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Abstract

The main purpose of this benchmark paper is to study and compare point and spatial neutronic approaches used to
calculate ULOF and UTOP transients in sodium cooled fast reactors. A second objective is to compare deterministic and
Monte Carlo calculations with two different calculation codes. The first one is based on a deterministic (discrete ordinate
Sn) approach, using tabulated self-shielded cross sections, where the core reactivity and the power shape distribution are
evaluated at each time step of the transient calculation. The second model relies on the Transient Fission Matrix (TFM)
approach, condensing the response of a Monte Carlo neutronic code in time dependent Green functions characterizing
the local transport in the reactor. This second approach allows a fast estimation of the reactivity and of the flux
redistribution in the system during the transient with a precision closed to that of the Monte Carlo code. Both models
have been coupled to the thermalhydraulics and applied on an ASTRID representative assembly. This application case
is supposed to be sensitive to power redistributions. A second comparison between spatial kinetics and point kinetics
calculations has been led to study this point. Finally we obtain a good agreement between spatial and point kinetics on
ULOF and UTOP calculations, while some discrepancies are observed between the TFM and the Sy approaches on the

power level stabilization, due to difference on the feedback estimation in both models.
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1. Introduction

Simulating reactor behavior during various transient
situations requires a coupling between neutronics and
other physics such as thermalhydraulics. This coupling
acts through the feedback effects linking the temperature
(Doppler), the density or the geometry deformation to the
neutron behavior in the core. These feedback effects in-
duce an evolution of the total power value and on its dis-
tribution in the core. Various approaches exist to model
the neutron kinetics depending on the required precision,
on the complexity of the studied system and on the com-
putational resources accessible. In order to enhance the
precision of the neutronics modeling, many developments
concern the consideration of spatial flux redistributions
during the transient. In the frame of the study of sodium
fast reactors, the capability to predict the spatial decou-
pling is an important point due to the geometric hetero-
geneities of core concepts such as the low void concept
ASTRID (Ref. [I]). This kind of reactor represented in s
Fig.[T]is composed of both axial and radial heterogeneities.
In this frame, a comparison of neutronics models and of
calculation tools is performed between the French Alter-
native Energies and Atomic Energy Commission (CEA)
and the Israel Atomic Energy Commission (IAEC) in the s
frame of a benchmark. These studies aim to define the
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validity domain of point kinetics models for system code
applications.

B4C

Sodium plenum

Upper inner fissile area Quter

Reflector

Figure 1: Axial cut of the reference core of ASTRID, with the fuel
in red, the fertile matter in green, and the sodium plenum in yellow.

The one dimensional representative assembly of the
ASTRID reactor used for this benchmark is described in
section [2} Section [3]is devoted to the presentation of the
calculation codes used in the study. The two neutron-
ics approaches based on Monte Carlo and deterministic
calculations are detailed, together with their spatial and
point kinetics applications and their coupling to thermal-
hydraulics. Finally, the results obtained for ULOF (Un-
protected Loss Of Flow) transients with different pump
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time constants and for both beginning of life and end
of cycle configurations are presented in section The
UTOP (Unprotected Top Of Power accident) transient is
presented in section

2. Case presentation

The application case is a 1D assembly representative
of the ASTRID sodium cooled reactor at beginning of life.
Such a reactor can be very sensitive to power redistribu-
tions with the two fissile areas separated by a fertile area.
A sodium plenum at the top of the geometry amplifies this
effect by increasing the neutron leakage from the superior
fissile area when the sodium density is reduced. The radial
distribution is neglected in this first 1D study, assuming
that there is no radial power redistribution.

