gh&alure of the test fuel pin during RIA transi-
ents, about decontamination of the loop after failof the test fuel pin and about the behavior of
heterogeneous connections between zircaloy andedaisteel tubes.

Neutronic studies (power peaks, reactivity effebigppler coefficient) [4] [S] were also performed,

as well as studies on the thermomechanical behaVitbre fuel pins of the CABRI core during RIA

transients, on the siphon breaking system impleeseon the primary cooling system, on the im-
pact of sticking of the primary pumps, on crititaand on radiation and protection.

Reliability studies were also achieved dealing wiité digital and analogic set of command of the
transient rods and with the safety channel.

5. GENERAL ORGANIZATION AND STATUSOF THE RECOMMISSIONING
In the framework of the reactor restart, commisisigriests are realized for all equipment, systems
and circuits of the reactor. Those tests are organas presented in Table 1. Commission 1 tests [3]
[6] started in October 2015. Commission 5B testslve continued and finished in 2016, as well as

commission 7 tests [6]. All the other commissiontests have already been achieved.

Table 1. Organization of the CABRI commission tests

Commission 1 Neutronics characterization of thecor

Commission 2 Ventilation

Commission 3 Reactor vessel

Commission 4 Handling

Commission 5A Conventional circuits

Commission 5B Circuits of the pressurized wateploo

Commission 6 Instrumentation and control

Commission 7 General operation during steady aarbient power tests




6. NEUTRONICSCHARACTERIZATION OF THE CORE

The neutronics commission tests aim at precisefragdterizing the neutronics parameters of the
CABRI core [3]: reactivity effects, power distribohs and kinetic parameters. They will be carried
out in 2015 and 2016, at low power (< 100kW), inunal convection and at ambient temperature.
The different neutronics parameters and correspgnekperimental techniques are given below.

6.1. Critical Position of the Control Rods

A standard method of subcritical approach is useassess the critical position of the control rods
for several realistic situations of operation depeg on the below parameters. The critical position
of the control rods in CABRI can depend on thediwihg parameters: temperature of the moderator
(water), pressure GHe inside the transient rods, core stacking andecwmf the test cell.

6.2. Differential Reactivity Worth of the Control Rods

The first step of the measurement is to deternhieeekcess of reactivity of supercritical situations
using the classical asymptotic period method [T]aj&d the inhour equation of the CABRI reactor.
The differential reactivity worth of the controld® (all control rods or single control rod) is then
obtained by dividing the excess of reactivity adupercritical situation by the difference of height
of the control rods between their supercriticalipms and their critical position. As in sectionl6.
this measurement is performed for several reaksti@tions of operation.

6.3. Integral Reactivity Worth of the Control Rods

The integral reactivity worth of the control rodsllvibe assessed using two complementary tech-
niques: the ASM/MSM technique [7] [9] and the radgtechnique [7] [8].

6.3.1. Worth curve of the control rods by theASM/M SM technique

The amplified source method (ASM) is a type of silloal measurement based on the point kinet-
ics equations. It is based on the fact that thenttog rate of fission chambers (R) is inversely-pro
portional to the reactivityp) of a steady-state subcritical level, see Equatlon

£ Sy
=- 1
P = (1)

wheres is the detection efficiency of the chamber aBg is the intrinsic source term.

In order to be able to accurately compare the regctvorth of very different subcritical levels, a
so-called MSM (Modified Source Modification) corten has to be considered for taking into ac-
count the potential variation of detection effi@grand of intrinsic source between the states. Be-
tween two state@ andl, the relation can be written as Equation (2):

& S
plz—&pox ! Eﬁ% S (2)
R, 0 eff 0

MSM correction




The MSM correction has to be calculated, for insgamm the case of CABRI, using the French sto-
chastic TRIPOLI4 code [10] in a subcritical moddisT method will also allow determining the
« S » worth curve of the control rods (individuatly all rods) from their fully inserted position to
their critical position. This curve can be normatizo absolute reactivity worth either by using dif
ferential reactivity worth around the critical pi@n or by using the integral reactivity worth meas
ured by rod drop technique.

