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Sommario
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1. Introduction and motivations

1.1 General frame (POLITO)

The study of advanced nuclear systems requires the development of adequate physico-
mathematical models, together with efficient and accurate computational tools. New models are
necessary to take into account the physical phenomena and the working situations that may deeply
differ from the ones typical of the nuclear reactors that are at present being operated for the
production of electrical energy and for other industrial applications. Consequently, new numerical
techniques may be needed for the solution of the mathematical problems connected to such models.

The reactor concepts proposed for the fourth generation of nuclear plants [1] pose similar
problems for the design, in accordance with the requirement established for such systems
(economical production of energy, safety in normal and accidental situations, reduction of
radioactive waste and reduction of proliferation hazards). The computational tools for the
description of the global behaviour are of particular importance. In order to obtain these objectives
it is necessary to develop models that can account simultaneously for the various phenomena and
processes that characterize the system. This feature requires the integration of reactor physics,
thermal-hydraulics and mechanics in a multi-physics computational tool that should be
characterized by flexibility, suitable to carry out parametric evaluations and comparative
assessments among the different configurations being proposed. The methods for the dynamic
analysis are particularly relevant because of the role they play in the safety evaluations. The study
of the transient response is also essential for all the stability and reliability analyses.

The interest for the multi-physics approach in the field of nuclear engineering, especially
with regards to innovative systems, has been growing very much in the recent years. Several
projects have been launched and are now being performed [2]. For some systems proposed within
the Generation IV framework the multi-physics approach requires the development of completely
new tools with respect to the standard techniques and computational nuclear codes. The research
group at Politecnico di Torino has significantly collaborated to recent European projects on these
topics.

Fast reactors present some very advantageous aspects to attain the objectives established
within the Generation IV program. In particular, the fast neutron system is the only one that allows
a more efficient use of the nuclear fuel with respect to thermal systems, hence significantly
extending the time perspectives connected to the natural Uranium energy resource. Furthermore, the
use of a fast neutron spectrum permits to transmute by means of nuclear fission very dangerous
radioactive products, characterized by a long decay life and potentially proliferating, into short-life
nuclides, as fission products, absolutely no-use for military applications.

Aside to the sodium-cooled system, on which a huge experience is available from past
projects and industrial exploitations, within the Generation IV frame lead-cooled systems have also
been proposed. Also for this technology a large experience is available, even if mainly originating
from the military sector [3, 4]. A European project that has been recently concluded has highlighted
the advantages of the lead technology and has proposed a possible configuration of the reactor [5].
A new European project (LEADER) is considering the design of the system in a more deep fashion,
with the scope to attain a detailed proposal of an actual prototype. Several Italian groups are
involved in the endeavour, universities (CIRTEN), as well as ENEA and industry (Ansaldo). It is
interesting to take note of the interactions and of the synergies that have been developed between
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the activities on the subcritical system and those on the study of the lead-cooled critical reactor. In
the future, the knowledge achieved in one field may be of significant interest in the other. Of great
importance are certainly the experimental programs well under way, also in Italian laboratories.
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Fig. 1. Sketch of the ELSY reactor.

The study of the dynamics of fast lead-cooled systems requires the development of suitable
coupled neutronic-thermal-hydraulic computational tools. As far as neutronics is concerned, to
perform accurate evaluations of the transient regime and stability behaviour of theses systems,
highly-simplified techniques, such as point kinetics, may turn out to be completely inadequate. The
full space and spectral behaviour has to be described in its whole detail. The overall behaviour may
be strongly influenced by the thermal-hydraulic features. The thermal fluid-dynamics of lead-cooled
fast-neutron systems demands for a specific modelization to account for the typical characteristics
of fluid-flow and heat-exchange of liquid metals [6]. These aspects and the geometric
characteristics call for specific physical and numerical techniques [7].

