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Abstract

This work presents the analysis, using the TRAC#ecof the Phénix core response to an
inlet sodium temperature increase. The considexpdranent was performed in the frame of
the Phénix End-Of-Life (EOL) test program of the AGBprior to the final shutdown of the
reactor. It corresponds to a transient following0&C increase of the core inlet temperature,
which leads to a power decrease of 60%. This wackdes on the first phase of the transient,
prior to the reactor scram and pump trip.

First, the thermal-hydraulic TRACE model of the eateveloped for the present analysis is
described. The kinetic parameters and feedbacKiceets for the point kinetic model were
first derived from a 3D static neutronic ERANOS rabdeveloped in a former study. The
calculated kinetic parameters were then optimizbdfore use, on the basis of the
experimental reactivity in order to minimize theogron the power calculation. The different
reactivity feedbacks taken into account includeotes expansion mechanisms that have been
specifically implemented in TRACE for analysis akf-neutron spectrum systems. The point
kinetic model has been used to study the sengitofitthe core response to the different
feedback effects.

The comparison of the calculated results with tRpeemental data reveals the need to
accurately calculate the reactivity feedback cogdfits. This is because the reactor response is
very sensitive to small reactivity changes. Thiglgthas enabled us to study the sensitivity of
the power change to the different reactivity feedisaand define the most important
parameters. As such, it furthers the validatiothef FAST code system, which is being used
to gain a more in-depth understanding of SFR cel@bior during accidental transients.

Introduction

Fast breeder reactors are being developed fortaisable energy supply and closure of the
fuel cycle. Among the different candidates consdeby the Generation IV International
Forum (GIF), the Sodium-cooled Fast Reactor (SRRjently appears to be the most mature
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technology and the best candidate for mid-term émantation of fast-neutron spectrum
technology.

The FAST project at PSI focuses on fuel cycle aafibtg analysis for comparison of the
different proposed, advanced fast reactor conceftg calculational tool used for this
purpose is the FAST code system [1], which is abgssiinfrom different individual codes.
The present study concerns an analysis of Phéme& lmehavior following an increase in the
core inlet temperature, using the thermal-hydractide TRACE. The considered experiment
was performed within the frame of Phénix End-Ofel(EOL) tests and is part of the so-called
Natural Convection (NC) test. In particular, it sponds to the first 8 minutes of the
transient, before the reactor scram. A detaileccrg@ton of the considered experiment is
given is Section 1. The reader should refer tdg2h full description of the NC test.

For the current analysis, a point kinetic modethef Phénix core has been developed and is
presented in Sections 2 to 4. The reactivity feekibaspecific to fast-neutron systems —
mainly relative to the various expansion mechanisrhave been implemented in the TRACE
code to allow a realistic modeling of the core hata The sensitivity of the core power and
reactivity to the different feedbacks has beenistlidnd is presented in Section 5. Finally, the
conclusions from this analysis are summarized enldbt section.

1. Description of the considered transient

Phénix is a French pool-type, sodium-cooled, imdistprototype fast breeder reactor,
originally rated at 580 MWth (260 MWe). After matfean 35 years of successful operation,
the Phénix reactor was permanently shut-down ir82B80ior to the final shut-down, a series
of EOL tests were performed in order to better wstd@d the core behavior under special
operating conditions and acquire test data fogtradification of calculational tools.

The considered transient is part of the Natural v@otion test, which originally aimed at

studying the establishment of natural convectiorthia core and qualification of thermal-

hydraulic codes. The acquired data have used filingeup an international benchmark

exercise and studied at PSI in the frame of a Goateld Research Project (CRP), initiated by
the IAEA Technical Working Group on Fast ReactofWG-FR). The complete test is

presented in [2] and will not be detailed here.sThork focuses on the first 8 minutes of the
transient, prior to the reactor scram and pump trip

From a reduced power state (120 MWth), the test wiisited by the dryout of the two
operating steam generators in the tertiary cirdthe deficiency in cooling led to an increase
of 40°C of the core inlet temperature. The difféneactivity feedbacks induced a decrease of
the power down to 40%. The reactor was manuallydsiwn after 458 s, when the difference
between the primary and secondary temperaturdseiintermediate heat exchangers (IHXs)
decreased to 15°C. The three primary pumps werealtsineously tripped (t = 466 s), and
natural convection began to be established in ¢the. @he main experimental data of interest
here, viz. the inlet core temperature, power adtréty evolution, are presented in Fig. 1.
The establishment of natural convection and asttianalysis will be addressed in a
separate publication.
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Figure 1. Relevant experimental data characterittiegconsidered transient.