2.1. Case geometry

Figure [2| presents the case geometry. This configura-
tion is very heterogeneous with fertile areas between fis-
sile areas. The sodium plenum is optimized to ensure a ;s
negative sodium void effect (Ref. [2]). If the sodium den-
sity decreases, the neutron absorption in the B4C increases
so that this negative feedback leads to a decrease of the
power.
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Figure 2: Case geometry

The pin radial description is given in table

’ Material \ Radium [mm|] ‘
Central hole (He) 1.100
Fuel /Fertile pellet 4.225
Pellet gap (He) 4.350
Clad 4.850
Spacing wire 0.500

Table 1: Pin radial geometry

2.2. Material characteristics

The material temperatures and the homogenized iso-
topic reference compositions of the different areas are given
in tab. 2

The calculations presented here are performed at be-
ginning of life (by default) and at end of cycle with an
atomic burnup of 12.2 and 9.92 for the top and bottom
fissile areas, and 3.84 and 0.95 middle and bottom fertile
areas. In order to compute the feedback coefficients, a
material temperature increase of +300 K (Doppler effect)
and a sodium density reduction of 1% are considered. The
nuclear database used in this study is JEFF 3.1 (Ref. [3]).

38U 9.742e-03

238U 7.599e-03

Fert - 900 K Fiss - 1500 K

160 1.952e-02 | 10  1.952e-02 | Z9Pu 1.238¢-03
23Na  6.352e-03 | 23Na  6.352e-03 | 249Pu 5.773e-04
56Fe  1.861e-02 | %Fe 1.861e-02 | 2*'Pu 1.617e-04
23570 1.977e-05 | 235U  1.542e-05 | 242Pu 1.743e-04

241 Am 2.713e-05

238Pu 5.833e-05

B4C - 600 K Gas Plenum - | Na Plenum -
600 K 600 K

OB 6.388¢-03 | 2Na  6.352¢-03 | Na  2.106¢-02

B 2587e-02 | %Fe 1.861e-02 | %°Fe  6.701e-03

12¢ 8.065e-03

23Na  1.094e-02

56Fe  1.256e-02

Table 2: Material temperature and composition - 1024 atoms per
3
cm

2.8. Thermalhydraulics characteristics

The sodium is injected in the assembly at nominal
condition at a flow rate of 31 kg/s, and at 400°C cor-
responding to a density of 0.85514 g/cm®. The sodium
heat capacity is 1265.4 J/kg/K and its expansion factor is
0.000315 K=1. The fuel-clad exchange is 5 kW /m? /K, and
the clad-coolant exchange is 85 kW/m? /K. The fuel ther-
mal conductivity k¢, correlations are extracted from [4]
(except for factor Fy from [5]). Using = the fraction of
oxygen in the heavy nucleus, T the fuel temperature in
Kelvin, Bgy the burnup in at.% and p the porosity, the
thermal conductivity is calculated using:

ko = F1FoF3F, kY,
1
0.06059 + 0.27544/2 — 2 +2.011-10~4-T

4.715-10° (—16361>
+ exp T

with : ki, =

T2

Fi = warctan(w™ ')

0.0198 1
Fo=1
2= 300198 ] R
0.2
F3=1- ——F—w
1+e w0

1 —
Fj=— 20

1+2p

where w = 1.0957326% 4+ 0.064359-5T%°

The fuel thermal capacity C, (in J/kg/K) correlation
extracted from [5] is calculated using:

Cp =Cp +2Ci7 — 3Co72 + 4. % C373 — 5.C472 — C_o7 2
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With:
7 = T/1000, where T in Kelvins

Cp = 193.238
C) = 162.864 .
Cs = 104.001
Cs = 29.205
Cy =1.950

C_y = 2.644 o

Theses correlations are represented in Figs. [3] and [4]
at the beginning of the irradiation. Note the important
variation of this parameter in the fuel temperature range
requiring to consider their evolution in the transient cal—110
culations.
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Figure 3: Fuel thermal conductivity as a function of the fuel tem-
perature
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Figure 4: Fuel heat capacity as a function of the fuel temperature
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3. Calculation code presentation

Two calculation codes are used in this study. Both
are composed of a neutronics - thermalhydraulics coupling.
This study aims to compare the neutronic modeling used:'*
the deterministic Sy (section and the Monte Carlo
based TFM (section models. Both are capable to
perform spatial kinetics and point kinetics calculations.

