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1. Introduction

The Lead-cooled Fast Reactor (LFR) has been selected by the
Generation IV International Forum as one of the candidates for the
next generation of Nuclear Power Plants (NPPs) (GIF, 2002).
Advanced reactor concepts cooled by Heavy Liquid Metal (HLM)
coolants ensure a great potential for plant simplifications and
higher operating efficiencies compared to other coolants, intro-
ducing however additional safety concerns and design challenges,
and thus necessitating verifiable computational tools for transient
design-basis analyses. This capability would enable designers to
compare operational and safety aspects of design alternatives in
order to finalize a model-based control strategy, supported by the
results of dedicated plant simulators. The plant simulator should
allow to verify the effectiveness of the proposed control scheme.
Only after this preliminary stage, once the system governing dy-
namics has been characterized, it is possible to investigate potential
control strategies and the way of coordinating the several opera-
tional modes. In particular, for LFR plants, the need of developing a
proper control system has been recognized due to the technological
issues brought by the use of lead as coolant (Tucek et al., 2006).

In this paper, the development of a simulation tool for studying
the plant control-oriented dynamics of the Advanced Lead-cooled
Fast Reactor European Demonstrator (ALFRED) is presented.
ALFRED is a pool-type, small power reactor (Alemberti et al., 2010)
conceived to be fully representative of the industrial scale reference
system, and thus it is provided with a Balance of Plant (BoP) and
envisaged to be connected to the electrical grid. Accordingly, a very
flexible, straightforward and fast-running (i.e., without significant
computational burden and implementation-related efforts) dy-
namics simulator has been sought, expressly meant for this early
phase of the control system design, in which all the system speci-
fications are still considered open design parameters and thus may
be subject to frequent modifications. Such a tool has been specif-
ically conceived to simulate the reactor response to typical tran-
sient initiators with the main purpose of laying the foundations for
establishing viable control strategies. In a control-oriented
perspective, the most important features (Cammi et al., 2005;
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Fig. 1. ALFRED nuclear power plant layout (Alemberti et al., 2013).
Cammi and Luzzi, 2008) required to the modelling tool are the
following: (i)modularity, in order to enhance the reusability of pre-
existing and also validated components; (ii) openness, since the
equations implemented have to be clearly readable; (iii) efficiency,
meaning that the simulation code should be fast running; and (iv)
integrability with the control system model.

A viable path to achieve the above-mentioned goals is consti-
tuted by the adoption of the Modelica language (Modelica, 2011).
Introduced in 1997, Modelica is “a language for modelling and
simulation of complex cyber-physical systems” (Fritzson, 2004). In
particular, it is an object-oriented modelling approach specifically
designed for the study of engineering system dynamics. In this
perspective, Modelica facilitates the system description in terms of
physical and engineering principles (i.e., mass, energy and mo-
mentum balance equations). Modelica is employed for the model-
ling of general physical phenomena described by sets of differential
algebraic and discrete equations, supporting a declarative language.
This feature allows acausal modelling, i.e., the direct use of equa-
tions without imposing the classic input/output declaration,
granting a more flexible and efficient data flow (Fritzson, 2011).
Finally, Modelica is open-source and it has already been success-
fully adopted in different fields, such as automotive, robotics,
thermo-hydraulic and mechatronic systems, but also in nuclear
simulation field (Cammi et al., 2005; Souyri et al., 2006).

As a consequence of the above mentioned considerations, a
dynamic simulator of the ALFRED reactor has been realized by
adopting the Modelica object-oriented language. The primary and
secondary systems have been modelled and implemented in
Modelica by assembling conventional component models already
available in a specific thermal-hydraulic library, named Thermo-
power (Casella and Leva, 2006), and specifically developed nuclear
component models, taken from the NuKomp library (Cammi et al.,
2005), modified in order to provide the required capabilities for
the analysis. The resulting overall plant simulator, incorporating
also the BoP, consists of the following essential parts: core, steam
generator, primary and secondary pumps, cold and hot legs, cold
pool, turbine, and condenser. Finally, design-basis transient sce-
narios have been simulated and discussed to analyse the overall
system free dynamics. The main purpose of this work is the reali-
zation of a preliminary “engineering simulator” to predict the
reactor responses to typical transient initiators, involving not only
the primary side, but also considering the secondary one and, in the
future, the electrical grid connection.
The paper is organized as follows. In Section 2, a brief intro-
duction to the ALFRED reactor is provided and its main features are
reported. In Section 3, the adopted modelling approach is pre-
sented and the components used in the developed object-oriented
simulator of the overall plant are described. Finally, some opera-
tional transients have been simulated and the obtained results are
discussed (Section 4).

2. Reference reactor description

ALFRED is a small-size (300 MWth) pool-type LFR. Its primary
system current configuration (Alemberti et al., 2013) is depicted in
Fig. 1. All the major reactor primary system components, including
core, primary pumps, and Steam Generators (SGs), are contained
within the reactor vessel, being located in a large lead pool inside
the reactor tank. The coolant flow coming from the cold pool enters
the core and, once passed through the latter, is collected in a vol-
ume (hot collector) to be distributed to eight parallel pipes and
delivered to as many steam generators. After leaving the SGs, the
coolant enters the cold pool through the cold leg and returns to the
core.