The present research activity is focused on the development of a flexible and modular full-
core computational tool, performing coupled thermal-hydraulic (TH) and neutronic (NE)
simulations, for the dynamic analysis of lead-cooled reactors. The code is foreseen to be
adopted in the stability and safety analyses for LFR and is required to be optimized in order to
allow parametric studies with an acceptable computational effort of a flexible and modular
full-core coupled thermal-hydraulic (TH) and neutronic (NE) analysis for simulation of
control- and safety-relevant transients in lead-cooled advanced fast reactors.

1.2 Reactor design under investigation (POLITO - ENEA)

In the first steps of the research activity, the definition of a reference LFR design to be
adopted for the development of the computational modules has been carried out. In the ELSY
project, two reactor configurations have been studied and characterized, with relevant differences in
terms of fuel elements geometry and core composition. One of these options, characterized by
hexagonal fuel elements surrounded by a wrapper, can be seen in the sketch reported in Fig. 1, and
has then been selected as reference design for the European project LEADER. Several
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modifications have been introduced, with the intent to scale down the system power and obtain a
demonstrator reactor ALFRED (Advanced Lead Fast Reactor European Demonstrator), whose
deployment is the main objective of the LEADER project. As a consequence, in the frame of this
research activity here described, the reactor design with hexagonal fuel elements has been selected
(see Fig. 2).

The systems characteristics have been retrieved from the results of the ELSY project, since
no definitive sets of data are available for the design of the LEADER project. The system is
characterized by an almost full-scale power (1500 MW-th) and corresponding core dimension and
thermal characterization. However, the modelling tool developed can be easily adopted for the
analysis of different systems based on the same core geometry and fluid lead flow pattern, and can
be fruitfully used for the dynamic analyses of the design of the ALFRED reactor.
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Fig. 2: Sketch of the reactor core layout and hexagonal fuel element.

2. Modelling for reactor dynamics

The behaviour of a reactor core in steady-state and transient conditions is regulated by the
interaction of various phenomena of different origin. The objective of the research carried out in
this project has been the simulation of the neutronic and thermal-hydraulic aspects of a lead-cooled
reactor, thus including physical effects acting on time-scales that may be extremely different. It is
then required to identify the most relevant effects and corresponding time-scales, in order to devise
an appropriate solution strategy to be applied in the solution of the multiphysics problem.

In the following sections, the characteristics of the computational tools developed are
described. A subsequent section is devoted to the illustrations of some specific aspects of coupled
dynamics and to the details on how they are taken into account in the development of the coupled
code.

2.1 Neutronic modelling (POLITO)
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The objective of the neutronic computational module is the description of the neutron
population in the reactor core. Due to the large dimensionality of the problem, that may involve a
large number of hexagonal fuel elements, some starting hypotheses have been introduced.

The modelling of the full-core configurations will be based on a coarse-mesh approach,
where the hexagonal fuel element constitutes the starting mesh to be assumed in a three-
dimensional nodal scheme. For this reason, material characteristics have to be homogenized over
the element (see Fig. 3), providing few-group constant cross sections that can be used for steady-
state and time-dependent evaluations.

The objective of the development of a multiphysics computational tool requires for an
evaluation of the dependence of the material cross-sections on the temperature of the fuel and
coolant, in order to take into account the non-linear effects of thermal-hydraulics on neutronics. The
modelling of the core will then be based on a multigroup diffusion approach, that can be written in
the general form as:

1 ¢ &
=VD, Vg, - 4, + Z DI R +(1- ﬂ;(gZVng¢ +Z;{,gﬁ,C,, g=1.
Vg g'=1,9'#g (1)
G
a—ci=—/1,ci+ﬁi2vzf,g.¢g. i=1..,R
g'=1

where all the cross-sections are supposed to be depending on the temperature field within the
system.