8.1. Modeling used at IAEC

8.1.1. Thermalhydraulics model

The thermalhydraulic part of the code describes the
generation and heat removal from an average fuel pin in-
side the core. The heat source, associated to the fission
rate, is provided using the axial power density calculated
by the neutronic part of the code throughout the tran-
sient. The assembly thermalhydraulics is modeled as a 1D
flow with an imposed flow rate at the assembly inlet. At
each time step, the local velocity is calculated using the
imposed flow rate boundary condition and the sodium den-
sity variation. The heat removal from the cooling sodium
channel is described by axial convection, and the heat re-
moval from the fuel pin to the coolant by radial diffusion
along the fuel pin and clad, assuming that the axial dif-
fusion is negligible. The time dependent flow rate is an
external parameter assumed to be known and thus not
calculated by the code.

As mentioned, fuel and coolant temperatures provided
by the thermalhydraulic part of the code are used to cal-
culate either the space dependent cross-sections if one is
interested in solving the spatial neutron transport equa-
tion, or to calculate the reactivity if one is interested to
describe the neutron evolution under the point kinetics
(PK) assumption.

8.1.2. Neutronics model

The deterministic calculations are based on the tradi-
tional two level lattice/core scheme. First, the self-shielded
cross sections are computed at CEA by the ECCO (Ref [6])
cell code, using the fundamental mode assumption for each
kind of materials of the 1D core description. For fissile
material, a buckling search algorithm is used to obtain the
critical flux for the cross sections collapsing to a 33 energy
group mesh. For the subcritical materials such as fertile
or structural parts of the 1D subassembly, the process is
based on source calculations using the spectrum coming
from previous fissile calculations. The isotopic cross sec-
tions are computed once for all at the different tempera-
tures and considered as constant over time in the follow-
ing calculations. Their dependency with the temperature
is assumed to be linear with the sodium density varia-
tion and logarithmic with the temperature variation. The
fundamental mode hypothesis used here does not seem to
be the most realistic assumption regarding the 1D model
of the core, but these calculation schemes inherited from
PHENIX and SUPERPHENIX studies are the only ones
available in the ECCO package.

The neutronic part of the code then solves the time
dependent transport equations, written for a one dimen-
sional slab geometry (Ref. [7]):
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where F is the number of delayed neutron pre-
cursor families. The symbol Z(z,F,Q,t) denotes
the time-dependent transport operator including stream-'*°
ing, absorption, scattering and prompt fission, and
ﬁj‘f(x,E,ﬂ,t)gb(%E, Q,t) is the delayed neutron precur-
sor group production rate.

The code solves the steady state equations for the neu-
tron flux and its adjoint version for the adjoint flux by
the Sy method of discretization for the neutron angle €2
(Ref. [8]) with N = 16 and with 33 energy groups corre-
sponding to the self-shielded cross sections prepared as de-
scribed above. The boundary conditions are a flux leakage
on the axial boundaries, and a volumetric leakage model-
ing the radial leakages.

The time evolution of the neutron flux is described fol-
lowing the assumption of the Predictor-Corrector versionamo
of the Improved Quasi-Static (IQS) method (Ref. [8, @]):
the time-dependent neutron flux is split into the product
of two functions called amplitude and shape:

= P(t>w($,E7ﬂ,t) (2)205

The amplitude function P(t) depends only on time and
provides the bulk information about the power change,
while the shape function ¢(x, E,€2,t) depends on all the
variables describing the (time-dependent) power profile de-
formation. The Predictor-Corrector version of the IQS
method evaluates a predicted angular flux using a macro
time scale for discretization, typically the same as the one
chosen for the thermalhydraulic part of the code. The
method assumes that the error resulting from the macro
time discretization is related to the amplitude function
alone. The predicted flux is used to estimate the shape
function and to the calculated effective parameters for the
point kinetics equations. Then one solves the point kinet-
ics equations on a micro time scale, for a corrected esti-
mated amplitude function. Once new amplitude is known,
one gets a corrected value for the angular flux and the pre-
cursor concentrations. During the transient, local cross
sections are given using a pre-calculated polynomial de-
pendence on the coolant density and fuel temperature,
provided by thermalhydraulic part of the code. For the .
purpose of comparison, the point kinetics version of the
solution is trivially achieved by assuming that the shape
function remains constant throughout the transient. For
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this case, the code calculates the local reactivity coeffi-
cients at the beginning of the transient, which drives the
point kinetics equations and then calculates at each time
step the reactivity using the local values for the coolant
density and fuel temperature provided by the thermalhy-
draulic part of the code.