2. Description of the Phénix core and corresponding nuel

2.1 Phénix core

The Phénix core consists of 110 hexagonal mixedeokiU-Pu)Q] fuel assemblies, ranging
from 23% to 28% plutonium content. The inner zosecomposed of 54 sub-assemblies
(SAs), which contain less Pu than the 56 SAs inatner zone in order to flatten the power
profile within the core. The active core is surrdad by a fertile breeding zone which consists
of 86 fertile SAs, initially composed of UOThe blanket is surrounded by 212 stainless steel
SAs, especially designed for neutron shieldingufeé2b presents a map of the different core
regions. Each core sub-assembly is enclosed inxagbeal steel tube (wrapper), fixed at the
bottom to the diagrid. There is one emergency siwatdcontrol assembly in the center of the
core and six control assemblies arranged in therioare. The absorber rods are, held from
the top by control-rod (CR) drives fixed to thebst# the reactor block (see Fig. 2a).

Table 1 summarizes the main characteristics oPtiénix sub-assemblies.

2.2 Phénix primary circuit

The core SAs are fixed to the diagrid, which ensw@alistribution of the sodium coolant to
the different core regions in relation to the tharmower of the different SAs. The diagrid is
connected to the main vessel via a conical shell.

Figure 2a presents the Phénix reactor block. Thim messel is supported by the slab that
forms the upper part of the reactor block. Inside main vessel, the sodium coolant is
separated into two pools. The hot sodium (560°Cprgained in the hot pool and flows to the
cold pool through the intermediate heat exchanggiXs). The cold sodium (400°C) is
pumped into the core by the primary pumps.
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Table 1. Characteristics of Phénix core sub-assemfi]

Fuel Axial upper Axial lower Radial

blanket blanket blanket
Number of pins - 217 37 217 61
Lattice pitch cm 12.72 12.72 12.72 12.72
Pellet external diameter cm 0.542 1.295 0.55 1.215
Clad external diameter cm 0.655 1.425 0.655 1.34
Spacer wire diameter cm  0.115 0.386 0.115 0.108
Pins pitch cm  0.777 1.820 0.777 1.457
Height cm 85.0 26.2 33.7 164.9

o

(a) Phénix reactor block and primary circuit (mdral cut of the core
Figure 2. Phénix reactor primary circuit and core

2.3 TRACE model of the Phénix core

In the scope of the present analysis, the modelinghénix has been limited to the core
region. A schematic of the developed TRACE modshiswn in Fig. 3a. The model consists
of four parallel channels representing the differeore regions, i.e. inner core, outer core,
fertile core and reflector region plus all bypassése correct flow distribution was achieved
thanks to singular friction losses in the diagiAdheat structure (HTSTR) was linked to the
pipe representing the diagrid to account for titBalaexpansion. A single-node structure with
high exchange area was used in order to ensuretshi@mperature follows that of the inlet
core during transient.

The heated regions were coupled to heat structévesording to CEA recommendations,
90% of the fuel pins were modeled as linked fueth(wlosed gap), the remaining 10% being
considered as free fuel with open gap. This comedp to different gas-gap conductance, viz.
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5000 and 1500 W/fK for fuel with closed and open gap, respectivélygap conductance of
2500 W/nfK was used in the blanket pins. The axial powetrithistion was computed from a
3D static neutronic ERANOS model of the core, depell in the frame of a previous study
[5], and is shown in Fig. 3b. The radial power wgttion is indicated in Table 2.

Table 2. Comparison of TRACE calculated resultddGavith the experimental data (Exp.) at
120 MWth

Power Mass flow (kg/s) Temperature (°C)
(MW)  Exp. Cale. Exp. Calec.