The ALFRED core is composed by wrapped hexagonal Fuel As-
semblies (FAs) with pins arranged in a triangular lattice (Fig. 2). The
171 FAs are subdivided into two radial zones with different pluto-
nium enrichment guaranteeing an effective power flattening, and
surrounded by two rows of dummy elements (geometrically
identical to the fuel assemblies but not producing thermal power)
serving as reflector. Two different and independent control rods
systems have been foreseen, namely, Control Rods (CRs) and Safety
Rods (SRs). Power regulation and reactivity swing compensation
during the cycle are performed by the former, while the simulta-
neous use of both is foreseen for scram purposes, assuring the
required reliability for a safe shutdown (Grasso et al., 2013). In
Table 1, the major preliminary nominal parameters employed are
presented.

Each of the eight SGs incorporated in ALFRED (Fig. 3) consists of
a bundle of vertical bayonet tubes. The latter are constituted by an
external safety tube and an internal insulating layer (delimited by a
slave tube), which is aimed at ensuring the production of super-
heated dry steam since the high temperature difference between
the rising steam and the descending feedwater may promote steam
condensation in the upper part of the SG without a proper insu-
lation. The gap between the outermost and the outer bayonet tube



Fig. 2. ALFRED core configuration (Alemberti et al., 2013).
provides mechanical decoupling between the components, and is
filled with pressurized helium and high thermal conductivity par-
ticles to enhance the heat exchange capability (Alemberti et al.,
2013; Damiani et al., 2013). The feedwater from dedicated
headers flows in the slave tube and, after reversing the motion at
the bottom, rises along the annulus between inner and outer tubes.
On the primary side, lead flows downwards axially along the
outermost tube. In Table 2, the main SG parameters and specifica-
tions are listed.

3. Simulator development

A non-linear one-dimensional model of the ALFRED reactor has
been developed by adopting the object-oriented approach based on
Table 1
ALFRED preliminary core parameters (Grasso et al., 2013; Sciora, 2013).

Parameter Value Unit

Core

Thermal power 300 MWth

Coolant mass flow rate, G 25984 kg s�1

Total number of FAs 171 e

Pins per FA 127 e

Coolant inlet temperature, Tin 400 �C
Coolant outlet temperature, Tout 480 �C

Fuel pin

Cladding material 15-15-Ti e

Fuel material MOX e

Cladding outer radius 5.25$10�3 m
Cladding inner radius 4.65$10�3 m
Pellet outer radius 4.50$10�3 m
Pellet inner radius 1.00$10�3 m
Active height 0.6 m

Reactivity and kinetic coefficients BoC EoC

Doppler constant, KD e555 e566 pcm
Lead expansion coefficient, aL �0.271 �0.268 pcm K�1

Axial clad expansion, aCZ 0.037 0.039 pcm K�1

Axial wrapper tube expansion, aWZ 0.022 0.023 pcm K�1

Radial clad expansion, aCR 0.008 0.011 pcm K�1

Radial wrapper tube expansion, aWR 0.002 0.003 pcm K�1

Axial fuel expansion (linked case), aFZ �0,232 �0,242 pcm K�1

Diagrid expansion, aDia �0,147 �0,152 pcm K�1

Pad expansion, aPad �0,415 �0,430 pcm K�1

Reactor lifetime, L 6.116$10�7 6.296$10-7 s
Delayed neutron fraction, b 336 335 pcm
the Modelica language. The overall systemmodel has been built by
connecting the different components (objects) through rigorously
defined interfaces (connectors) corresponding to specific physical
interactions occurring with the external environment or other
objects. One of the main advantages of employing the Modelica
language is the possibility of adopting acausal modelling approach.
The system dynamics is described in terms of conservation laws
that, combined with the constitutive equations of the components,
determine the overall set of equations to be solved. Thanks to the
acausal modelling, the equations of each component model can be
written independently from the definitions of input/output vari-
ables. Thus, the causality of equation-based models is unspecified
and becomes fixed only when the corresponding equation systems
have to be solved (Fritzson, 2004). In this way, models are much
easier to write and reuse, while the burden of determining the
actual sequence of computations required for the simulation is
entirely left to the compiler. In the common practice, most of the
present simulators are based on causal modelling (MATLAB� and
SIMULINK� software, 2005), whose main features are reported in
Table 3.

In addition, the multi-physics approach of the Modelica lan-
guage must be mentioned. General in scope, it provides modelling
primitives such as generic algebraic, differential and difference
equations, and it is not tied to any specific physical or engineering
domain (i.e., mechanics, electrical engineering, or thermody-
namics). Thus, it is quite straightforward to describe multi-
disciplinary systems, such as the reactor core, where several
physics (e.g., neutronics, heat exchange and fluid dynamics)
interact with each other. Furthermore, a more realistic plant rep-
resentation is made possible by the component-based description.
As simulation environment, Dymola (Dynamic Modelling Labora-
tory) (Elmqvist et al., 1993) has been adopted, as dedicated libraries
of validated models for power plant components are available.

As to the efficiency of the simulation code, Modelica compilers
incorporate sophisticated symbolicmanipulation algorithms,which
allow to obtain index-1 systems of differential-algebraic equations
from higher-index ones, to symbolically solve both linear and
nonlinear model equations (Fritzson, 2004). The resulting code is
then linked to state-of-the-art numerical integration codes such as
DASSL (Brenan et al., 1989). As shown in Fig. 4, the ALFRED object-
oriented model has been built by connecting the plant single com-
ponents. In the following sub-sections, the components specifically
modelled in this paper (i.e., core, steam generator, turbine) will be



Fig. 3. ALFRED bayonet tube SG configuration (not in scale) (Alemberti et al., 2013; Damiani et al., 2013).