8.2. Modeling used at CEA and single physics comparison

8.2.1. Thermalhydraulics model

The simplified thermalhydraulics calculations are per-
formed with a 1D motion using the fluid mechanics cal-
culation code OpenFOAM (Ref. [I0]). Despite reference
tools for thermalhydraulics applied to fuel bundle exist, we

choose a fast calculation tool developed in previous work
(Ref. [I1]). The velocity field is represented in Fig.

0 Velocity [m/s] 5
—

Figure 5: Velocity field

The section of the geometry simulated in OpenFOAM
represents the average sodium axial section that changes in
the different regions. Since the fluid dilatation is not con-
sidered in this thermalhydraulics computation, the fluid
velocity only depends on the sodium fraction with a con-
stant flow rate. Then, if the sodium section is smaller,
the fluid velocity is larger as we can see in Fig. [b| with
the smaller sodium section in the pin area (gas, fertile and
fissile areas).

Both the sodium and the fuel average temperatures are
calculated during the transient. The heat exchange coef-
ficient between the two media is computed on the fly at
each axial position and time step. The pin temperature
radial distribution is reconstructed together with the av-
erage sodium-fuel heat exchange. The pin temperature
field is presented in Fig. [] for each code, together with
a reference solution (green) based on a large number of
volumes (10000 bins in the fuel and 1000 bins in the steel
clad). A sensitivity study on the number of discretizations
(see Fig leads to a discretization of 16 bins in the fuel
and 4 in the steel clad to limit the error to 0.3 K which is
well negligible compared to the temperature variation in
the pin.

3.2.2. Neutronics model

The neutronics approach is based on a perturbative
version of the Transient Fission Matrix (TFM) approach.
The TFM approach described in Ref. [11], 12}, [13] is based on
the utilization of fission matrices and average time trans-
port matrices to compute neutron kinetics. The matrices
are estimated using a Monte Carlo calculation once per
core configuration, and prior to the transient calculation.
Different matrices G, depending on the neutron spectrum
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Figure 7: Error on the average fuel temperature as a function of the
number of discretizations

(prompt xp, or delayed xq4) and the neutron multiplicity
(prompt v, or delayed vq), are estimated during the same
calculation. Those matrices contain the neutron propaga-
tion spatial and temporal behavior of the system, so that
no more Monte Carlo calculation is required during the,,
transient calculation thanks to an interpolation of the ma-
trices performed on the fly to follow the system evolution.
Such an interpolation model is thus implemented in the
TFM approach.

Due to the large influence of the crossed volumes dur-,,
ing the neutron transport between its creation position
and its fission position in an heterogeneous reactor, a cor-
related sampling (CS) technics (Ref. [T4]) has been applied
to study sodium cooled reactors such as ASTRID. The CS
technics provides a perturbed estimation of the fission ma-,,
trices using a neutron weight perturbation that depends on
the effect of a crossed section modification due to a sodium
density or fuel temperature (Doppler) modification. Con-
sidering G G , any of the matrices of the TFM approach,

and applymg aCs weighting for a sodium density variationges
of -1% or a local temperature of +300 K, the effect of a
local perturbation in the subvolume k on G is written

—XxVx
~den k

G for the density effect and G

—XxVx

=XxVx
effect. These matrices are called perturbed matrices. Fi-
nally, using T'(k) and Apsoqium (k) the fuel temperature

for the Doppler

and the sodium density variations in volume k, the ma-
trix G is interpolated using a linear interpolation for

the densfcy effect and a logarithmic interpolation for the
Doppler effect as:

Zyvn (Apsodium (k), T(k)) = QXXUX

~den k
— G

xVx

. Apsodiurn (k)

_|_Z ~d0p k IOg(T(k)/Tref(k))
=xxx log((Trer (K)+300) /7, ¢ (k)

(3)