Fig. 3: Hexagonal fuel element with identification of the cross-section
homogenization region (shaded in light blue)

The time-dependence may be approached in different ways. In order to reduce the
computational effort, the implementation of a quasi-static scheme is envisaged, based on the
factorization of the multigroup neutron flux as:

By (%, ¥.2.8) =y, (%, Y. ZDAQ) @

where A is the amplitude function, evolving on a fast time-scale, and yy is the shape function,
evolving on a slower time-scale. The solution of the time dependent problem is split in the alternate
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solution of the two models for amplitude and shape, obtained from the general neutron balance
equation by a projection technique. The equation for the amplitude is represented by the well-
known point kinetic model

dA(t) _ {P(t) _ﬂJA(t) + ZR:Z,ICi (t)

dt A 3)
dCi(t) - _ ﬁ i =
- AC, (1) + A A(t) i=1..,R

where the standard definition of the kinetic parameters appearing in the equations (p, # and A)
can be find in [8]. This set of equations needs to be solved on a time-scale in the order of the
lifetime of prompt neutrons, i.e 7, ~ 10 s. The modifications of the neutron distributions in the
phase space is taken into account performing updates of the shape function on a longer time-
scale, Zshape, in the order of 10, but dependent on the transient to be simulated, thus affecting
the values of the kinetic parameters.

In the coupled neutronic-thermal-hydraulic simulation of the reactor core, the value of
these parameters are affected by the modification of the neutronic distribution, g, which on its
turn is affected by the modification of the material properties as function of the temperature
field.

In the frame of the activity performed during this year, the implementation of the neutronic
model has been based on the point kinetic model, which assumes y to be constant in time for the
duration of the simulated transient. As a result, the evolution of the amplitude function A(t), after a
proper normalization, is representative of the effective thermal power as:

P(t) = P(t=0)A(t) (4)
where P(t=0) is the (steady-state) initial power.

The coupling of the neutronic model with the thermal-hydraulic effects is then introduced
through the reactivity term, involving temperature coefficients for both the fuel and the coolant. The
general form of the reactivity p to be inserted into the point model (3) is including both external
contributions (modifications of the transport operator due to the introduction of perturbations into
the system) and nonlinear feedback effects. If constant feedback coefficients are assumed for both
the fuel, a4, and coolant, apy, the reactivity takes the form:

,O(t) = Pext (t) +a; (Tfuel (t) _TfueI,O )+ Ay, (Tlead (t) _Tlead,O) (5)

where pex: IS associated to the external perturbation, Ty is the space-averaged fuel temperature and
Tiead the space-averaged coolant temperature. The general formulation of the feedback term involves
coefficients depending on their turn on the temperatures in a general, non-linear, form:

p(t) = Pext (t) + o1 (Tf )(Tfuel (t) _Tfuel,o )+ Oy (Tlead )(Tlead (t) _Tlead,O) (6)
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The variations of the temperatures are considered with respect to “reference” steady-state
values, Trer0 and Tiead 0, that are evaluated for the initial configuration. The solution of system (3)
then provides the power evolution in time, according to the normalization in (4). The power is then
used as input data for the solution of the thermal-hydraulic problem, as it is explained in the
following section.

2.2 Thermal-hydraulic modelling (POLITO)

The thermal-hydraulic modelling of the full-core three-dimensional system is defined
starting from some considerations concerning the main time-scales of the phenomena appearing in
the system. The characteristic values of such times can be summarized as follows:

Lead-pin surface coupling zpp-pin ~ 0.1S
Lead transit time along the fuel element in the axial direction , ~1s
Lead temperature homogenization on a given fuel element cross section zom ~ 1 'S, assuming a
uniform fuel temperature among the fuel pins on the same cross section
. Heat diffusion through the fuel element wrapper 7y ~10's
. Pin temperature homogenization on a single pin cross section z, ~ 10 s.

Starting from the general 3D configuration in the full core geometry, on the basis of these
hypotheses it is possible to approach the thermal problem as a series of weakly coupled 1D
problems along each fuel element. This approximation is justified by the fact that the heat diffusion
through the wrapper is much slower with respect to the lead temperature homogenization time on
the x-y section and to the transit time through the core along z (zy >> mom ~ 7). AS a cOnsequence,
inside each fuel element the coolant temperature Tpy(z) is assumed constant on each cross section
(which will be justified for timescales 7 >~ z0y). The same assumption can be made for the fuel
temperature  T¢(z) = <Tpin(r, )>, thanks to the relative uniformity of the heat source on each fuel
element section. It must be noticed that, although the temperature at the pin surface Tpin(Ipin, Z) has
to be equal to the lead temperature Tpp(z), due to the fact that zpp.pin << 7, the one-dimensional
temperature fields for fuel and coolant will be different (T«(z) # Tpn(2)), since the homogenization
time on the pin is much longer than the coolant transit time along the reactor axis ( zin >> 7).