6.3.2. Integral worth by therod drop technique

Rod drop experiments are based on kinetics equaiiothe point model. Practically, the counting
of low power fission chambers is recorded during dhop (individual or all rods) of the control
rods from their critical position. Two methods oddtment will be tested, for measuring the integral
reactivity worth of control rods between their icdl position and their fully inserted position:

* The method of linear or non-linear adjustment akff11], consisting in assessing simulta-
neously the reactivity and the countings by adjestinof a transient model on the measured
countings,

* The method of inversion of the point kinetics equat [11] in which the intrinsic source
term and the mean reactivity of the final statér@ls inserted) is obtained by adjustment of

the p(t) reactivity vs. time function (see Fig. 6).

Reactivity (5)
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Figure 6. Example of reactivity worth determination using thd drop technique

The reactivity worth p obtained using the rod drop technique has to beectad using the MSM
correction defined in section 3.3.1. The estimatibthe real reactivity worthg is obtained using
Equation (3):

_ p
=1-M3M correction 1-— 3
( ﬂJ )

=™

wheref is the effective delayed neutron fraction of th&BRI core.



6.4. | sothermal Temper ature Coefficient

The isothermal temperature coefficient is measuretsveen two critical states of CABRI corre-
sponding to two different temperatures of the matder (pool water). Practically, a first critical
state will be characterized for the ambient temipeeaof water (~20°C). Then water temperature
will be increased of around 5 to 10°C after a mgpphase during several hours of operation of the
cooling system in forced convection (heating cofm@s the primary pumps operation).

The isothermal temperature coefficient is then deduhroughout Equation (4):

(A_,OJ :pi(Ti)_pj(Tj) (4)
AT ), T -T,

where T and T are the water temperatures corresponding to tbeltfferent critical states, antp
is the variation of reactivity between the two stat

6.5. Reactivity Effects

The reactivity worth of core stacking, of tfide transient rods (for different levels of preszai
tion) and of void effects in the water loop will bletermined by difference of critical states, i.e.
measuring the critical positions of the 6 contamls in the different operating situations.

6.6. Axial Distributions of Thermal and Epither mal Flux

The axial distribution of thermal and epithermaixfiwill be measured using cobalt and gold dosim-
eters (disks and wires) at different positions {8$ide the CABRI driver core and inside the cdntra

cell in which the test fuel pin is inserted (seg.H and Fig. 8).

After shipment to the MADERE platform [12] of CEAa@arache, gamma-spectrometry measure-
ments will be performed on all dosimeters.

tube with wire
dosimeters

Dosimeter
holder

Fuel
assembly |

Test cell

Figure 7. Cobalt wire dosimeter (under quartz) and of cobatt gold disk dosimeters (left); Inser-
tion of the disk dosimeter aluminum holder insitte CABRI core upon the hodoscope device
(center); Dummy assembly (also see Fig. 8) witHF2J01 fission chambers and 4 dosimetry tubes



6.7. Kinetics Parameters

Kinetics parameterg3(= effective fraction of delayed neutrons alhd prompt neutron generation
time) are crucial parameters for the control of thactor. They allow determining the Nordheim
curve of a reactor. Cross power spectral densitgsomements [7] [11] [13] will be achieved during
the neutronics commissioning tefisandA will be inferred using equations (5) and (6):

,32 :2 V01V02 1 (5) and N = i

F CPSD (1+|,o$|)2 27,
Where CPSD is the cross power spectral densitydatvw); and b, (signals of the two fission
chambers positioned inside the dummy assembly}, the Diven factorps is the core reactivity in
dollars, f is the break frequency of CPSD and F is the tagahber of fissions in the core per unit
of time. The determination of F will be performesing the measured activities of cobalt and gold
wires placed at each corner of the dummy assersbly Fig. 7) and knowing (by neutronics calcu-
lations) their radiative capture rate per unitlokf

(6)

6.8. Synthesis of the M easurement and of Target Uncertainties

Tab. 2 gives the synthesis of the measurement itpods that will be used during the neutronics
commissioning tests, with the associated targetmainties. A total of more than 200 measure-
ments will be performed during about 4 months.