During transient calculations, the matrices of the TFM
approach are then updated using this interpolation model
in order to estimate the fission neutron redistribution and
the reactivity variation calculated with the temporal inte-
gration presented in Ref. [I2]. The final kinetics equations
solved for the prompt neutrons (INy(t)) and precursors of

delayed neutrons of each family f (Z)\fPf (t)) are the fol-
£
lowing:
dN, 1
=G —N,+G APy — — N,
dt —XpVp leff P + :Xdl’pzf: i leff P
dP;  p 1 )
i f
—=—=|G —Np+ A Pr | — AP
dt 60 (Xde leﬁ‘ p 79( vq Z f f) FET

where log is the effective prompt lifetime calculated
with the time matrix, and B:/s, the fraction of delayed
neutrons of family f. The matrix-vector multiplications
correspond to the source terms, each source correspond-
ing to a specific matrix. These matrices are updated at
each time step using the interpolation model with the per-
turbed matrices and the sodium density and fuel temper-
ature modifications.

As mentioned, the TFM approach requires to compute
these specific matrices once, prior to the transient calcu-
lation. All the matrices are calculated with a modified
version of the Serpent 2.1.21 code (Ref. [15]). One billion
of neutrons are simulated and the system boundary is a
neutron leakage.

Note that the reactor radial dimension has been ad-
justed to reach criticality, the value obtained with Serpent
is kegg = 0.99980 £ 0.00002.

Concerning the point kinetics resolution, the power
shape is constant and provided by the spatial kinetic cal-
culation at nominal power. Instead of interpolating the
fission matrices during the transient, the reactivity weight
of each perturbed matrix is performed prior to the point
kinetics calculation to produce the spatial feedback coeffi-
cient distribution in the reactor used during the transient.
The distributions obtained for the ASTRID representative
assembly considered here are presented in Fig. [§| and [0]
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We can see a good global agreement between the CEA-
TFM (red curves) and the TAEC-Sy (blue curves) ap-
proaches. A difference can be noticed in the gas plenum
between 200 and 210 cm on the density feedback. This
difference is due to the deterministic modeling approxima-
tion: this area is thin and the neutron spectrum is very
different between the neutrons going from the fuel to the
sodium plenum and the neutrons that are reflected from
the sodium plenum. This effect is visible on the global
feedback effect presented in Tab. [3] where the reference
value corresponds to a direct Monte Carlo calculation. The
point kinetics values correspond to the sum of the local
contributions of Fig. [§] and [0} The last column of Tab. [3]
corresponds to a local sodium density decrease of -10 % in
the upper gas plenum. =

Table 3: Global reactivity variation in pcm

Case Density Doppler -10% density

-1% +300 K in 200-210 cm
ApRet —21.2+1.6 | —171.8+1.6 | —51.2+24
Apcea —20.1 —182 —49.1 0
Apraec —30.7 —159 —111

Note that the value of PK-CEA corresponds to a sumas

of local contributions. There is a bias since the crossed ef-

fects between these local perturbations are not taken into
account. If we generate the perturbed matrix associated
to a global perturbation on the whole reactor, the reac-
tivity variations are respectively of -20.2 pcm and -171
pem for the density and the Doppler effects. These values
are consistent with the direct Monte Carlo calculation (see
Tab. [3). The difference between CEA (Monte Carlo with
local correlated sampling approach) and IAEC (Sy pertur-
bations using the direct and adjoint flux) comes from the
neutron spectrum variation and anisotropy at the inter-
face between the different areas. We can observe a larger
effect on the density feedback in the gas plenum in Fig. [9]
also quantified in the right column of Tab. It may be
explained either by the difference in the self-shielded cross
sections between the reflected neutrons and the leaking
ones due to the spectrum difference and the large steel
density variation; or by the neutron leakage model used
during the cross section self-shielding process.

4. ULOF transient calculation

4.1. Introduction

The Unprotected Loss Of Flow accident consists in a
sodium flow rate reduction due to a pump failure. We con-
sider for the benchmark an imposed exponential reduction
of the flow rate down to the minimal flow rate due to the
natural convection of 7 % of the nominal value, with a
decrease rate of T1/, = 20s (see Fig. .