Table 3
Main features and differences between causal and acausal approach.

Causal approach Acausal approach
described in some detail, whereas for the most conventional ones
we mainly refer to (Casella and Leva, 2006).

3.1. Core

As far as the ALFRED core is concerned (Fig. 5), point reactor
kinetics and one-dimensional heat transfer models have been
implemented, coherently with the plant specifications, by incor-
porating suitable geometry, material properties and correlations,
neutronic feedback coefficients and kinetic parameters (Table 1).

The component-based core model is constituted by four sub-
systems, each one dedicated to a particular physics. The compo-
nent Kinetics implements a point reactor kinetics model with one
neutron energy group and eight Delayed Neutron Precursor (DNP)
groups. Therefore, the neutron density evolution is described by the
following equation:
Table 2
ALFRED SG major nominal parameters (Alemberti et al., 2013; Damiani et al., 2013).

Parameter Value Unit

Single SG parameter

Power 37.5 MW
Feedwater inlet temperature 335 �C
Steam outlet temperature 450 �C
Steam pressure 180 bar
Length of heat exchange 6 m
Number of tubes 510 e

Outer diameter Thickness

Slave tube 9.52$10�3 1.07$10�3 m
Inner tube 19.05$10�3 1.88$10�3 m
Outer tube 25.40$10�3 1.88$10�3 m
Outermost tube 31.73$10�3 2.11$10�3 m
dn ¼ r� b
nþ

X8
lici þ q (1)
dt L
i¼1

the corresponding concentration of precursors being expressed as

dci
dt

¼ bi
L
n� lici i ¼ 1e8 (2)

In the present model, two different definitions have been imple-
mented to describe the effective fuel temperatures, and namely: TDf ,
which expresses the effective temperature to allow for the Doppler
effect, and Teff

f , which represents the average temperature that
System input and output variables have
to be established at the beginning

It is not necessary to establish a
priori input and output variables

Equations have to be rewritten for each
specific application in state space
representation

Causality remains unspecified as
long as equations have to be solved

Low flexibility in changing the model
configuration

More realistic description of
components and modularity

Low reusability of previous work.
According to the applicative context,
problem formulation as a series of
operations has to be carried out by
the user

Possibility of easily reusing
previously developed models.
Components models are defined
independent of their potential
connections (inheritance)

Block diagram representation (physics-
oriented)

Plant representation (component-
oriented)

Integration algorithm for ordinary
differential equations (lower
computational cost)

Integration algorithm for
differential algebraic equations
(higher computational cost)

Low order modelling, easy to linearize Potentially high number of
equations involved



Fig. 4. ALFRED object-oriented model. In the legend, the defined input and output variables are reported in order to allow the comprehension of the graphical interface.
allows to evaluate quantitatively the reactivity feedback due to the
pellet deformation caused by thermal stresses. Therefore, as far as
the Doppler reactivity contribution is concerned, an effective fuel
temperature allowing for resonances broadening (Kozlowski and
Downar, 2006) has been considered:

TDf ¼ 0:3$T1
f þ 0:7$T3

f (3)

In Eq. (3), T1f and T3
f represent the average temperatures in the

central region and in the external one of the fuel pin, respectively
(see Fig. 6). In Eq. (4), the weights provide an estimate of the
volume-weighted average behaviour, and have been used to
reproduce the parabolic trend of the temperature field within the
fuel pellets:

Tefff ¼ ð1=2Þ$T1
f þ ð1=2Þ$T3f (4)

The reactivity variation from a generic fuel temperature distri-
bution Tf1 (with effective average TD

f1) to a fuel temperature
distribution Tf2 (with effective average TD
f2), due to the Doppler ef-

fect, has been evaluated as follows (Waltar et al., 2012):

Dr
h
Tf1/Tf2

i
z1:1$KD

 
ln

TDf2
TDf1

!
(5)

Reactivity effects due to the coolant density variations, as well as
to the axial and radial expansions, have been taken into account by
adopting linear equations with constant coefficients. In particular,
axial and radial cladding expansions have been related to the
average cladding thermal conditions, while axial and radial
wrapper expansions have been considered governed by the lead
temperature. On the other hand, the grid expansion effect concerns
the increase of the core radius due to the incoming coolant tem-
perature enhancement. Therefore, the coolant volume inside core
increases as well as the core volume and, in turn, the leakages.
These combined effects determine an overall negative contribution.
The pad effect is determined by the radial expansion difference
between the bottom of the subassemblies at the incoming coolant
temperature and their top at the outlet coolant temperature.



Fig. 5. ALFRED core object-oriented model.
However, this reactivity contribution is quite reduced (Sciora,
2013).

As far as the CRs are concerned, a reactivity differential curve
has been adopted based on the reactivity worth of the 12 rods at
different insertion lengths (Fig. 7). On the other hand, worth
characterization of SRs does not require such an accuracy, because
these rods are extracted during start-up phase and then they are
kept out of the core while the reactor is operating at full power
conditions. Consequently, a linear dependence of the reactivity as
function of axial position is sufficient to describe the SR reactivity
contribution.

The overall system reactivity is given by the sum of the various
contributes, as follows:
Fig. 6. Fuel pin radial scheme for heat transfer modelling.
rðtÞ ¼ r0 þ aL$
�
Tl � Tl;0

�þ 1:1$KD ln
TDf2
!