Table 2. Neutronics parameters, measurement techniquedaaget uncertainties for neutronics
commissioning tests

Target

Neutronics parameters

Measurement technigue

uncertainty (1o)

Critical height Critical state = lmm
Integral reactivity worth of control and safety rods MSAMSM & « rod drop » = 4%
Differential reactivity worth of control and safety rods Doubling time 1%
Core power distribution Dosimetry +2%

Isothermal temperature coefficient Critical state =1 pcm/°C

Reactivity effects inside the water loop
Axial flux profile

Critical state
Dosimetry

o

Core stacking reactivity worth

Critical state

=8
@

Effective fraction of delaved neutrons
Effective prompt neutron lifetime

Axial distribution and integral of fission rate in the core

Rossi and Fevnman-o. methods
Dosimetry

.
.

-
am

Reactivity worth of the 3He transient rods
Integral reactivity worth of control and safety rods
Differential reactivity worth of control and safety rods

Critical state
MSAMSM & « rod drop »
Doubling time

=8
an

B
o

H H
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7. CORE POWER AND ENERGY DEPOSIT DETERMINATION

The accurate measurement of the absolute poweheamze of the total energy deposit during tran-
sients is crucial. The power commissioning test€ABRI will be performed in 2016.

The measurement of the core power is carried dogusheat balance method [14]. During steady
states of power, this method consists in measuhagrimary coolant heating for an accurate mon-
itored flowrate. In the end the current delivergddxperimental boron neutron detectors is cali-
brated vs. the power measured by heat balance. Wwwis calibration is only possible up to a

23. 7MW power that is the maximum deliverable polegel that can be obtained for a steady state
operation of CABRI. An uncertainty around 4%wj}2s expected.

Wire dosimetel

Transients rods

Disk dosimetel

Instrumented ||
test device

s« Boron ionization chamber

Figure 4. Position of experimental boron neutron detectoattion, in green dots); Position of wire
and disk dosimeters inside the CABRI core (contodk in green, dummy assembly in orange)

In order to check that this calibration is stilliable during power transient (up to 25GW), and
hence that the linearity of experimental neutrotecters (see Fig. 8) is good between 23.7MW
and 25GW, we will compare the activities®d€o and**’Au dosimeters generated during heat bal-

" Note that 5 identical boron neutron detectorspaxsitioned at 5 different distances from the cee(Fig. 4) in order
to be able to record the whole power profile dufitid\ transients, i.e. from 100kW to ~20GW



ance measurements and during start up power trasgmwithout test fuel pin in the center of the
reactor).

This will be carried out during power commissioniegts, using a same position of wire dosimeters
(outside of the graphite reflector surrounding ¢bee (see Fig. 8) and targeting a same injected en-
ergy in the driver core (270MJ) for both measurets§sl. In the end this will help to minimize the
experimental uncertainty on absolute power measemégrand to strengthen the estimation of the
uncertainty on the energy deposit during powersients.

8. CONCLUSIONS

The upgrade and refurbishment of the CABRI facitigve been successfully achieved. Those ac-
tions, linked to the CABRI safety reassessmentiiets, led to the first divergence of CABRI in
the pressurized water loop configuration in Octa@5.

A global experimental program was built to proceseeutronics and power commissioning tests of
CABRI. It is based on an optimized (in terms ofsiedity in the CABRI reactor and of target un-
certainties) and complementary set of experimeaetdiniques. A total of around 300 experiments
will be performed during those tests in late 20h8 8016 to demonstrate in the end the ability of
CABRI to start the RIA CIP experimental progranii 7.
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