Inner core 61.7 1055 554 447 446
Outer core 48.8 503 - 438
Blanket 8.2 149 148 - 399
Reflector 1.1 80 79 - 359

Appropriate boundary conditions were defined at doee inlet and outlet in order to
reproduce the correct core state. The mass flosvanadl temperature evolution were specified
at the core inlet with the FILL component. The noaticore outlet pressure was fixed via the
BREAK component (1.6 bar at the bottom of the raadljp

Local friction losses have been used to reprodheecbrrect core gagging and obtain a
realistic flow rate distribution in the differergégions of the core. The core pressure drop was
successfully reproduced at nominal state (whichesponds to a power of 360 MWth with an
inlet flow rate of 1200 kg/s). Table 2 shows theg flow rates and temperatures calculated by
TRACE at reduced power (120 MWth) satisfactorilpreduce the experimental data. This
state corresponds to the reactor operating congifioior to the NC test.
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Figure 3. TRACE model of Phénix core
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3. Optimization of the kinetics parameters

The kinetic parameters, viz. the delayed neutractions 3; and corresponding decay
constants\; for each group of precursarwere first calculated from an ERANOS model of
the Phénix core developed in the frame of a previiudy [5]. The computed data have then
been optimized such that, when specifying the enptal reactivity, the calculated power
accurately reproduces the experimental values. r&igu shows the optimized Kkinetic
parameters together with CEA specifications andulees calculated from the ERANOS
model. It can be seen that the adjusted set ohpeteas corresponds to the CEA specification
within 10% (-10% fors; and +10% fol\;) and give an effective fraction of delayed neutron
Bers Of 292 pcm compared to 325 pcm specified by CEA.otder to minimize the
uncertainties due to the kinetic parameters, thieniged set has been used for the sensitivity
study on the different feedback coefficient prelsemicluded. A neutron lifetime of 0.38s
was used throughout the analysis.
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Figure 4. Comparison of different sets of kinetrgmeters for the Phénix core

4. Description of the point-reactor kinetic model

Since the TRACE code has been originally develdpedhe safety analysis of water-cooled
reactors with a thermal neutron spectrum, furthedets have been added at PSI to allow the
accurate simulation of fast-neutron spectrum systeindecomposition of the reactivity as
currently computed in TRACE for the present analysigiven by Eq. 1:

Ap(t) = ApDoppler(t) + Apfuel(t> + Apdiagrid<t> + Apvessel(f/) (1>
Ty, (t
Appoppier(t) = Z Kp,In Tf : ((0)) with ¢ € {inner core, outer core, blanket } (2)
3 fi
Apdiagrid(t> - I\-'rad [T'm(t) - ,-Tm(o)] (3>
. — — 1
Apfuel(t) = [(aa:i Z n; (Tcz (t) - TCi (0)) + Z nj (ng (t) - Tf] (0>) X Nrod (4>
7 j r0

with i € closed-gap fuel {inner core, outer core}
and  j € open-gap fuel {inner core, outer core, blanket}
Apvessa(t) = Ky [Tin(t = 0) = Tin(0)] (5)
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wherep is the reactivity ands are the feedback coefficients for the Doppleraf{D), and
for diagrid rad), fuel (@xi) and vessel expansionT is the volume-averaged temperature
over the fuel length and the sub-scriftandc refer to the fuel and clad, respectivery.
represents the number of rods, and correspond83461(10937) pins with closed gap and
1172 (1215) with open gap in the inner (outer) cories the time delay characterizing the
vessel temperature as function of the core infaperature.

It can be seen from Eq. 2 that the Doppler effet & logarithmic dependency on the fuel
temperature, corresponding to the fast-neutrontspac For more accurate modeling, a zone-
wise Doppler constant has been computed (see vialdeble 3).

The sodium density effect has been neglected, gimcentribution in the Phénix core is very
small (-0.018 pcm/°C). An analysis including thiteet showed its very small contribution.
Moreover, it is compensated by a positive effectcofmparable magnitude, viz. the axial
expansion of the hexagonal wrappers (0.013 pcm/°C).