The basic model to be considered is referred to the single fuel element, consisting of the
following set of coupled equations:
e 1D mass balance

avz-i-VZ%-i-i@:—FVZ—gCOS]/ ()
ot 0z poz
e 1D momentum balance
op 2 OV op o(, 0T ,V, OA Q'
Tl gy, D | k= |4 p? 2 = = 4y (8)
ot - oz ‘oz az( azj pCSAaz {A Z
e 1D energy balance
0Ty, 0Ty, oV 8( oT, J v, ) A Q' 9
— 4+ pcv + pc,®@T,, —2——| k—2 |+ pc, ®T,, 22— ==+V,pF (©)
,DCV 8t pCv z 82 p v Pb 82 82 82 pCv Pb A 62 A zp
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containing the lead pressure p (z, t), velocity v,(z, t) and temperature T, (z, t), coupled to the

1D heat conduction model for the fuel temperature T¢(z, t)

Af (Tf _TPb )+ i—:

C - -
Py o

aT, o ) oT, | IIH
A B

The parameters appearing in Eqgs. (7-10) are:

A is the lead cross section

¢t is the fuel specific heat

Cs is the sound speed in lead

cy Is the lead specific heat at constant volume

F is a coefficients accounting for friction effects, defined as

Foorll

h

where f is the friction factor and Dy, is the hydraulic diameter

g is the gravity acceleration

H is the lead-pin surface heat transfer coefficient

k is the thermal conductivity for lead and ks for the fuel
p is the lead pressure

[T is the interface perimeter between lead and fuel

Q’ is the linear heat flux exchanged between the pins and the coolant

Qx is the linear power generation inside the fuel

y Is the angle between z and vertical direction to take into account buoyancy

@ is Gruneisen parameter, defined as:

oL
T op ),

where s is the entropy.

(10)

(11)

(12)

The set of 1D differential equations (7-10) is solved at each time step for each fuel assembly.
Then the thermal coupling between neighboring assemblies is computed in explicit taking into

account wrapper thermal resistance, thus realizing the horizontal 2D coupling.

The thermophysical properties of lead adopted for the calculations have been retrieved from
Ref. [9]. Validation with respect to experimental programs currently under-way or envisaged in the
next future would be advisable [10].

The fuel thermophysical properties adopted are characteristic for a UO,-based fuel, taken from
Ref. [11]. It must be pointed out that, although the current design for LFR are usually considering a
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nuclear fuel composed of mixed oxides (MOX), the thermal data required for the present modelling
are available only for Uranium oxide-based fuel.

The friction factor for lead and the heat transfer coefficient between the pins and the coolant are
taken from correlations reported in Ref. [12] (results of these correlations agree within £ 10% with
those of Ref. [10]).

The solution of the set of equations (7-10) requires the heat source term produced by the fission
events. This term, Qy, constitutes the coupling term for the thermal-hydraulic model with the
neutronic equations, in the form:

Qr=ArEs 2t ¢ (13)

where E; is the energy released per fission, 2 is the macroscopic fission cross section and ¢ is the
neutron flux, obtained from the neutronic model (1).

In the frame of the modelization developed during this year activity, the power produced by
fission is represented by the average power for the fuel element, according to the point model (2).
As a consequence, the spatial distribution along the reactor axis is not readily available for the
thermal model, for which the linear power density is needed. To this purpose, the power obtained in
the frame of point kinetics has been distributed according to a cosine shape for the z variable,
preserving the full power level. This distribution represents a physically reasonable assumption for
the fission production in this kind of systems, where no relevant density effect on the coolant are
experienced and thus the axial form of the flux is not relevantly distorted by the temperature
gradient.