þ aCZ$
�
Tc � Tc;0

�

TDf1

þ aWZ$
�
Tl � Tl;0

�þ aCR$
�
Tc � Tc;0

�þ aWR$
�
Tl � Tl;0

�
þ aFZ$

�
Tc � Tc;0

�þ aDia$
�
Tl;in � Tl;in;0

�þ aPad$
�
Tl;out

� Tl;out;0
�þ ACR$sinðBCR$hCR þ CCRÞ þ DCR

þ ASR$
ðhSR � xSRÞ

LSR
(6)

The terms in Eq. (6) represent the initial reactivity margin, the
effect due to lead density, Doppler effect, axial cladding expansion,
axial wrapper expansion, radial cladding expansion, radial wrapper
expansion, axial fuel expansion, diagrid expansion, pad effect,
control rod contribution, and safety rod contribution, respectively.

The component FuelRods describes the thermal behaviour of the
fuel pins, by adopting five radial regions within the element (i.e.,
cladding, gaseous gap and three concentric zones of equal volume
within the pellet). The time-dependent Fourier equation is applied
considering only the radial heat transfer, thus disregarding both the
axial and the circumferential thermal diffusion. Fourier equation
has been discretized radially in five zones and longitudinally in a
user-defined number (N) of nodes.

dfcf
vTf
vt

¼ 1
r
v

vr

�
rkf

vTf
vr

�
þ q000 (7)

v

vr

�
rkg

vTg
vr

�
¼ 0 (8)

dccc
vTc
vt

¼ 1
r
v

vr

�
rkc

vTc
vr

�
(9)

The component LeadTube models the coolant flowing through
the core channels represented as cylindrical conduits. It simulates a
one-dimensional single-phase fluid flow with heat transfer from
the fuel pin boundary and with temperature-dependent physical
properties (OECD-NEA, 2007). This approach is based on
distributed-parameter mass, momentum and energy conservation
equations discretized by employing a finite volume method.

A
vd
vt

þ vw
vx

¼ 0 (10)

vw
vt

þ A
vp
vx

þ dgA
vz
vx

þ Cfu
2dA2 wjwj ¼ 0 (11)

dA
vh
vt

þ dAu
vh
vx

� A
vp
vt

¼ uf (12)

Equations (10) and (11) describe the pressure andmass flow rate
dynamics, while Eq. (12) describes the slower dynamics of heat
transport with the fluid velocity.

The component HeatTransfer allows to evaluate the heat flux
exchanged between two one-dimensional interacting objects (e.g.,
the fluid flow and metal wall) as a function of the corresponding
surface temperatures. Since the fuel pins are arranged in a trian-
gular lattice, the IbragimoveSubbotineUshakov correlation (Cheng
and Tak, 2006), Eq. (13), has been adopted to properly estimate the
convective heat transfer coefficient. Moreover, among the possible
correlations, it is the most conservative one since gives the lowest
value of the Nusselt number.

Nu ¼ 4:5þ 0:014$Pe0:8 (13)



Fig. 7. Calibration curve of control rods and safety rods.
In the ALFRED core, the presence of a bypass mass flow rate has
been foreseen since it has a fundamental role in certain plant
operational modes, such as the start-up phase. In the proposed
configuration, the main part of the coolant passes through the fuel
elements, while a reduced fraction passes through the interstices
between the wrappers, and through the dummy elements and the
cases of the CRs and the SRs. Indeed, the power is deposited not
only in the fuel, but also in the other materials, mainly due to the g

emission. For these reasons, the lead mass flow rate devoted to the
bypass has been fixed at the 3% of the one that circulates in the
primary circuit. In a preliminary description, in order to represent
the evolution of the temperature fields of the main components of
the core, the presence of the bypass mass flow rate can be
neglected. This approach can be suitable if the system is studied
only in nominal operating conditions. Nevertheless, in accidental
scenarios or in operating conditions in which the lead mass flow
rate is not kept constant at the nominal value, a more accurate
characterization of the pressure field is essential. In particular, in
the core thermal-hydraulics description, two types of channels,
which represent the fuel elements and the dummy elements, have
been allowed for.

In the modelling of the channels, in order to reproduce the
actual layout of the assemblies (Fig. 8), different types of
Fig. 8. Fuel assembly geometry (le
components (Fig. 9) have been employed. Furthermore, a compo-
nent that allows to impose additional pressure losses has been
added to the dummy elements description. Since the channels are
subjected to the same inlet and the outlet pressure field, hydraulic
resistance at the entrance of dummy elements has been suitably
tuned so as to achieve the desired pressure field.

As far as the distributed losses within the coolant channels are
concerned, they have been preliminarily estimated adopting the
Mc-Adams correlation (Todreas and Kazimi, 2012) for the Fanning
friction factor. On the other hand, the modelling of the form losses
has turned out to be difficult since the dimensional specifications
concerning the spacers have not been assessed yet. At this point,
since the total pressure losses are specified in the core design and
the distributed ones have been evaluated, it has been easy to obtain
the contribution of the form losses, representing the influence of
the spacers in the core thermal-hydraulics by using the dedicated
component Orifice, which allows to implement a suitable hydraulic
resistance.

All the several core subsystems have been eventually connected.
In particular, the mutual influences between neutronics and
thermal-hydraulics have been taken into account by means of the
above mentioned feedback reactivity coefficients represented in
the Modelica language through dedicated connectors. As shown in
ngths are expressed in mm).