1.0

= = =
=~ =) o

elative flow rate

R
ﬁ

0.0 10" 102 10°

Time [s]

10(]

Figure 10: Flow rate evolution imposed during the ULOF transient

As detailed in section [3| two calculation codes from
CEA and TAEC are used in this benchmark and both
of them can use spatial kinetics (SK) and point kinet-
ics (PK). They will be referred to as CEA-SK, CEA-PK,
TAEC-SK and TAEC-PK. Just a sentence to remind that
the CEA neutronics module uses the TFM approach based
on a Monte Carlo pre-calculation, and the TAEC neu-
tronics module uses a Sy deterministic approach. One
additional calculation called CEA-PKjagc has been per-
formed, using the IAEC PK parameters in the CEA nu-
merical tool to check that the results obtained are the same
with equivalent neutron kinetic inputs.
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4.2. Transient analysis

This section presents the results of the ULOF calcu-
lation using the CEA-SK and CEA-PK calculation codes.
The SK approach provides the power redistribution, and

the PK approach the local feedbacks. Figure shows
the assembly at the beginning (top) and at the end (bot-

tom) of the transient calculated with CEA-SK. Due to the
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Figure 11: Overview of the reactor at the beginning (top) and at
the end (bottom) of the transient with a representation from left
to right of: the power, the solid (fuel and structures) temperature,
the heat transfer coefficient, the sodium temperature and the power
redistribution

loss of flow, the sodium temperature is increasing during
the transient. Due to the negative feedback effect, the
power level decreases. According to this power decrease,
the fuel temperature also decreases to adjust the temper-
ature difference between the fuel and the sodium. Finally,
the power level stabilizes once the positive feedback of the
fuel compensates the negative feedback of the sodium. The
final power level here is around 20 % of the nominal power.
This value results of this balance effect between the fuel,,
and the sodium, so that it is sensitive to the feedback
coefficients. The power redistribution in the assembly is
around -5 % at the fuel - sodium plenum interface and
+2 % at the bottom. Due to the sodium dilatation, the
neutron leakage from the fuel to the B4C increases, result-,,
ing in a strong local reduction of the power shape. This
effect results in a redistribution of the power in the lower
fissile area.

Figure |12] presents the evolution of the axial power in
the assembly (ordinate) as a function of time (abscissa),qy,

during the transient (left), together with the power redis-
tribution in the assembly (right) calculated with CEA-SK.
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Figure 12: Power evolution map

The redistribution is the normalized power variation
compared to the initial value. Note that the horizontal
dashed lines separate the different areas of the geometry
(fuel, fertile matter, gas plenum...). The initial and fi-
nal values correspond to the results presented in Fig.
During the transient the power level evolves, and we can
see that the power redistribution is maximum at around
100 s. As expected, the power level in the fertile area is
low because of the small content of fissile matter.

Figures [I3] and [I4] present the evolution calculated
with CEA-PK of respectively the fuel temperature and
the sodium temperature (left), together with their impact
on the reactivity (right) due to the sodium dilatation and
the Doppler effect.
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Figure 13: Fuel temperature evolution map (left) and impact on the
reactivity (right)

The areas with the higher power production directly
correspond to the positions where the fuel temperature
is higher (in red at the beginning of the transient), and
where the sodium temperature increases. Note that the
sodium temperature stays below the boiling temperature
(1155 K).

We can see (Fig. and |14] - right) the effect on the
reactivity of the temperature variations. The power reduc-
tion is due to the strong negative sodium density feedback
effects in the sodium plenum. The contribution of the fuel
area is slightly positive, but thanks to the progressive in-
crease of temperature, this component is smaller than the
negative one. The fuel temperature reduction induces a
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Figure 14: Sodium temperature evolution map (left) and impact on
the reactivity (right)

positive reactivity increase with a large component in the
middle and the bottom of the upper fissile area. We can
note a skin effect at the interface between the fuel and
the gas plenum. Due to the sodium temperature increase,
even if the power level is smaller, the middle fertile area
temperature slightly increases, inducing a small positive
reactivity component.

4.8. Influence of the neutronics model

Figures and [17] present the temperature, reac-
tivity and power evolutions during the transient using the
different codes and SK/PK models.
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Figure 15: Evolution of the fuel and sodium maximum temperatures

- ULOF 435

Due to the feedback effect, the power level decreases
during the transient, resulting in a reduction of the tem-
perature difference between the sodium and the fuel. The
reactivity reaches a minimum value during the transient,

around -70 pcm, and slowly comes back to 0 pcm with,,

a time constant associated to the precursor equilibration.
All the calculation codes and neutronic models provide a
similar behavior during the transient.