The other effects of interest result from differempansion mechanisms. The most important
feedback in the considered transient is the ragkplansion of the diagrid, which causes a
negative reactivity feedback when there is an emeeof the sodium inlet temperature. The
expansion of the diagrid, which supports the coreyes the fuel SAs away from one another.
The introduction of a relatively higher coolantfteel ratio increases the neutron moderation,
thus reducing the reactivity. This effect is maidlye to the increased capture raté**U in

the resonance region [6].

Eq. 4 details the computation of the reactivitydieeck due to the fuel axial expansion.
Distinction has been made between the linked aeel fuel with closed and open gas-gap,
respectively. In the first case, since the fudiriked to the cladding, the axial expansion is
assumed to be driven by the average cladding textyserwhereas, for fuel with open gap, it
is assumed to be driven by the average fuel teryeraFigure 5 shows the contributions of
the different core regions and fuel types during¢bnsidered transient. The average cladding
temperatures in the different core regions followe tevolution of the increasing inlet
temperature, producing a negative reactivity feekbn the free fuel regions, the reduction
of power leads to a decrease of the fuel tempastassociated with a positive reactivity
feedback. Consequently, it can be noticed thath@anfuel regions, the different fuel types
(linked or free fuel) bring opposing contributictosthe reactivity, which significantly reduces
the effect of the fuel expansion in both the inaed outer core. From this point of view, the
blanket region contributes the highest reactivigedback when considering the fuel
expansions. Expansion of the cladding and radipkhesion of the hexagonal wrappers are
negligible (less than 0.01 pcm/°C) and have nohlmeedeled here.
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The last effect taken into account in this studythie vessel expansion. Following the
evolution of the core inlet temperature, the vesseslowly heated up by the increasing
temperature in the cold pool. The vessel tempegaisirassumed to follow the core inlet
temperature with a time del®y[7]. Since the vessel is fixed to the slab at tibye of the
reactor, and since it indirectly holds the coregapansion of the vessel will slightly move the
core downward. This results in a relative extracid the control assemblies, which are held
by drive rods fixed to the same slab at the tophefreactor. The relative expansion of the
core, vessel, and control rods should thus be takin account accurately in pool-type
reactors. In the considered transient, the coretoi@mperature remains almost constant (less
than 10°C variation). Therefore, in a first approation, the expansion of the CR drivers has
been neglected. Taking into account the vesselrsipa reactivity feedback has enabled us
to qualitatively reproduce the evolution of the ateaty as measured during the test. To
illustrate the importance of this phenomenon, Fgshows a comparison between the
measured and the calculated reactivity, with anthout vessel expansion feedbacks. The
time delayé and feedback coefficient, have been determined on the basis of the
experimental reactivit(d = 130 s ands, = 0.5 pcm/°C).

The reference values of the feedback coefficieat®een calculated using the ERANOS 3D
static neutronic model, simulating different cotataes at 293 and 1000 K. The computed
results are presented in Table 3.

Table 3. Reactivity feedback coefficients of theeRik core, calculated from ERANOS and used
in the TRACE point kinetics model

Doppler constant Kp: inner core -404.7 pem  Diagrid radial expansion -1.11 pem/°C
outer core -173.7 pcm  Fuel axial expansion -0.72 pem/°C
blanket region -101.0 pcm
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5. Sensitivity analysis with respect to the differenteactivity feedbacks

In order to better understand the core responsthdoincreasing core inlet temperature, a
sensitivity analysis has been performed with resgedhe different reactivity feedbacks. This
was carried out assuming 10% variation on eachivégacoefficient, viz. onK'p, K, a4, K azi, 1y

as well as on the ratio of linked to free fuel. Teéerence case was calculated with the values
given in the former section. Then, calculationseveerformed while perturbing each coefficient
separately, assuming a variation of +10 or -109%htuld be emphasised that the effects were
studied separately. Though this analysis did netausampling technique for the propagation of
uncertainties, it allowed us to identify the im@ot feedback effects occurring in this transient.
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Figure 7. Sensitivity of the calculated (a) powed &b) reactivity evolution to variation of
different feedback coefficients and comparison weiperiment