Fig. 9. Detailed view of ALFRED core: representation of coolant channels.
Fig. 5, blue, grey and red (in web version) connectors allow to carry
the information about lead, cladding and fuel thermal behaviour in
order to consider their influence on the neutronics.

3.2. Hot and cold pool

The coolant hot and cold pool models (named Hot_pool and
Cold_pool) have been implemented by employing a component
describing a free-surface cylindrical lead tank (responsible for most
of the large thermal inertia characterizing the overall system), on
which mass and energy balances have been taken, assuming that no
heat transfer occurs, except through the inlet and outlet boundaries.

3.3. Hot and cold legs

In order to represent transport phenomena, simple one-phase
LeadTube components have been employed (named Hot_leg and
Cold_leg). One-dimensional flow models have been implemented,
neglecting thermal dispersion, to properly consider the time delays
Fig. 10. ALFRED SG obje
due to transport phenomena between the core and the SGs, and
between the SGs and the cold pool.

3.4. Pumps

As far as the primary and secondary pumps are concerned, ideal
flow rate regulators have been employed.

3.5. Steam generator

Due to its non-conventional bayonet-tube design, an effort has
been spent to set up a specific component representing the ALFRED
SG (Fig. 10). A simplified description has been adopted, based on a
one-dimensional description of the actual geometry, which has
been reproduced by means of different tube models connected
together. In this way, the advantage of reusability of the Modelica
models has been exploited. Indeed, the same tube, based on a
certain set of equations, can be employed in different contexts and
then extended through inheritance by adding further equations.
ct-oriented model.



After entering the SG, water flows down in the slave tube
(Fig. 3) and there is no heat exchange neither thermal dispersion,
thanks to the effective insulation provided. Thus, water condi-
tions at the SG inlet and at the bottom of the tube are the same.
For this reason, this first part has been neglected and the feed-
water has been simulated to flow directly in a counter-current
configuration, exchanging thermal power with the external
lead. The component geometry has been substituted with
concentric tube bundles in a counter-current flow configuration
where the pressure drops are concentrated at the bayonet bot-
tom (i.e., where the fluid flow reverses). A turbulent, lumped
pressure drop model has been assumed, proportional to the ki-
netic pressure.

As far as the water side is concerned, a tube allowing to describe
a two-phase fluid has been selected, adopting averaged densities in
the neighbourhood of phase changes so as to avoid non-physical
simulation artefacts due to phase change discontinuities at the
model nodes. A two-phase homogeneousmodel (i.e., with the same
velocity for the liquid and vapour phases) has been adopted.Water-
side convective heat transfer coefficients have been evaluated by
implementing the DittuseBoelter correlation for one-phase re-
gions, and the Kandlikar correlation for the boiling region (Todreas
and Kazimi, 2012). According to the latter correlation, the two-
phase heat transfer coefficient, hTP, is equal to the larger of hTP,NBD
and hTP,CBD, i.e., the two-phase heat transfer coefficients in the
nucleate boiling dominant and convective boiling dominant re-
gions, respectively. These coefficients are given by the following
equations:

hTP;NBD ¼ 0:6683Co�0:2ð1� xvÞ0:8f ðFrLOÞhLO
þ 1058:0Bo0:7ð1� xvÞ0:8FFlhLO (14)

hTP;CBD ¼ 1:136Co�0:9ð1� xvÞ0:8f ðFrLOÞhLO
þ 667:2Bo0:7ð1� xvÞ0:8FFlhLO (15)

where Co ¼ (dL/dv)0.5[(1 � xv)/xv]0.8 and Bo ¼ q00/(w$iLG) are the
convection and boiling numbers, respectively. FFl is the fluidesur-
face parameter that incorporates the effect of surface and fluid
properties, and allows to take into account differences in nucleating
characteristics. hLO is the single-phase heat transfer coefficient with
all flow as liquid. The function f(FrLO) is a Froude number with all
flow as liquid. This parameter addresses the stratified flow region.

On the lead side, the component describing the behaviour of
a single-phase fluid, previously used for the core model, has
been adopted. Convective heat transfer coefficients have been
evaluated by implementing the IbragimoveSubbotineUshakov
correlation as well. The multiple wall interfaces have been
modelled by adopting different conductive-exchange elements,
in which thermal resistance is computed according to the
formulation of Fourier equation in cylindrical coordinates, while
the heat capacity is lumped in the middle of the tube thickness.
Dedicated components have been implemented to represent
each interface constitutive layer (i.e., insulating layer, outer tube,
helium gap, outermost tube). Besides, the HeatTransfer compo-
nent has been used to evaluate the convective heat exchange on
both water and lead sides, a Swap component has been adopted
to allow for the counter-current configuration. In this way,
temperature and flux vectors on one side are swapped with
respect to the ones on the other side. Furthermore, only one SG
with a suitably rescaled number of tubes guaranteeing a thermal
power of 300 MWth (instead of the actual eight 37.5 MWth SGs)
has been considered.
3.6. Outlet header

The steam coming out from the SG is suitably collected in a
header, i.e., a well-mixed chamber having no pressure drop and no
energy exchange with the environment that allows to dampen any
pressure transient, limiting the impact on the conditions of the
steam that flows into the turbine.

3.7. Attemperator

An attemperator has been foreseen between the outlet header
and turbine, i.e., a reduced water mass flow rate at saturation
conditions that is added to the steam flow. In this way, it is possible
to promptly limit the steam temperature at the turbine inlet
keeping this variable of interest as close as possible to its nominal
value (450 �C).