Prior to the precise comparison of the different neu-

tronics models, one has to notice (Fig. that the,,,

ULOF CEA-PKjarc (green dashed line) calculation with
the TAEC point kinetics parameters shows a very good
agreement with the IAEC-PK calculation. This confirms
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Figure 17: Relative power evolution - ULOF

that the differences in the thermalhydraulics modeling do
not impact the results and the differences described in the
next section are due to the neutronics models.

4.8.1. Spatial kinetics versus point kinetics models

The PK and SK modelings show a very good agreement
respectively between CEA-PK and CEA-SK, and between
TAEC-PK and TAEC-SK results. The power stabilization
is the same and the temperature variations are superim-
posed. The difference on the reactivity maximum varia-
tion is limited to 3 pcm. Using point kinetics calculations
is correct in such a slow transient, even for a heterogeneous
geometry as the case considered here.

4.8.2. TFM versus Sx approaches

The larger difference is obtained between the TFM
(CEA-PK/SK) and the Sy (TAEC-PK/SK) neutronics
models. The reactivity difference during the transient in-
creases to a maximum value of 10 pcm. Due to the differ-
ence on the feedback effects, the final temperature equi-
libration is not the same and the discrepancy is around
100 K. The final power level results of this coupling be-
tween the sodium density decrease with a negative reactiv-
ity contribution and the fuel temperature with a positive
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contribution. Finally, the propagation of the feedback dif-
ference between the two approaches implies a power level
difference of 5% (18% for IAEC and 23% for CEA).

4.4. Influence of the flow rate reduction time constant

In order to confirm these conclusions with a smaller
transient time constant, the ULOF calculation has been
performed with a time constant of 71, = 5 s instead of
20 s. The results on the temperature, the reactivity and
the power ratio are represented in Figs. and
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Figure 18: Evolution of the fuel and sodium maximum temperatures
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Figure 19: Reactivity evolution - fast ULOF

Similar results are obtained. Due to the smaller timesso
constant, the minimum reactivity is smaller, around -
180 pcm at 22 s versus -70 pcm at 70 s in the previous
ULOF calculation. The minimum flow rate being un-
changed, the power stabilises at the same final power. The
main difference between the results are linked to the neu-s
tronics approach (deterministic of stochastic). Finally we
can see that on such a fast ULOF simulation, no important
difference still appears between spatial and point kinetics.

4.5. Influence of the burnup

The ULOF transient has also been studied for the end
of cycle (EOC) configuration presented in section The
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Figure 20: Relative power evolution - fast ULOF

point kinetics local feedback coefficients extracted from a
new Serpent calculation are presented in Figs. and
Note that the distinction between the fissile and fertile
areas is smoother due to the production of plutonium in
the fertile areas during the cycle.
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Figure 21: Axial Doppler feedback coefficient at end of cycle

The evolutions of the reactor temperature, reactiv-
ity and power ratio during the ULOF are represented in
Figs. and

We can see that the final power level is higher than
at beginning of life due to the difference in the feedback
effects. A global reduction of the sodium density of 1%
induces a reactivity variation of -2.9 pcm versus -20.1 pcm
at beginning of life. Indeed the contribution of the sodium
plenum in the density feedback distribution (Fig. is
decreased together with the importance of the sodium re-
flected neutrons since a larger part of the fissions occurs in
the fertile areas. The difference between IAEC and CEA is
slightly increased compared to the beginning of life results
due to the feedback difference.
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Figure 24: Reactivity evolution - EOC ULOF

5. UTOP transient calculation

5.1. Introduction

The Unprotected Top Of Power accident consists in a
reactivity weight insertion. We considered for this bench-
mark an imposed linear reactivity variation of 100 pcm
between 10 s and 100 s. The calculation performed with
the TAEC calculation tool models the reactivity variation
as a modification of the B4C density, the correspondance
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Figure 25: Relative power evolution - EOC ULOF

between this density and the reactivity being tabulated
prior to the transient calculation. Concerning the CEA
calculation tool, the reactivity variation is modeled as a
fission matrix renormalization that directly acts on the
Eigenvectors (keg) of the matrices.