Figure 7 presents the power and reactivity evatutibtained for a selection of effects. The
'‘Doppler' case corresponds to a change of 10%edDtppler constani/s p, the 'Diagrid’ case to
that of the radial expansion coefficie/, .. The sensitivity on the fuel burn-up has also been
studied assuming a different proportion of linked &ee fuel. This is referred to as the 'Gas-gap’
case (open or closed), which has been calculated asdifferent ratio of linked to free fuel:
100/0% and 80/20%, instead of the specified 90/1836. These changes mostly impact the fuel
temperature and the corresponding axial expansemsyell as the Doppler effect. The study
allowed us to evaluate the reactivity changes fifiereént fuel modeling assumptions (the
different gas-gap conductance values, corresportdirmg open or closed gap, result in different
fuel temperatures). The last case presented infregrresponds to 'Combined effects' and serves
to provide an estimate of the extreme boundariepamfer and reactivity variation when
combining the variations of the different coeffitie. The lowest boundary has been calculated
using Kp - 10%, K,.q + 10%, K,,; + 10%, X, - 10% and 100% of linked fuel. The opposite
variations have been used for obtaining the uppendary, with 80% of linked fuel.

Figure 8 shows the decomposition of the differee&ctivity feedbacks. The solid lines
correspond to the reference calculation. The dashed illustrate the variation range of each
effect when perturbing the corresponding coeffitievithout showing the impact on the other
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feedbacks. The combined variation of effects, tesylfrom the variation of all effects together
as specified above, is shown on the total reagtiatillustrate the range of variation due to
changes 0£10% of the different feedback coefficients. Frons thgure, it can be seen that the
diagrid expansion is the first effect produced his ttransient. It is also the most important
feedback. It can be noticed that the time dependehds contribution to the reactivity almost
exactly follows that of the core inlet temperat(@é Fig. 1 (a)). This highlights the importance
of an accurate prediction of the inlet temperatiugng the transient. The second most important
feedback is the Doppler effect, and this is maiatyinner core contributionThe fuel axial
expansion provides a negative feedback, thanksetdiriked fuel — driven by the increasing clad
temperature — and the blanket expansion, as détsl€&ig. 5. The decomposition of the fuel
axial expansion into the different core regions #@sdsensitivity to the burn-up (through the
variation of the linked/free fuel ratio) has demated the importance of accurately modelling
the gas-gap conductance and fuel expansion meohsnisince the burned fuel (whose
expansions are assumed to be driven by the clapleieture) brings an opposite contribution to
that of the free fuel (assumed to be driven byftieé temperature). Finally, the vessel expansion
brings a delayed positive contribution oppositethiat of the diagrid expansion, due to the
relative movement of the core, vessel and congsémblies as discussed in Section 4.
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Figure 8. Decomposition of the reactivity and ithasion of the sensitivity of the different
feedback mechanisms to a variatior=400% on the feedback coefficients

0. Conclusions

The increase of 40°C of the sodium core inlet teaipee at the beginning of the Natural
Convection test leads to a reduction by 60% ofpbeer in the Phénix reactor. The presented

10
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point kinetic model for the prototype fast reacttgyeloped in TRACE within the FAST project,
has enabled us to better understand the core lmeldaviing the considered transient. It has been
shown that the diagrid radial expansion providesfitst and most important feedback effect in
this transient. The increase of the diagrid tempeeamoves the core SAs away from one
another, thus producing a negative reactivity feelb The resultant power decrease causes a
decrease of the fuel temperature, which yields sitige Doppler reactivity feedback. The
opposite evolutions of the fuel (decreasing) aratl dincreasing) temperatures has shown the
need for an accurate simulation of the fuel axigamsion, since burned fuel could bring an
opposite contribution to that of fresh fuel — daelosed or open gas-gap, respectively.

The sensitivity study conducted has enabled useftne the most important effects in the
considered transient, viz. the diagrid and fuebbeixpansions and the Doppler effect. These
have highlighted the need to accurately predictcthre inlet temperature, gap conductance and
fuel expansion mechanisms.

Finally, the experimental power and reactivity exmn could be satisfactorily reproduced and
the core behavior better understood. As such, tesept analysis represents a step towards the
in-depth understanding of sodium-cooled fast red@BR) behavior under transient conditions.
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