3.8. Turbine unit

Particular attention has been paid to this component, which is
fundamental to properly take into account the electrical power
provided to the grid, and constitutes a crucial parameter in a con-
trol perspective. The component selected for the turbine model
describes a simplified steam turbine unit in which a fraction of the
available enthalpy drop is disposed by the High Pressure (HP) stage,
whereas the remaining part by the Low Pressure (LP) one, with
different time constants. A valve governs the overheated steam
mass flow rate passing through the turbine. By adopting a simpli-
fied approach, choke flow conditions have been imposed. If the
ratio of upstream pressure to downstream pressure is higher than
the critical ratio (xc z 0.5), in the section of maximum damping of
the fluid vein a sonic shock wave is produced (Dolezal and Varcop,
1970). In this way, the inlet steam mass flow rate does not depend
on the downstream pressure, namely:

pup � pdown
pup

> xc 0 wv ¼ Avlc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dvðpÞp

q
(16)

Given that, it is possible to adopt the following approximation
for the superheated steam:

dvðpÞpfp2 (17)

It follows that:

wvykvp (18)

Accordingly, the steam mass flow rate is regarded proportional
to the inlet pressure and governed by operating the turbine
admission valve (system input), not by throttling (i.e., no loss of
thermodynamic efficiency occurs).

3.9. Bypass

After having passed through the SG, downstream of the tem-
perature sensor, the steam mass flow rate can be subdivided into
two ways (Fig. 11). The former is a pipe that leads to the turbine,
whereas the latter constitutes a bypass that directly leads to the
condenser. This “alternative way” performs a very important
function in particular operative conditions of the secondary side,
when the reactor is operating at very low power levels, such as
during the start-up phase. Indeed, when the thermal power from
the primary circuit is not sufficient to ensure the steam nominal
conditions, the flow is directly disposed to the condenser to avoid
jeopardizing the integrity of the turbine, which cannot process an
incoming fluid in such conditions. On the other hand, when the



Fig. 11. ALFRED reactor secondary side.
power level allows to obtain overheated steam, it is possible to let it
flow to the turbine, while the bypass way is progressively closed.

4. Simulations and results

The reactor response to typical transient initiators has been
investigated. In particular, three scenarios have been simulated, i.e.,
feedwater mass flow rate reduction, turbine admission valve co-
efficient variation, and Unprotected Transient of OverPower
(UTOP), starting from nominal full power steady-state operating
conditions (Tables 1 and 2). The tool developed in the present work
allows to simulate a transient of 2500 s requiring a computational
time of less than 30 s (2.20 GHz with 8 GB memory), hence turning
out to be suitable for control-oriented purposes.

4.1. Reduction of the feedwater mass flow rate

The dynamic response of the system to a 20% step reduction of
the feedwater mass flow rate has been investigated. This transient
is particularly relevant in a control perspective since the feedwater
mass flow rate may be considered as one of the most promising
control variables for the regulation of the cold pool lead tempera-
ture. In particular, the latter has to be kept as close as possible to its
nominal value (400 �C). The main outcomes of this simulation
scenario are the assessment of: (i) the dynamics of the transients,
(ii) the influence of the feedwater mass flow rate on the lead
temperature in the cold pool; (iii) the compliance of the other
variables of interest with the operational or safety limits; (iv) the
coupling between the primary and the secondary circuit. Indeed,
the feedwater mass flow variation affects also the secondary circuit,
the steam generation and the electrical power production. More-
over, in the common practice for nuclear reactor control, after an
enhancement of the power request by the electrical grid, the
feedwater mass flow rate is usually enhanced to fulfil the load
demand. For these reasons, it is relevant to investigate the system
dynamic behaviour both for the primary and the secondary side,
following a feedwater mass flow rate variation.

For the first 70 s, the only component affected by the perturbation
is the SG itself, while in the second part of the transient SG and core
are strongly coupled in virtue of reciprocal feedbacks. Since the other
operating conditions are notmodified (the turbine admission valve is
not operated), the first consequences are a nearly step-wise pressure
reduction in the SG (Fig. 12a), a global worsening of the heat ex-
change conditions because of the combined effects of a reducedmass
flow rate and a narrower temperature difference between primary
and secondary fluids. Therefore, an increase of the lead SG outlet
temperature occurs (Fig. 12b). When the hotter coolant begins to
flow into the core, the lead average temperature increases (Fig. 12c),
inducing an insertion of negative reactivity (Fig. 12d) that leads to a
reduction of both core power and fuel temperature (Fig. 12eef).
Nevertheless, the coolant core outlet temperature (Fig. 12g) un-
dergoes an increase, even if smaller than the inlet perturbation, and
consequently hotter lead flows towards the SG inlet. The feedback to
the secondary side is evident when examining the steam outlet
temperature evolution (Fig. 12h). Indeed, it rises almost instanta-
neously after the perturbation, and, when the core power starts
decreasing, it continues increasing but exhibiting a smaller and
smaller gradient, consistently with the progressive thermal power
reduction, to the final steady-state condition. From the free dynamics
analysis, it is possible to assess the time constants characterizing this
plant, which are key parameters for the development of the reactor
control. In addition, relevant outcomes concerning the control action
necessary to satisfy the operational constraints are highlighted. In
particular, a strong control action has to be carried out in order to
keep the SG pressure as close as possible to its nominal value
(180 bar) avoiding depressurization. The same attention has to be
paid to the steam temperature since hotter (or colder) vapour con-
dition can jeopardize the turbine stages.