Correspondingly, the space-averaged temperatures (Tre and Tieaq) to be fed into the neutronic
code through the reactivity term (5-6) are obtained by an axial integration of the temperature
distribution T¢(z) and Tpp(2).

2.3 The principles of coupled dynamics (POLITO)

The computational tool is composed by two main modules, dealing with the neutronics (NE)
and the thermal-hydraulics (TH) of the systems, respectively, as described in the previous sections.
They have been developed as separate, stand-alone, FORTRAN codes, and have been tested for
consistency and accurateness separately. As a following step, suitable procedures for the data
exchange have been put into place.

As mentioned previously, the coupled dynamics of lead cooled reactor described by the
computational tool here developed is characterized by the interaction of neutronics and lead
thermal-hydraulics, through some specific effects:

- the neutronic calculations provide the fission production within the system,
constituting the heat source Q for the thermal calculations;

- the fluid-dynamic calculations generate the temperature fields in the fuel and coolant,
which are affecting the reactivity of the systems via the temperature coefficients.

The exchange of these data is obtained through the TISC commercial platform, allowing the
synchronization of execution and in/out exchange of separate codes. This strategy, which has
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already been tested for different applications [13], works very well and allows each module to adopt
the most suitable time stepping strategy, taking into account the respective time-scales.

At this point, the aspects connected to the choice of the time step for the execution of the two
different codes and the input exchange need to be analyzed. The physical phenomena involved in
the reactor dynamics are characterized by a large spectrum of different time-scales; however, it can
be stated that the neutronic phenomena are generally evolving on a much faster scale, at least for
what concerns the behaviour of prompt neutrons (delayed neutron precursors evolve on scales in the
order of several seconds). Therefore, the neutronic module, and specifically the point kinetic system
(2), will be solved on the scale of prompt neutrons z,. As a second step, if the update of the neutron
distribution is required, this can be performed on their proper time-scale, znape. It must be noted that
all these times are much shorter that the fastest thermal-hydraulic time-scale. As a consequence, it
is possible to couple the neutronic and the thermal-hydraulic modules explicitly, alternating their
solution on the fastest thermal time-scale. This is done using the TISC platform, which calls each
module in turn, exchanging at each defined time step the needed information (Tse and Tpp from TH
to NE, Qe from NE to TH).

2.4 Feedback coefficients (ENEA - POLITO)

The simulation of the neutronic behaviour of the reactor, coupled to the thermal-hydraulic
effects, is based on the evaluation of how the characteristics of the materials composing the core are
affected by the temperature and pressure fields. This results, in general terms, requires the
determination of the temperature-dependent macroscopic cross sections for the system and the
consequent calculation of the neutron population at equilibrium. This procedure is by default
iterative, since the temperature field is determined by the heat source, established on its turn by the
fission production. Thus, in the general case, when a full-space model for neutronics is coupled to a
spatial thermal-hydraulic code, the steady-state configuration of the system needs to be evaluated by
successive iterations, towards an equilibrium state, depending on the system configuration analyzed.

The problem solved in the frame of this year activity is slightly different, being based on a point
kinetic approach for the neutronic evaluations. The definition of a “reference” power level, to be
intended as the power level for the stable operation of the reactor, when no perturbations are
introduced, constitutes the input data for the thermal model to evaluate the temperature field. Once
a space-averaged value for the fuel and coolant temperature is obtained, this is set to be the
“reference” value, identified with subscript “0”, that will be inserted into the expression (5). It is
clear at this point that, if no perturbations are introduced into the system, the system will operate at
the same power and with the same temperatures indefinitely, thus requiring for no iterations to reach
convergence. The dynamic behaviour is then induced whenever a perturbation is introduced into the
reactor (ppert OF changes in the thermal conditions). The flowchart of the procedure adopted is
presented in Fig. 4.

The neutronic response to thermal feedback is here modelled with a lumped parameter relation,
depending on the feedback coefficients or and ap,. These values can be assumed as constant (see Eq.
(5)), or depending on their turn on the temperature (Eg. (6)), but the solution strategy is not
modified in both cases. The additional complication associated to the temperature-dependent
coefficients lies in the necessity to interpolate the values with respect to tabulated data at constant
temperature intervals.
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Fig. 4: Flowchart of the computational scheme adopted for the coupled simulation.