5.2. Transient analysis

During the first 10 seconds, the power, the fuel temper-
ature and the sodium temperature are stable in the core
as respectively presented on the left column of Figs.
and 28
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Figure 26: Power evolution map
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Figure 27: Fuel temperature evolution map (left) and impact on the
reactivity (right)

Due to the reactivity insertion starting at 10 s, the
first impact on the system is an increase of the power that
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Figure 28: Sodium temperature evolution map (left) and impact on
the reactivity (right)

impacts the temperatures. The Doppler and sodium den-
sity thermal feedbacks, represented on the right column of
Figs. 27 and [28] provide a negative feedback compensating
the reactivity insertion. Compared to the ULOF calcula-
tion of section [d] we can see here that the two components
are negative since the fuel temperature increases.

At 100 s, the power stabilises at a maximum level, the
thermal feedbacks compensating exactly the 100 pcm in-
serted. The power redistribution is limited to 0.5 % due
to the small sodium temperature increase compared to the
ULOF case, the redistribution being largely linked to the
neutron absorptions in the B4C.

5.3. Influence of the neutronics model

The calculation has been performed using both CEA /I-
AEC and SK/PK tools and models. Figures[15] [L6] and [L7]
present the results of each case for the temperature, the
reactivity and the power variation.
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Figure 29: Evolution of the fuel and sodium maximum temperaturess45

- UTOP

A similar behaviour between each code and method is
obtained on each parameter. The results between the SK
and the PK are very close, and a small difference existssso
between the CEA and TAEC results. The slight difference
on the fuel maximum temperature is due to the power
shape that is slightly different and impacts this maximum
value. However, it does not impact the relative power
stabilisation that is around 120 % in both case. 555
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Figure 31: Relative power evolution - UTOP

A small difference also appears on the reactivity before
the beginning of the transient (10 s) due to the slow SK
stabilization of the system, even if this reactivity variation
is limited to 0.2 pcm and is negligible. We can see that
the maximum value reached during the transient is only
around 7 pcm at 100 s for 100 pcm inserted thanks to the
feedbacks, and the exact value depends on the feedback
coeflicients of each approach.

6. Conclusion

This article presents the impact of the neutron mod-
eling on a representative ASTRID assembly for ULOF
and UTOP calculations. Different neutronics models are
tested. The first neutronic model considered, the TFM
approach, is based on a Monte Carlo precalculation of the
system response associated to an interpolation model, and
the second one is a deterministic discrete ordinate Sy ap-
proach solving the neutron equation in time, position, en-
ergy, and angle. These two approaches are used to per-
form both spatial and point kinetics calculations through
the generation of local feedback coefficients.

In order to check the agreement of the thermalhy-
draulics and coupling tools, the ULOF transient has been
calculated using the same point kinetics parameters with
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the two calculation codes and a very good agreement is
obtained. The axial power shape redistribution during the
considered transient is limited to +2/-4 % for the ULOF*”
calculation, the sodium density decrease at the top of the
reactor inducing a power shift in the lower fissile area. The
global system evolution is very similar for each code be-
tween its spatial kinetic and its point kinetics resolutions.”
The difference on the reactivity variation is limited to a
few pcm. The main discrepancy observed concerns the
neutronics TFM and Sy approaches used. The difference
on the reactivity is limited to around 10 pcm for the ULOF™
and 1 pcm for the UTOP and, and due to the discrepancy
of the global feedback coefficients, the difference between
the final power stabilization levels is of around 5 % for the
ULOF case. 630

The benchmark highlights that the neutronics model-
ing approach (Sy vs TFM) has a larger impact on the
transient evolution than the spatial kinetics compared to635
the point kinetics even the power redistribution provides
a useful information. Complementary studies will be re-
quired on other scenarios that may induce a spatial decou-
pling with a larger perturbation amplitude such as sodium640
boiling or full core calculations with radially non uniform
perturbations.
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