4.2. Variation of the turbine admission valve coefficient

In order to study the system behaviour after a change of the grid
request, the system response after a 10% reduction of the turbine
admission valve flow coefficient has been simulated. This is another
fundamental transient for the control design since it allows eval-
uating the possibility of performing load-frequency regulation ac-
cording to the grid demands by adopting this kind of reactor. In
particular, in case of power decrease, the power regulation is ach-
ieved by closing the turbine admission valve. In this way, a lower
steam mass flow rate circulates in the turbine and a lower me-
chanical power is available to the alternator. As far as the SGs are
concerned, the pressure increase following the valve closing is
compensated by a simultaneous control action performed both on
feedwater mass flow rate and control rods in order to balance the
power produced. This transient is relevant in the control strategy
definition and characterization because of ALFRED is meant to be
employed as a NPP connected to the electrical grid.

The first consequence of the performed perturbation is an
instantaneous pressure rise within the SG (Fig. 13a) since in the
simulated transient a coordinated control strategy is not carried
out. Because of the secondary fluid sudden compression, the tem-
perature difference between primary and secondary fluids



Fig. 12. Controlled variables evolution after a feedwater mass flow rate reduction: (a) SG pressure variation; (b) lead SG outlet temperature variation; (c) average lead temperature
variation; (d) net reactivity variation; (e) core thermal power variation; (f) average fuel temperature variation; (g) core outlet temperature variation; (h) steam temperature
variation.
decreases and a lower power transfer occurs, inducing a lead
temperature enhancement at the SG outlet (Fig. 13b). The ensuing
negative reactivity insertion (Fig. 13c) determines a core power
reduction (Fig. 13d). As to the coolant core outlet temperature
(Fig. 13e), an increase is observed even though slighter than the one
at the core inlet.

It is worthwhile discussing the behaviour of the steam tem-
perature (Fig. 13f). In the first part of the transient, its evolution is
characterized by the typical dynamics of a stand-alone SG. The
initial sudden rise is due to the fact that the turbine admission
variation causes a mass flow rate reduction and, at constant ther-
mal power exchanged, the steam gets hotter and hotter. Never-
theless, the overall tube is immediately affected by the pressure
change and by the consequent saturation temperature increase,
and therefore the overheated region within the tube gets shorter
and the steam temperature decreases. After 70 s, the SG starts
perceiving the effects ensuing from the core evolution and then,
according to the core outlet lead temperature, the steam temper-
ature increases until the system settles at a higher new steady-state
value. The main outcome of this simulation is that, in virtue of the



Fig. 13. Controlled variables evolution after a variation of the turbine admission valve coefficient: (a) SG pressure variation; (b) lead SG outlet temperature variation; (c) net
reactivity variation; (d) core thermal power variation; (e) core outlet temperature; (f) steam temperature variation.
values assumed by the reactivity feedback coefficients, the ALFRED
reactor response following the turbine admission valve variation
can be considered similar to that of PWRs (“reactor follows tur-
bine”), though the characteristic time constants are definitely
longer. It is worthwhile to remind that, even this similarity with the
classic and well-known PWR concept, the control scheme devel-
oped for the PWRs cannot be applied “as it is” to the LFRs due to the
different constraints to be fulfilled (e.g., the lead temperature in the
cold pool).

4.3. Unprotected Transient of OverPower (UTOP)

An extraction of control rods corresponding to a 20 pcm step
reactivity variation (Fig. 14a) has been simulated. This is an inter-
esting operational transient to be evaluated since it involves the
dynamics associated to the handling of the control rods, and how
this kind of perturbation has effect on the rest of the plant. This
core-driven simulation determines an immediate feedback to the
SGs due to the coolant core outlet temperature enhancement.
Thanks to the presence of the pool, the action of the SGs on the core,
consisting in an increase of the coolant core inlet temperature, is
delayed and softened.

For the first part of transient, the behaviour of the system is the
same as if a stand-alone core simulation were performed. Indeed,
after the step-wise insertion of reactivity given by control rods the
power suddenly increases exhibiting the typical prompt jump
behaviour and, after a small decrease, starts reaching the steady-
state (Fig. 14b). The reactivity insertion in the core affects the SG
as a temperature enhancement of the lead coming from the core
(Fig. 14c). As a direct consequence of the improved heat exchange
conditions due to the hotter primary fluid, the steam temperature
increases (Fig. 14d). The abrupt change of the steam density de-
termines a perturbation in the SG pressure (Fig. 14e), which ends
when the primary circuit reaches a new equilibrium condition. The
higher thermal power level promotes an enhancement of the lead
SG outlet temperature (Fig. 14f). As far as the core behaviour is
concerned, the MOX-based fuel elements, because of the low
thermal conductivity, cause a stepwise increase of fuel temperature
and, consequently, of the coolant average temperatures (Fig. 14ge
h), after the reactivity insertion. This response produces an im-
mediate feedback on the system due to the Doppler effect and to
lead density contribution, which cause an abrupt inversion of the
reactivity evolution that quickly gets back to zero.