3. Results

In these sections, the results of the calculations performed with the coupled code are presented. The
objective of these calculations has been the validation of the coupling procedure, involving the use

of the TISC platform, as well as the prediction capability and reliability of the results obtained by

the thermal-hydraulic calculations when coupled to the neutronic evaluation.

3.1 Input data for the calculations (POLITO - ENEA)

The configuration of the system analyzed has been chosen on the basis of the modelling carried out,

based on the point kinetic approach. Such modelization, describing the reactor core as a single

point, is equivalent to the evaluation of the neutronic population in a single fuel element surrounded

by an infinite lattice of identical fuel elements. As a consequence, the corresponding modelization
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for the thermal part has been carried out under the same hypothesis, resulting in adiabatic boundary

conditions at the wrapper level in the radial direction. This configuration, although simplified, is

useful to different purposes:

- for the testing of the numerical procedure of coupling of the codes;

- for the performance of physical evaluations that are significant for the system under
consideration.

The problem to be solved by the thermal-hydraulic module is thus the solution of the set of
equations (7-12) for a single channel, providing the fuel and coolant temperature as function of the
axial variable and time. As stated before, the power distribution along the channel has been
generated according to a cosine shape, which is physically consistent for the problem at hand.
The numerical values of the reactor data that have been adopted for the calculations have been
retrieved starting from the available information on the reactor design exploited in the ELSY
project. The full reactor power has been divided by the number of fuel elements to obtain an
average power associated to the single element, and the thermal characteristics of the lead at the
inlet have been taken as for the ELSY design:

o “reference” power level Piro = 1500 MWy;

e number of fuel elements Nge = 433;

e power/fuel element Py = 3.5 MWy,;

e Linear power distribution, deposited totally into the fuel: axial sinusoidal shape (preserving

the integral):
/2 T
Z2)=PR,——sin| —z
P (2) "ol (H J

where the active core height is H =120 cm

e Inlet lead temperature Tppin = 673 K;

e Pressure drop across the core Ap = 0.135 MPa, leading to a lead fuel velocity vp, ~ 1 m/s;

e Geometrical data of the fuel element, necessary in order to evaluate fuel wetted perimeter
and coolant and fuel cross sections.

The simulations of time-dependent configurations for the reactor require for the data
neutronically characterizing the reactor core, i.e. the kinetic parameters, delayed neutron data and
feedback coefficients. These data have been partially obtained from the ELSY data:

e Prompt neutron mean lifetime A = le-5s;
e Constant reactivity coefficients according to formulation (5): asel =— 0.8 pcm/Kand  apy
=+ 0.35 pcm/K;
while the data for the delayed neutron families and more general relations for the value of the
system reactivity as a function of fuel and coolant temperatures were not readily available (required
for the formulation (6) of the feedback term).

The missing data have been retrieved starting from a reactor configuration that has been
studied in previous research activities in collaboration between ENEA and Politecnico di Torino
[14]. The system in this case was subcritical, but with the same range of temperature, similar
nuclear fuel composition (MOX fuel) and fast neutron spectrum. It is then physically consistent to
adopt the delayed precursors data identified in that framework for the present work, as summarized
in Table %]1.
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Table %1: Delayed neutron precursor families data.

Ai [s7] 0.0129 0.0313 0.1346 0.3443 1.3764 3.7425
Si [pcm] 9 74 67 129 59 19
S [pcm] 356

A different approach to coupled dynamics can be adopted, introducing temperature-
dependent feedback coefficient. This option is more closely related to the real physical behaviour,
since the correlation between temperature and reactivity is usually not linear (as assumed in the case
of constant a’s). The generation of the input data in this case requires the evaluation of the system
reactivity for a set of temperatures for the fuel and the coolant, to be used as database for the
interpolation at the actual values of T;and Tp, during the calculations. Such calculations take into
account all the effects of temperature on the material properties of the fuel and the coolant,
including both nuclear effects (e.g., Doppler broadening) and the thermal expansion coefficients.

The set of data adopted have been obtained, again, from the design mentioned above, whose
characteristics in terms of material composition and influence of the thermal expansion are very
close to the lead-cooled reactor design.

In the following sections the results obtained from some calculations are presented, starting
from the evaluation of the steady state configuration, and thus confirming the significativity of the
starting hypothesis. Results for transient situations and some stability analyses are then performed.

3.2 Transient evaluations (POLITO)

The calculation of the steady-state configuration of the system, starting from the set of data
previously described, has given the temperature profile for fuel and coolant. It can be noticed that
the value of the lead coolant at the outlet of the is in good agreement with the design value of
ELSY; thus supporting the consistency and relevance of the model under consideration.

Time-dependent calculations have been performed, introducing perturbations in the reference
configurations that can be representative of operational and accidental transients in this kind of
system [15-16].

As a first test, a step reactivity of 100 pcm is inserted at time t = 0; this could correspond to, e.g.,
the sudden ejection of a control rod. The system behaviour has been simulated assuming all the
input data described above, in conjunction with constant feedback reactivity coefficients.

max max)

The evolution of reactivity, power, maximum temperatures of lead and fuel (Tpp ~ and Trye
following the reactivity insertion is reported in Fig. 5. The total reactivity of the system is brought
back to zero by the effect of the negative feedback, which is compensating the external
perturbation. For this type of configuration the system is therefore proven to be stable. The
verification of stability is necessary in view of the fact that the temperature coefficient of the
coolant is positive, although smaller in absolute value with respect to the fuel temperature
coefficient. The stability follows from the combined temperature effects of fuel and coolant. The
figure also confirms that, at least in this case, the maximum temperature of fuel and coolant remain
well below the fuel melting temperature (Tmeir ~ 3120 K, for UO;) and the coolant boiling
temperature (Tyoil ~ 2016 K, for Pb), respectively.
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The evolution of the spatial distribution of Tp, and Ty, is shown in Fig. 6. We notice the more
symmetric profile of T responding directly to the cosine-distributed power input, while the more
asymmetric profile of Tpy is related to the advection in the lead coolant.

The evolution of the spatial distribution of the lead flow speed vpy, is shown in Fig. 7. A higher
value of Qe leads to higher temperatures, therefore to lower values of the coolant density and
impedance, which for a given 4p gives a higher velocity vpy. As the Tpy, increases (and the Pb
density decreases) the flow accelerates along the channel, in order to maintain the constant mass
flow rate.
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Fig. 5. Evolution of total reactivity (perturbation + feedback), power and maximum
temperatures for a transient induced by a 100 pcm reactivity insertion (constant reactivity
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Fig. 6: Axial distribution of fuel and lead temperatures as a response to a 100
pcm reactivity insertion (constant reactivity coefficients).
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Fig. 7: Axial distribution of the coolant speed (constant reactivity coefficients).

Finally, we perform a study of the sensitivity of the predictions of the model to the value of
ofuel, Which is a crucial parameter for the dynamic simulation. This might be of interest, e.g., while
defining the Pu content in the MOX fuel; indeed, a5 may increase with increasing Pu content, due
to the fission resonances. Table %2 summarizes the results of the sensitivity study. As expected, it is
seen that if ase is larger than a certain threshold value o', the 100 pcm reactivity insertion leads to
instability. The reason why o > — apy is that only the fuel is heated, therefore the reactivity
becomes more sensitive to a temperature increase of the fuel than of the coolant. For values of agyel
< o, the system goes through a transition region which is however still unacceptable, because
Try™™ increases above T, as can be seen in Fig. 8.

Table %2: Parametric study on the fuel temperature feedback coefficient, corresponding to the 100
pcm reactivity insertion transient.

Behavior

increasing p = unstable

decreasing p, Pb boiling

Stable

el (pCm/K) -0.3 -0.2
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Fig. 8. Maximum fuel and coolant temperatures as a function of
the value of the fuel temperature coefficient.
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