5. Conclusions

In this paper, the development and the performance of a plant
dynamics simulator dedicated to the control design for the ALFRED
reactor has been presented. The features of the object-oriented
modelling language Modelica have been exploited in order to



Fig. 14. Controlled variables evolution after a step reactivity variation: (a) net reactivity variation; (b) core thermal power variation; (c) core outlet temperature variation; (d) steam
temperature variation; (e) SG pressure variation; (f) lead SG outlet temperature variation; (g) average fuel temperature variation; (h) average lead temperature variation.
obtain a very flexible, straightforward, and fast-running simulator
aimed at performing dynamics analyses and testing in prospect the
control strategies proposed for ALFRED. The simulator has been
built assembling different components from the available libraries,
even if some of them have been specifically set up to describe the
ALFRED reactor configuration. Particular attention has been paid to
the assessment of the reactivity feedback and to the bypass way
with the purpose to use the simulator also for reproducing the
system behaviour during other operational modes, like the start-up
or the shutdown. The transport delays and the thermal inertia
typical of LFR systems have been taken into account trough the
adoption of dedicated components. In addition, the innovative SG
bayonet tube and the secondary system up to the turbine have been
modelled.

After having described the main system components and
modelling assumptions, the reactor response to typical transient
initiators has been investigated. As a major outcome of the dy-
namics analyses, the coolant cold pool and the time delays have



turned out to play an essential role in determining the system
characteristic time constant due to its fundamental delaying and
smoothing action on the lead core inlet temperature. Results
confirm the strong coupling between core and SG, and besides
show the characteristic time constants of the various component
responses. The simulator has shown to provide accurate informa-
tion on both transient behaviour and new equilibrium values
following any perturbation concerning the main control variables.

The results of the free dynamics simulations by means of the
developed simulator are thought to be useful to evaluate and
develop potential control strategies. In this prospect, thanks to the
possibility of linearizing the constitutive equations of the model, it
would be possible to obtain the corresponding transfer functions
necessary for the tuning of the controllers (i.e., a classic
proportional-integral-derivative), and to characterize the linear
stability features of the system. Secondly, this reliable tool can be
used to prove the validity of the proposed model-based control
strategies through the simulation of controlled operational tran-
sients, both for ALFRED and other innovative small-size LFR sys-
tems currently under development.

Acknowledgements

The authors acknowledge the European Commission for funding
the LEADER Project in the 7th Framework Programme. Acknowl-
edgement is also due to all the colleagues of the participant orga-
nizations for their contributions in many different topics, in
particular to Dr. Alessandro Alemberti and Dr. Luigi Mansani
(Ansaldo Nucleare, Italy) for their valuable support and fruitful
criticism. Finally, the authors want to thank Dr. Pierre Sciora (CEA,
France) for his suggestions about the ALFRED reactivity coefficients.

Nomenclature

Latin symbols
A single channel coolant flow area [m2]
ACR coefficient for the calibration of CRs [pcm]
ASR coefficient for the calibration of SRs [pcm]
Av flow area [m2]
BCR coefficient for the calibration of CRs [m�1]
Bo boiling number [e]
c average specific heat capacity [J kg�1 K�1]
CCR coefficient for the calibration of CRs [e]
ci density of the ith precursor group [cm�3]
Cf Fanning friction coefficient [e]
Co convection number [e]
d density [kg m�3]
DCR coefficient for calibration of CRs [pcm]
FFl fluidesurface parameter
FrLO Froude number with all flow as liquid
g gravitational acceleration [m s�2]
h specific enthalpy [J kg�1]
hCR height of control rods [m]
hLO single-phase heat transfer coefficient with all flow as

liquid [W m�2 K�1]
hSR height of safety rods [m]
hTP two phase heat transfer coefficient [W m�2 K�1]
iLG latent heat of vaporization [J kg�1]
k thermal conductivity [W m�1 K�1]
KD Doppler constant [pcm]
kv turbine admission valve coefficient [m s]
LSR total length of SRs [m]
n neutron density [cm�3]
N number of axial nodes [e]
Nu Nusselt number [e]
p pressure [Pa]
Pe Peclet number [e]
P thermal power [W]
q neutron source [cm�3 s�1]
q00 heat flux [W m�2]
q000 thermal power density [W m�3]
r radial coordinate [m]
R radius [m]
t time [s]
T average temperature [K]
u fluid velocity [m s�1]
w mass flow rate [kg s�1]
x axial coordinate [m]
xc critical ratio [e]
xv vapour quality [e]
xSR height of SRs at full power [m]
z elevation [m]
Greek symbols
aCR radial cladding expansion reactivity coefficient [pcm K�1]
aCZ axial cladding expansion reactivity coefficient [pcm K�1]
aFZ axial fuel expansion reactivity coefficient [pcm K�1]
aDia diagrid expansion reactivity coefficient [pcm K�1]
aL coolant density reactivity coefficient [pcm K�1]
aPad pad effect reactivity coefficient [pcm K�1]
aWR radial wrapper expansion reactivity coefficient [pcm K�1]
aWZ axial wrapper expansion reactivity coefficient [pcm K�1]
b DNP total fraction [pcm]
bi DNP fraction of the ith precursor group [pcm]
L neutron generation time [s]
lc coefficient of discharge [e]
li decay constant of the ith precursor [s�1]
r reactivity [pcm]
r0 reactivity margin stored in the core [pcm]
f heat flux entering the tube (lateral surface) [W m�2]
u tube perimeter [m]
Superscripts
D Doppler
eff effective
1,2,3 fuel internal and external regions
Subscripts
0 steady-state
c cladding
CBD convective boiling dominant
down downstream
f fuel
g gap
i inner
in inlet
l lead coolant
L liquid
NBD nucleate boiling dominant
o outer
out outlet
up upstream
V vapour
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